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Technical Development for Production of High Purity Silicon
Mineo TATSUTA
New Energy and Industrial Technology
Development Organization (NEDO)

Objectives
This work was conducted to develop key technologies for refining commercially available high
purity metallic silicon (MG-Si) to produce alow cost solar grade silicon (SOG-Si) using scaleupped equipments, based on fundamental investigation results having been carried out for the
previous years. The objective of this program is trial production of SOG-Si using 20kg-scale

equipments by the end of FY 1996. The performance required for SOG-Si are as follows:
Resistivity of silicon: 1 + 0.5 Q- cm (p-type)
Content of Fe, Al, and Ti in silicon : < 0.1 ppmw
Content of C : < 5 X1017 atoms/cm3

Work Program
The process for the preparation of SOG-Si is composed of removal of phosphorous from the
molten silicon, a pre-refining by the lst-step directional solidification of raw material, removals
of boron and carbon from the molten silicon and final refining by the 2nd-step directional
solidification. In this financial year, the development of some new key technologies for the
above-mentioned metallurgical process is conducted to refine MG-Si to the impurity levels
required for SOG-Si.

Furthermore, SOG-Si sample is prepared and its performance is

evaluated.
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Summary (FY 1984 ~ FY 19951
1. Up To FY 1994
(1) Up To FY 1990
High grade silica sand with 99 % purity was obtained from low grade silica sand of 96-97 %
purity by the gravity separation and the flotation in a bench apparatus. The production process
for high purity silica containing < 1 ppmw of each impurity by the acid treatment of
commercially available water glass was developed for 60 kg/day capacity plant. Carbon black
of over 5N purity could be prepared from propane or butane in a 10 kg/day capacity reactor,
and the pelletizing method for carbon black was established.

A new type of the reduction

furnace featured by high silicon yield and less process contamination was developed.

The

filtering and the oxidizing decarburization processes and the directional solidification process
were developed for the silicon from the reduction furnace. According to an elementary study,
the boron removal from the molten silicon was confirmed to be possible by the water vapor
added plasma treatment. SOG-Si produced by this process was made into solar cells through
several wafering methods. The maximum conversion efficiencies for Czochralski, NEDO cast,
NEDO electromagnetic cast, and NEDO spin cast cells were 16.8, 14.2, 13.1 and 10.6 %,
respectively.
(2) For FY 1991
Development of a new process to produce SOG-Si from commercially available high purity
MG-Si started this year.

Argon-plasma treatment with water vapour was found to be quite

effective to remove boron from the molten silicon. Boron content was decreased from 20 ~ 30
ppmw to the target level of 0.1 ~ 0.3 ppmw. The addition of the hot-top treatment during the
directional solidification step improved the yield 65% to 80%. The silicon produced by this
new technique showed n-type behavior.

Therefore, phosphorous remains as have to be

removed further.3
(3) For FY 1992
A 20kg-scale directional solidification technique was developed, and metallic impurities such
as aluminum, iron, and titanium was removed to < 10 ppmw. The yield was about 70% at the
solidification rate of 0.3 mm/min. Boron and carbon were successfully removed by using the
20kg-scale plasma furnace installed this year.
directional solidification was developed.

A technique to remove SiC during lst-step

Phosphorous was found to be removed to < 0.1

ppmw by a vacuum melting technique. SOG-Si samples were prepared through the purification
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steps described above. The impurity levels of the samples satisfied the requirements for SOGSi. The conversion efficiency of multicrystalline cell made through NEDO project was 10.9 %
at the maximum.

These results showed the possibility that SOG-Si was produced by

metallurgical purification of commercially available metallic silicon.
(4) For FY 1993
Electron beam (EB) melting technique was applied to the removal phosphorous, and it was
successfully removed to < 0.1 ppmw. The yield of the 20kg-scale directional solidification was
improve to 80% by a mold lubricant technique developed this year.

A 20kg-scale plasma

furnace for simultaneous removal of carbon and boron was installed to gather data required to
design a larger scale equipment.

Furthermore, relationship between boron content and

resistivity of silicon was investigated to establish an estimation method of boron content from
the resistivity.
(5) For FY 1994
A 20kg-scale EB furnace was designed and installed to develop processing elements for

industrial production of SOG-Si. The lst-step directional solidification by using copper ingot
crucible was investigated to design a 20kg-scale equipment. Experiments of boron and carbon
removal for the data required to design the practically available equipment were carried out

using the 20kg-scale plasma furnace installed last year.

SOG-Si samples were prepared

through the 20kg-scale purification steps. Multi-crystalline Silicon wafers of 75 x 75 x 0.45
mm were made from these SOG-Si samples, whose impurity levels were < 5 x 1017 atoms/cm23
(4.3 ppmw) for carbon, 0.1 ppmw for boron, and

< 0.1 ppmw for phosphorous, aluminum,

iron, and titanium. Solar cell conversion efficiencies were 14.1% and 15.9%, respectively, in
the cells manufactured by the NEDO standard cell production process and the process to obtain
high efficiency cell.

2. For FY 1995
(1) Phosphorous removal
By using the 20kg-scale EB furnace installed last year, a continuous feeding technique was
investigated.

Phosphorous was successfully removed to 0.1 ppmw or less through this

technique.
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(2) RemovaI of metallic impurities by directional solidification
A 20kg-scale withdrawal equipment was designed and installed into the EB furnace to
receive the direct feed of the molten silicon from the phosphorous removal stage. Silicon ingots
with 300 mm diameter was successfully drawn.
(3) Removal of carbon and boron
A 20kg-scale equipment for plasma melting and the 2nd-step directional solidification will be
installed in FY 1996. Experiments to determine the specification of that equipment were carried
out this year. The transferred type plasma was found to be applicable for Silicon refining in
terms of the boron removal rate and the heat efficiency.
(4) Preparation of SOG-Si sample
A sample of SOG-Si was prepared from MG-Si with a low content of boron through the
Purification steps described above. The impurity levels and the resistivity of that sample is
shown in table 1. It shows the possibility that SOG-Si is produced from this metallic silicon.
table 1 Impurity levels and resistivity.
Impurity levels

MG-Si
with low
boron
Usual

MG-Si

(ppmw)

Resirtivity

B

P

A1

Fe

Ti

(O'cm)

Raw material

7

34

380

1010

54

-

After refinings

0.20

<0.05

<0.1

<0.1

<0.1

0.72

Raw material

20

25

820

540

30

-

After refinings

0.14

<0.05

<0.1

<0.1

<0.1

0.78

Future tasks
To complete the processing elements for the industrial production of SOG-Si, the following
subjects have to be investigated:
(1) Development of a 20kg-scale withdrawal process for the

lst-step directional

solidification.
(2) Design of a 20kg-scale equipment for the boron removal and the final purification.
(3) Development of a 20kg-scale process for the phosphorous removal and the lst-step
directional solidification.

(4) Development of a 20kg-scale process for the boron removal and the final refining.
(5) Evaluation of the quality of the SOG-Si made from the MG-Si with a low boron
content.
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The Developments of New Casting and
Slicing Technologies for High Purity
Mineo TATSUTA

New Energy and Industrial Technology
Development Organization (NEDO)
Objectives
The aim of the project is to develop and establish manufacturing
technologies of new silicon ingot casting for new type of photovoltaic cell,
with high productivity.
Work Program
Subjects to be studied this year is as the following.
(1) Casting technology:
Establishment of optimum conditions for electro-magnetic casting for
the production of a 22x22cm2 square ingot is aimed, and the
evaluation of crystalline properties of ingot is to be carried.
Also, the designing for development of larger electromagnetic casting
furnace with 35 x 35cm2 square cross sectional ingot was the subject
of this year.
Summaryd979
1995)
1 ..UpTo FY 1 994
The test of a new silicon casting technique started from 1979, which
was to use SisN4 powder as a mold releasing agent.
The diameter of casting ingot was changed from 5cm in 1979 to 30cm
in 1982 and 43cm in 1983.
The efficiency of the solar cell made from the polycrystalle by the

casting technique was improved 8% in 1979 to 15.7% in 1988.
Fundamental experiments of the electro-magnetic casting (EMC) were
carried by the EMC furnace for 7.5cm square ingot in 1988, for 10cm
square ingot in 1989.
A high productive multi-wire saw was designed and installed in 1982,
and the test of slicing was started. Studies for slicing thickness under
200 {j. m were continued.
The EMC Furnace for a 22x22cm2 square ingot was designed and
installed in 1991. The operating conditions of the furnace, such as
stabilizing molten silicon, separating of ingot from graphite pedestal,
and others were established in 1 992.
The casting speed reached 2.5 mm/min.
From the result of
experiments, it was in 1993 shown that photovoltaic conversion
efficiencies were not changed as the casting speed.

2.For FY 1995
Improvement of the crystalline qualities of electromagnetic casting
ingot.
The development of electromagnetic casting method was advanced in
this year as a manufacturing method to make silicon polycrystalline
ingots for solar cells. The electromagnetic casting method is the new
process which can supply polycrystalline substrates for silicon solar

cells with low cost.

In the investigation of this year, improvement of

crystalline properties of electromagnetic casting ingot with 22cmx22cm
square cross sectional ingot and stability of operational casting
conditions at electromagnetic casting were the aims of the research.
The designing for development of larger electromagnetic casting
furnace with 35 x 35cm2 square cross sectional ingot was also the
subject of this year.
A study for improvement of crystalline characteristics was done using
the electromagnetic casting furnace for 22 x 22cm2 square cross
sectional ingot. The configuration of after heater system consisting of
induction coil, water-cooled crucible, graphite heater and heat
insulation was designed for better control of temperature. In addition,
temperature uniformity of ingot was maintained by the resistance
heater equipment at the lower part of casting furnace.
Ingot
temperature control could be done more precisely by these furnace
configurations and characteristics of electro magnetically cast crystal
was improved markedly.
The temperature gradient of cast ingot in longitudinal direction before
and after the improvement of furnace structure is shown in figure 1.
Conversion
efficiencies
of
solar
cells
made
with
the
electro magnetically cast crystal are shown in figure 2. Conversion
efficiencies of solar cells were up-graded about 0.4 % after the furnace
configuration improvement. The decrease in temperature gradient of
ingot during solidification is regarded as a factor for improvement of
conversion efficiency. It was understood by the simulation analysis for
the solidification process that the crystalline properties would be
related to thermal stress field. It was also shown that crystal line quality
was improved by controlling temperature distribution during the
solidification.
The proof of the crystalline improvement of
electro magnetically cast ingot could confirm that more improvement
would be performed by more adequate temperature control during the
casting process.
The simulation of electromagnetic field, temperature and stress profiles
show that the change of tern pe rata re cast decided the crystalline
characteristics. Analysis model for 22 x 22 cm2 square cross sectional
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ingot is shown in figure 3. The calculation result of temperature
gradient of ingot in radial direction and the calculation result of
maximum stress are shown in figure 4. It was elucidated from the
simulation results that larger temperature gradient are in radial
direction caused larger stress in ingot.
From the results, It is
understood that the adequate heat insulation for ingot cooling gives

rise to improvement of crystalline qualities.
The designing'of the larger electromagnetic casting furnace for 35 x 35
cm2 cross sectional ingot was completed by the aids of computer
simulation. A preliminary casting furnace was constructed for the
melting experiment of silicon. The confirmation was made that the
silicon melting behaviaor at 35 x 35 cm2 electromagnetic casting
system was coincided with the calculated results of simulation.

Before the
improvement

After the
improvment

100

200

300

Distance from the op of after-heater (mm)

lottom

Top

Figure 1 : Temperature gradient change in longitudinal direction before and after
the improvement of after-heater system.
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Figure 2 : Conversion efficiency change of multicrystalline silicon solar cells
made with electromagnetically cast ingots.
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Figure 3 : Analytical Model of 22 x 22 cm2 square cross sectioned ingot at
electromagnetic casting furnace
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Future Tasks
To further proceed the EMC development, the following items are the subject of
researches.
Casting Technique of EMC
(D Improvement of quality of the EMC ingot.
(2) Construction and casting of 35x35cm2 square EMC furnace.

(D Analysis of the thermal stress of cast ingot for the improvement of
crystalline property of ingot.
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Production of Low Cost Si Sheets by Continuous Casting Method

New Energy and Industrial Technology Development Organization (NEDO)
Mineo TATSUTA
Objective
Development of the Continuous Casting Method for the production of high quality and low cost
polycrystalline silicon sheets.
Objectives of 1993
Oxygen contents: < lOppma
Carbon contents: <5ppma
Diffusion length: > 150 fi m
Cost

:¥45 (lOOMW/Year)

Work Program
The manufacturing experiment on the ingot is to be done by using the crystal growth cooling part with
moving the mold.

As a result,

the manufacturing condition of the ingot is understood in the condition

similar to a continuous process. And for the improvement of the quality (diffusion length 150 (i m and
height yield 80% or more) , the comparison with the conditions which has been obtained by the batch type
process is to be done. In addition, the pr— heating zone of mold can be manufactured and two or more
molds can be moved at the same time. As a result, the ingot can be manufactured by the continuous
process while moving the molds from the pro— heating section to the cooling section.
Summary (1984—1995)
1. Up to FY 1994
As in the previous year, the author made 16— ingot blocks and evaluated their characteristics.

The

evaluation results showed approximately uniform characteristics in terms of output and specific resistance,
among other things, of solar cells.

Furthermore, the crystal growth section was enlarged so that crystals

could grow in a nearly continuous process.
2. Up to FY 1995
(1) Temperature measurements inside the experiment apparatus
Temperatures of various sections of the experiment apparatus were measured so that the production
conditions obtained by the batch process could be reproduced on a continual basis.

As a result,

temperatures of the melting and injecting section could be reproduced at the growth cooling section during
crystal growth.2
(2) Producing the pro— heating section
The author added a pro- heating mold section and mold loading and unloading chambers to the
experiment apparatus so that molds could be driven simultaneously and ingots could be continuously

produced on a large-scale basis.

Figure 1 shows a photo of the experiment apparatus.

This shows the

status of the apparatus during maintenance. The separated sections in the foreground of the photo are the
pro— heating section and the loading chamber (small chamber at the nearest foreground). The unloading
chamber is located in the farthest background of the photo. Figure 2 shows the schematic diagram of the
apparatus.
Use of the apparatus confirmed that molds could be driven continuously at high temperatures
(approximately 1400 °C ) and the necessary temperature gradient (1400- 400 °C ) can be obtained.

Figure 1 Pre— heating section and loading section

Multi molds continous method
Silicon melting zoon
Graphite Heater

TZZZZfr

.Quartz crucible
Mold loading chamber

Mold unloading chamber

Crystal gowth section

Pre-heating mold section

Figure 2 Schematic diagram of completed apparatus
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(3) Evaluation of characteristics
In the continuously conducted molten silicon drip- controlled method (DCM), insulation ability of the
mold walls greatly influence the growth of crystals obtained. Therefore, the author evaluated and compared
the respective characteristics of an ingot (H52), made without insulating material, and one (H54), made from
a mold whose walls were covered with insulating material (Fig. 3) to facilitate unidirectional solidification.

Figure 3

Structure of the mold using insulating material

Table 1 shows the characteristics of both ingots.

H54 was superior to H52 in terms of maximum

conversion efficiency, because the effects of insulation allowed crystals to grow to almost complete
unidirectional solidification.

However, it was confirmed that yield of the ingot’s upper portion decreased.

This was believed to be because timing of dripping molten silicon was much faster than crystal growth rate.
Future improvements are required.

Table 1

Ingot characteristics
H54

Lifetime
Oxygen concentration
Carbon concentration
Specific resistance
Cell efficiency

3-25 p. s
l-3ppma
l-13ppma
1 -4 Q cm
12-15%

Figures 4 and 5 show conversion efficiency distribution of each ingot
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H52
2-36 p s
3-6ppma
l-7ppma
1-40 cm
12-14%
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Figure 5 Conversion efficiency distribution (H54)
Future Tasks
In the future, ingots will be produced by moving the mold in a large-scale continuous process, while, in
the crystal growth section, the author will reproduce the production conditions obtained by the batch
process.

This will allow the author to produce higher quality ingots by optimizing drip timing in the DCM

and cooling conditions of the molds.
The yield of the ingots and the cell - efficiency distribution will be examined to determine their
relationship with the production conditions, and will be evaluated by cell manufacturers. These processes
will make possible the production of ingots with superior characteristics and yield.
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Development of Low Cost Production Technologies for
Polycrystalline Solar Cells and Modules

Implementing Organization
New Energy and Industrial Technology Development Organization (NEDO)
Mineo TATSUTA
Objectives
Development of high volume production technologies for high efficiency photovoltaic module
using polycrystalline silicon substrates.
The project goal is to establish the technologies of a module with an efficiency of more than
15% and a cost of less than ¥210/Wp at a production level of lOOMWp/Y.
Work Programs
(1) Development of the Basic Technologies for High Volume Production
Stabilization of cell performances and speeding up of junction formation through newly
developed junction formation process.
Development of high-speed groove formation machine and optimization of surface
processing conditions with high-speed electrode formation conditions.
(2) Development of Module Structure
Speeding up of forming cell strings and optimization with lamination process for
shortening module assembly time.
Summary (1980'~~ 19951
1. UptoFY 1994
The cell fabrication system using doped spin-on diffusion source was developed and the
experimental operation was performed from FY 1980 to FY 1985. An automated process
line and its equipment were developed and installed. More than 70,000 sheets of SOG
silicon substrates made by casting and EFG (ribbon) were processed during the
experimental line operation. A SOG cast cell efficiency of 13.5% (max.) was obtained in
FY 1985.
The technical development of high efficiency polycrystalline silicon solar cell processing
was performed from FY 1986 to FY 1988. In FY 1988, a SOG cast cell efficiency of
15.4% was obtained by the newly developed surface passivation technologies.
New junction formation technologies have been developing since FY 1989. In FY 1989,
the basic properties of some silicon thin films were investigated. In addition, surface
grooving techniques to reduce surface reflectance and thinner bulk structure for light
trapping were developed. A SOG cast cell efficiency of 15.5% was obtained.
In FY 1990, the epitaxial growth was confirmed through the basic experiment of junction
formation applying the silicon thin film. As for development of polycrystalline silicon solar
cell fabrication technology, improvement in the conversion efficiency of the cell with BSF
layer formed by means of boron diffusion was confirmed and it has been made possible to
fabricate thinner cell with a thickness of less than 200 fj m. Conversion efficiency of
16.4% was achieved for a 10x10cm2 polycrystalline silicon solar cell through the
investigation of high efficiency solar cell.
In FY 1991, it was confirmed that junction was formed by depositing doped-layer at 600
°C. As for the improvement in the conversion efficiency of thin polycrystalline silicon cell,
technologies such as fine surface grooving and high-density and fine-line front electrode
formation were developed.
- 16 -

In FY 1992, technologies of the optimization of groove shape for improvement in the
light trapping effect and the optimization of shallow junction formation conditions have
been developed. A conversion efficiency of 17.2% (measured at JQA) was achieved for a
lOxlOcm2 conventional casting polycrystalline silicon solar cell.
In FY 1993, as for the development of cell fabrication process, we have achieved
speeding up of the electrode formation with simplifying the firing process and its firing
speed of 2000mm/min, 5 times fast as that of an ordinary firing. As for the development
of module structure, we have obtained 1.7% increase in short circuit current density(Jsc)
by reduction of reflectance at grass surface and also confirmed 9.2% increase in Jsc for
module structure by cell surface grooving.
In FY 1994, to develop a technology of forming grooves for high volume production,
two methods, namely, sandblasting method and diamond wheel grinding method were
investigated. It was confirmed that diamond wheel grinding is suitable for high speed
formation of grooves with precise shape. Through the investigation of electrode forming
process, more than the same level of conversion efficiency as the conventional one was
achieved at a belt speed of 3000mm/min. In the development of module structure,
conversion efficiency of 14.5% was achieved for a basic structure module with MgF2
coated glass.

2. ForFY 1995
(1) Development of the Basic Technologies for High Volume Production ■
As for development of the basic technologies for high volume production, we have
investigated stabilization of cell performances and speeding up of junction formation
through newly developed junction formation process continuously, and as for surface
processing, we have developed a high-speed groove formation machine and optimized
surface processing conditions with electrode formation conditions.
(D Speeding up of forming grooves
As for development technologies for high volume production process of surface
grooving, we have investigated a diamond wheel grinding method. In FY 1995, a
high-speed groove formation machine taking the diamond grinding method has been newly
developed and basic experimental data have been obtained by the new machine.
The process time of grooving on silicon substrate was shortened till 30 seconds by the
diamond wheel on condition of 9000 r.p.m. and 6 m/min. of table speed. It was
confirmed that precise V-shaped grooves formed by the diamond wheel, as shown in
Fig.l, are effective for light trapping. In FY 1996 , in view of more speeding up of
grooving process, the optimum condition will be established synthetically by the new
machine.
Next, shortening of etching time for removing the surface damaged layer by grooving
process was investigated. As shown in Fig.2, .the same level of conversion efficiency was
achieved on the cell treated with an acid etching of 10 seconds as compared to conventional
one treated with an alkaline etching of 5 minutes. As a result, the etching process time was
shortened substantially.
Electrode of solar cells has been usually formed by screen printing and firing of metal
paste to be low cost material. There is difference in level of 70/z m between top and bottom
of V-shaped groove. It is necessary to establish the screen printing conditions suitable for
grooved surface. By investigation of screen printing conditions in detail including paste
viscosity, as shown in Fig.3, good FF value using single screen printing process was
obtained without the conventional double printing process.
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© Simultaneous formation of junction and AR coating
To simplify junction formation and AR coating process, simultaneous formation of
junction and AR coating was investigated. Phospho-titanate glass film was deposited on
silicon substrates by atmospheric pressure chemical vapor deposition (APCVD) technique
with an in-line type apparatus. By annealing the substrates, junction and AR coating were
simultaneously formed. As shown in Fig.4, sheet resistance values of n+ layer from 60 to
90 n/D were obtained, when the ratio of a nitrogen flow rate through phosphorus
compounds bubbler to titanium compounds was more than 0.4.
(2) Development of module structure
Speeding up of forming cell strings and lamination process for the development of
module with light trapping structure was investigated.
© Speeding up of forming cell strings
Target time of speeding up of forming cell strings is 2 minutes for interconnecting 36
cells in a series, namely, 3.5 seconds per one cell. Using interconnecting machine
developed in FY 1994, the relationship between heating time by infrared(IR) lamp and pull
strength of tab was examined. As shown in Fig.5, a pull strength of more than 1 kg was
achieved under the condition of only 1 second heating time per one cell by adjustment of
light-concentrated area in IR lamp heating and reducing the solder surface oxides at cell
dipping. Until now, speeding up for forming cell strings, 5 seconds per one cell has been
made possible.
© Speeding up of lamination process
Through the lamination process, cell strings are encapsulated with EVA films. To
shortening the process time, the improved type EVA film was examined. The
yellow-browning property and adhesiveness for glass and back film of fast
cross-linking(cure) type and non-cure type EVA films were studied in accelerated testing.
As shown in Table 1, it was clear that the non-cure type EVA film was insufficient for the
yellow-browning property and the adhesiveness, so that cure structure was required. In
addition, the selection of the EVA film"B" as high temperature cure type reduced the
heating time by one-fourth in comparison with the case using conventional EVA film "A".
Future Tasks
In FY 1996, it is necessary to establish the synthetic optimization of high throughput cell
process such as surface grooving, junction formation and electrode formation. For the
development of module structure, it is required to optimize the all over module fabrication
process including high throughput cell string formation and suitable laminations. The mass
production technologies of a module with an efficiency of more than 15% and a cost of less
than ¥ 210/Wp at a production level of lOOMWp/Y will be established by synthetic
optimization of the fundamental technologies of cell and module fabrication process.
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Fig.l Cross section showing grooves formed with diamond wheel grinding
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Table 1 Properties of fast cure type EVA film

Material

Type

6

Lamination

Heating

Temperature

Process Time*

Adhesiveness

(t)

(min)

For Glass

For Back Film

Yellow-browning
Property**

A

Cure

120

46

Strong

Strong

Good

B

Cure

155

12

Strong

Strong

Good

C

Non-Cure

120

10

Weak

Weak

Yellowing

150

10

Medium

Weak

Yellowing

‘Lamination and cure time
“After the JIS humidity test (85C, 90IRH, lOOOh)

Research and development on fabrication technologies of thin multicrystalline silicon solar cells
MineoTatsuta
New Energy and Industrial Technology Development Organization (NEDO)

Objectives
Development of high efficiency and low cost solar cells using 15cm X 15cm large area substrates with
a thickness of 200 ji m. Target manufacturing cost and module efficiency are 210 yen/w and 15%
respectively at a production amount of 100 MW/year.
Work Program
(1) Junction formation
Optimizing the surface concentration and depth profile of dopant in back surface field without
bending of substrates using 200micron thick substrates. And also investigation of the high back surface
reflection.
(2) Fine contact metal grid
Optimizing the forming the fine and low resistivity metal contact grid using silver paste to obtain high
efficiency and low cost solar cells.

(3) Surface texturing
Lowering the production cost of surface texturing using reactive ion etching method.
(4) passivation
Investigation of passivation process time for cost reduction.
(5) Module fabrication
Survey of module construction and material for photivoltaic module.
Summary (1986-1995)
1. Up to FY1994
Anew solar cell structure with SiNx films deposited by the plasma CVD method on both the front
and back surfaces of the cell has been developed. Furthermore, processes for p-n junction and
preparation of front contact grid have been investigated. A conversion efficiency of 15.7% was
obtained for a 10 X 10cm2 multicrystalline silicon solar cell in 1988. In 1989, development on the 15
X 15cm2 large area multicrystalline silicon solar cell has been started. Reduction of surface
reflectance, p-n junction structure and preparation of front contact grid have been investigated on
such large area solar cells. In 1992, a conversion efficiency of 16.4% has been obtained for a 15 X
15cm2 multicrystalline silicon solar cell. Since 1993, the development of process technologies for low
cost solar cells have been started. As a high throughput p-n junction formation, phosphorus diffusion
furnace which has diffusion region and drive-in region has been developed. Using this furnace,
production amount of 11 sec/wafer has been attained. As a BSF formation without bending of cells,
boron diffusion has been investigated. As a fine and low resistivity front contact grid using screen
printing method, 70 micron width finger grid has been achieved uniformly. In order to reduce the
surface reflectance reactive ion etching (RIE) method has been investigated. It has been revealed that
surface texturing by RIE is able to reduce the surface reflectance uniformly on full cell area. An open
circuit voltage of 622mV has been obtained with thermal oxide for surface passivation, deposition of
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P-SiNx and annealing in hydrogen.
2. For FY 1995
(l)Surface texturing
The dry etching method (Reactive Ion Etching; RIE) has been investigated in order to reduce the
production cost of making low reflection surface. Formerly low reflectance surface structure was
made by patterning using photolithography technique and wet etching. This method is not cost
effective way. It is necessary to obtain good cell performances that the cell surface should be etched
a little by solution of HN03+HF because the surface structure was like pin using the former RIE
process condition. The optimization of RIE process condition to obtain the surface structure like
pyramid has been carried out showing figure 1. It is expected to obtain good cell performances. The
solar cells have made using this process. As comparison of this structure, the cells with using
photolithography technique and wet etching and the cells that have almost flat surface have also been
fabricated. The short circuit current densities of each condition are shown in figure 2. The large
improvement can be seen by new RIE process compared with old one. And almost the same value as
the cell using patterning and wet etching process are obtained. It is necessary that the RIE process
condition should be more optimized because the Jsc of this cell is lower than that from expected value
of surface reflection.

1

=

I
o

w
-)

almost
flat

photo+
wet
etch

Figure 1 Texture structure by RIE
method

Figure 2 Short circuit current densities on various
surface structures

(2) Junction formation
As the front P diffusion process, the reduction of process time has been investigated using
continues diffusion furnace. Figure 3 shows the relation between the process time and the solar cell
efficiency. The cells using conventional furnace have also fabricated as reference. The almost same
performances are obtained with shorter process time. And distribution of diffused layer has been
improved as shown in figure 4. As the backside junction formation, the boron diffusion process has
been investigated. The single crystalline and multictrystalline silicon cells with screen printed contacts
have fabricated. The cell efficiency are increased with diffusion temperature. Figure 5 shows the
relation between cell efficiency and diffusion temperature. And table 1 shows the cell efficiency
which obtained present optimized process condition.
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Table 1 Comparison boron diffusion and aluminum
screen printing
Jsc

Voc

[mA/cm2] [mV]

multi.

FF

Effi.
[%]

Boron diffusion

29.64

591 0.744 13.04

A1 printing and
firing

29.25

592 0.760 13.15

Ddiffusion temperature [°C]
Figure 5 Relation between solar cell efficiency
and boron (Effusion temperature

(3) Fine contact metal grid
The fine contact metallization techniques has been investigated using screen printer which has the
paste spitting system. Screen printing condition and alternative paste has been investigated to realize
metal contact with thick and fine. Figure 6 shows the screen printed contact with about 70microns
width. The solar cells using this method have fabricated (CZ substrates, 37mm finger length). The
results are shown in figure 7. The cell efficiency are improved compared with conventional screen
printing method, and fill factor of this cell has about 0.73 with contact width of 70microns.
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Figure 6 Screen printed contact with 70
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(4) passivation

Figure 7 Relation between solar cell efficiency
and contact width

The Voc of 622mV have been obtained with 10
X 10cm2 multicrystalline silicon solar cell which
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is thermal oxide passivated, bulk passivated by
plasma CVD SiN film on both surfaces and

%

annealing

annealed in hydrogen with high temperature
(600-700<C). Figure 8 shows the relation between
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effective lifetimes and passivation films or
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annealing conditions. For the substrate which is

5

oxide passivated, deposited of P-SiN and annealed
in hydrogen with high temperature, the bulk
quality is improved because the regions which
show high effective lifetime are increased and
average value are also improved. Figure 9 shows
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Figure 8 Effect on effective lifetime by
passivation film and post deposition
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the unpaired electrons spin density of with and
without P-SiN film measured by ESR spectrum.
This figure also shows that P-SiN film decreases
the spin density and improves th; bulk quality.
And the

plasma CVD

oxide has been

investigated in order to reduce the production cost
of passivation process. Almost same lifetime value
has been obtained withP-oxide as shown in figure
10.

Figure 9 Spin density by ESR spectral measurement

100

CVD
oxide

Thermal
oxide

Figure 10 Effective lifetime of CVD and thermal oxide

(5) Evaluation of multicrystalline materials
In last year, multicrystalline silicon substrates supplied from Sumitomo SITiX, Daido-Hoxan and
BAYER (German) have been evaluated. The cell process for evaluation in Kyocera high efficiency
sequence. Solar cell size are all 10 X 10cm2. The cell efficiency of 15.15% for Sumitomo SiTiX
substrate, 16.26% for Daido-Hoxan substrate and 15.12% for BAYER substrate are obtained.
Future Task
(D Surface texturing
Investigation of texturing condition using dry etching method corresponded with other process
sequences for a surface reflection under 15% is necessary.
©Junction formation
For a p-n junction, stability and productivity of high throughput diffusion process using
continuous diffusion furnace have to be investigated. For a back surface junction, investigation for
reduction of cell bending under 0.5mm with optimizing the BSF process is necessary.
© Fine contact metal grid
Optimizing of screen printing process and silver paste is necessary.
© Passivation
Investigation of high throughput passivation process which produce a cell per 20 seconds is
necessary.
And furthermore, the pilot production of 15% efficiency module will be carried out.
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Survey on the Trends of Manufacturing Technologies for
Practical Thin Multicrystalline Silicon Solar Cells
Mineo Tatsuta
New Energy and Industrial Technology Development Organization (NEDO)

Objectives
In order to support the research and development of practical thin multicrystalline solar
cells, the current technological trends of thin multicrystalline silicon solar cells are
surveyed, analyzed and examined to find solutions to technical problems, with the aim of
utilizing the results in R&D of practical thin multicrystalline silicon solar cells.

Work Programs
(1) Survey on technical trend for actual application of thin layer-type solar cell
manufacturing technology
•

Technology to refine silicon as raw material

•

Substrate manufacturing technology
Cast Process, single-crystalline Si

•

Cell manufacturing technology
Multicrystalline cell, single-crystalline cell

•

Module fabrication technology
Status of module fabrication technology, low concentrator module, building
integrated PV system

•

Studies on super-high conversion efficiency
Efficiency realization, new cell structure (including a thin-layer type), crystal
defect, lifetime, surface/interfac

•

Technological survey in Japan and abroad
Survey on the trends of academia and industry

•

Future technological issues

(2) Research on Manufacturing Technology for Practical Thin Solar Cells

In order to promote the efficient development of manufacturing technologies for thin
multicrystalline solar cells, relevant technological problems are analyzed and solutions
studied.
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History of Research and Development
• FY 1984-1988
Survey and technological evaluation were performed for the SOG-Si manufacturing
process. Technologies for improving the conversion efficiency of multicrystalline silicon
solar cells up to 16% and that of small-area singlecrystalline silicon solar cells up to 20%
were studied,

and technological measures realizing the high-efficiency cells were

obtained. Furthermore, the R&D tasks for the next phase were identified.
• FY 1989-1992
Basic problems of thin crystalline silicon solar cell technologies, such as material

technology, crystallization technology and cell manufacturing technology, were studied.
With compound thin-layer solar cells, basic problems in preparation for the development
of laminated solar cells were clarified. On the basis of the estimation of SOG-Si supply
and its cost, supply and cost of thin-layer multicrystalline cells were estimated.
• FY 1993-1994
In relation to multicrystalline silicon solar cells, technological issues in the silicon material
refining and casting technologies, as well as in realizing continuous processing of these
two processes, were studied in addition to low-cost cell fabrication technology. With
singlecrystalline

silicon solar cells,

technologies

realizing

superhigh-conversion-

efficiency cells were studied.

Research results
(1) Survey on technical trend for actual application of thin layer-type solar cell
manufacturing technology
1) Silicon material/substrate
•

Material
Research is under way to remove boron (B) from melting silicon by a low-

pressure plasma melting method with steam added.
In the current research performed by NEDO, metallic Si is continuously supplied
by a 20 kg-scale electronic beam melting (EB) unit to remove phosphorus (P).

The

influence of the number of water-cooler copper hearth stages and EB output on P removal
rate is being studied.

It has been found that a 2-stage water-cooled copper hearth

performs higher P removal rate than a 1-stage counterpart.
•

Substrate manufacturing technology

(a) Cast Process
Table 1 shows the comparison in various cast processes currently in use and their
qualities;
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Table 1 Comparison of Major Cast Processes

Material

Technique

Eurosil

DS - one
container quartz
crucible RF
heating
same
Soplin[16] two container,
quartz
same
DS - one
container
graphite
crucible (quartz
under study)
DS - two
container
graphite mould
same, but
quartz crucible
DS - one
container quartz
crucible
DS - mlti
container
DS (UCP) two container
silica crucible
DS - two
container
(modified Silso
process)
Electromagnetic
al continuous
casting

Bayer 1
Bayer 2
Crystalox
Polix

Wacker 1
<1992
Wacker 2
<July 1994
HEM
Hoxan
Semix-Solarex
Kyocera

Sumitomo Sitix

Average Ld O (at/cm3)
on as grown
core
wafers(/rm)
150

Dislocation
Density(cm-2)

1017

5xim-105

2-6x101?

1Q5

l-SxlO17

2x10* 3x105

150

150
50-70

90 - 100
50-75
90
100

104 - 105

100

50 - 75

5x10*5

The characteristics of Cast Process is that ingot can be larger relatively easily by building
up the size of a mold and, in fact, the size of ingot made in various manners is gradually
becoming larger.
(b) Electromagnetic Cast Process
The thermal stress generated in silicon ingot during electromagnetic casting may
cause cracks when it becomes larger than the breaking strength and, by surpassing the
yield stress, also invites dislocation to the crystal which becomes subject to plastic strain.
That is to say, this thermal stress determines the quality of ingot, therefore a unified
temperature gradient within ingot is recognized as the requirement for casting of highquality ingot. A finite element method was used to analyze the temperature distribution
and internally generated thermal stress within ingot while being cast. At the same time,

analysis for larger-size ingot is performed to understand the casting conditions for
improved quality, which may apply to the thermal insulation design of a 350x350 size
reactor.
2) Cell manufacturing technology
•

Single-crystalline cell manufacturing technology
The expected shortage of Si substrates available has stimulated the promotion of

technology development for thin layer solar cells at 50 pan or less requiring less amount
of materials. Table 2 shows the characteristics of single-crystalline silicon solar cells as
released from various research institutions.
Table 2 Characteristics of Single-Crystalline Solar Ce: Is
Jsc
FF
Classifi Elemem Researc iCell Voc
(mV)
(mA/cm2 i
-cation structur iinstitut ;area
(cm2)
0.827
PERL
UNSW 4
709
40.9
UNSW 4
702
41.2
PERF
0.812
0.817
PERL
PhG-ISE 4
39.6
688
SingleUNSW 45.7
694
39.5
0.787
PERL
crystalline Back
WunP
17.7
681
0.813
38.8
cell
Contact
35.3
0.811
PERF
UNSW 4
699
Rear
Sharp
25
669
40.5
0.790
Hetero
PERL
692
38.6
0.802
FhG-ISE 21
SunP
35
666
39.7
0.807
Back
Contact
681
PERL
PhG-ISE 4
38.9
0.804
PESC
Kyocera 100
638
37.6
0.809
Solarex 46
0.792
BCSC
640
36.3
epi PERI TANU
4
35.0
0.772
666
•

Effi
(%)

Releas Remarks
ed year

24.0
23.5
22.3
21.6
21.5

1994
1995

21.5
21.4

1995
1995

21.4
21.3

1994
1993

21.3
19.4
18.4
18.1

1994
199.
1993
1995

1994

199.
1994
FZ 47ran1

CZ substrate

epi/FZ50mn

Multicrystalline cell fabrication technology
Multicrystalline cell manufacturing processes, many of which are applied single

crystalline counterparts, closely relates to the technology for cost reduction. Gettering
and bulk passivation to improve the quality of multicrystalline substrates and the
technology to replace texture etching of single-crystals for better reflection under irregular
plane directions are among the processes dedicated for multicrystalline silicon under
research. Research is also recently under way on thin-layer multicrystalline cells as an
approach toward higher conversion efficiency of low-quality substrates.3

3) Module fabrication technology
•

Status of module fabrication technology development
To reduce costs, research addresses a high-speed automatic wiring system for

thin-layer (200 pim) cells functioning as cell loading to cell-string current-voltage
characteristic measurement.

In terms of module reliability, EVA bonding and
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discoloration are also among the items currently studied. Recent studies include those of
AC modules having an inverter on the backside, attracting attention as a possible
candidate to realize an stand-alone small-size PV system
•

Low-concentrator module
Among solar cell modules with concentrator recently attracting attention again as a

means to reduce costs, those of a 10 or less concentration ratio are specifically called lowconcentrator modules. The items currently under research include back reflection, bi
facial cells, and module backside V-cut processing.
•

Building-integrated PV system module
In view of the possibility to save so far duplicated design, materials, construction

work, and other costs by integrating solar cells into existing construction materials in
favor of further diffusion of photovoltaic power generation, various building-integrated
PV system modules are under review.

4) Studies on super-high conversion efficiency
The following techniques were addressed for each item:

•

Super-high conversion efficiency (effective utilization of solar spectrum wavelength
range)
Sensitization in the long-wavelength range (PV cell with impurities, PV cell with
crystal defect)
Sensitization in the short-wavelength range (multi-carrier generation, radioactive
carrier recombination)

•

New cell structure
Deposition on a different-component substrate (LPE, CVD, ZMR Methods)

•

Crystal defect/Effect of Cu in Si
Small number carrier trap in N-type-sample

•

Lifetime
Long lifetime

•

Surface/interface
Inhabitation of carrier recombination, electric field-induced passivation, Noncontact evaluation method of semiconductor surface level density

5) Investigation of the technological trends in academia and research institutes
In order to study the technological trends of solar cells, staff members attended
international conferences and visited research institutes in Japan and abroad.
•

13th NREL PV Program Review Meeting

•

International Conference on Semiconductor Heteroepitaxy ICSH'95

•

OFFICE NATIONAL D'ETUDES ET DE RECHERCHES AEROSPATIALES
(ONERA)

•

Fraunhofer-Institut fur Solare Energiesysteme(FISE)
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•

Max-Planck-Institute(MPI)

•

13th European Photovoltaic Solar Energy Conference

•

Japan-German Joint Work Shop

•

Material Society Fall Meeting

6) Future technological issues
i) Status of technological development of crystalline silicon solar cells

•

Current status of high-efficiency cell technology
Conversion efficiencies of cast multicrystalline cells and CZ singlecrystalline cells

(partly FZ) are shown in Table 3.
Table 3. Current conversion efficiencies of crystal Si solar cell [as of 1995)
Mass
produced
Laboratory level Factory
Type
at factories
prototypes
Multicrystalline

17-18%

15-17%

13-14%

Singlecrystalline

22-24%

18-20%

16-17%

•

Current status of low-cost cell technology
Currently, the target of research concerning low-cost cell technology is the

development of low-cost, high-quality cast crystals.

Presently, Wacker's casting

technique is mainly used, and development of large-diameter, high-quality crystals is
being advanced. Table 4 shows the developmental status of cast multicrystalline.
Table 4. Development status of cast multicrystalline
Manufacturer
Ingot size
Ingot Weight
*(cin)
(kg)

Sumitomo Sitix
(electromag
netic casting)
Daido Hokusan
(conventional
method)
Solarex
Bayer
(SOPLIN
method)
Eurosolare
(conventional
method)

Crystal
growth rate
(mm/inin)

Quality

22x22x170

190

2-3

Intermediate

44x44x40

170

Approx. 0.5

High

24x24x20
33x33x20 (?)

?
7

7
<0.5

High
Higher

55x55x21

150

0.5-0.6

High
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ii) Future development issues
- Technology development for mass production •

Technology development for material Si manufacturing

•

Technology development for cell/module mass-production

•

New technology development
In parallel with the above, it is necessary to promote such new technology

development as may substantially reduce the amount of Si material used in modules. One

of such concepts is a "non-tracking low-concentrator solar cell."
- Medium quality-crystalline high efficiency cell manufacturing technology development
Electromagnetic Cast Process developed by NEDO may be the most possible
technology in terms of reduced costs but brings a problem of quality. The technology
developments required for high conversion efficiency cell manufacturing even with
medium-quality materials include those for reduction of crystal defect, low-temp,
passivation technology of surface, removing method of impurities harmful to solar cells
during cell process, and low-temp, processes.
- Cost reduction •

Costs reduction with building-integrated PV system

•

Technology development of application system-matching reduced-cost module

7) Survey through the lecture by the invited speaker
•

Kim Mitchell (Siemens Solar Ind. U.S.A.)
Currently concerned problems (including higher conversion efficiency, reduction

in weight and thickness, and materials issues) were surveyed toward the implementation
of a 100 MW Cz Si solar cell, involving the setting of cost goals.
(2) Research on Manufacturing Technologies of Practical Thin Solar Cells
With the aims of studying the progress status of manufacturers taking part in the

commissioned research and development of thin solar cell technology, revealing
problems, analyzing phenomena and elucidating countermeasures, the "Thin-Type
Technology Subcommittee" comprised of experts and specialists from industrial,
governmental and academic sectors was set up, and two meetings have been held.

Research and development of technology for evaluating photovoltaic power generating
Mineo Tatsuta
New Energy and Industrial Technology
Development Organization (NEDO)

Objectives
In order to industrialize amorphous silicon (a-Si) solar cells for power generation systems,
we conduct development of highly efficient and reliable a-Si solar cells and new module structures.
FY1996 targets:
Stabilized conversion efficiency (more than 30 X 40 cm2): 8.5 %
Module cost: 170 yen / W

: at annual production of 100 MW

Work Program

1. Development of highly efficient and reliable solar cells
We will further advance development of individuual unit cells through efforts such as
conducting studies on light-degradation control components and applying high-precision plasma
control. At the same time, we will optimize the light capturing effect of solar cells through
analysis on multipath reflection, and we will conduct advanced studies on new shallow-doped
layers.
2. Development of new module structures
We will conduct basic studies on new patterning methods in order to advance the development
of reverse-type through-hole contact structures suitable for multi-bandgap solar cells.
Summary (1980-1995)
1. Results from 1980 to 1994
(1) We obtained a total area conversion efficiency of 8.2% for a 10 X10 cm2 integrated-type solar
cell submodule, the i-layer of which was fabricated at high speed of 15 A/sec. Thus, mid-term
goal set for FY1988 was achieved.
(2) We achieved the world's highest conversion efficiency of 12.0 % with a 10 X10 cm2 integratedtype a-Si solar cell submodule and thereby reached the intermediate goal targeted for FY 1992.
(3) We achieved world-record stabilized conversion efficiencies for a 1cm2 ,that is 10.6% for
a-Si/a-SiGe tandem cell in FY1993 and 8.8% for a-Si single-junction cell in FY1994.

2. For FY 1995
(1) Development of highly efficient and reliable solar cell
(a)Improving the quality of a-Si materials
Based on technologies to improve quality that we developed in the past, we achieved yet another
world-record with stabilized conversion efficiency of 8.9% (Fig. 1) with a 1 cm2 a-Si single-jinction
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cell by optimizing fabrication conditions, light capturing structures, and low-absorption doped
layers. This result can lead to improve the stabilized conversion efficiency of the multi-bandgap
solar cells through applying the technologies to it.
(b) Improving the reliability of multi-bandgap solar cells
We are currently advancing research on multi-bandgap solar cells fabricated with a-SiGe:H.
Figure2 shows the reliance of a-SiGe single-junction cell convention efficiency on light soaking
time. Efficiency plotted on the vertical axis is standardized using initial efficiency and saturation
efficiency. The time series data for convention effciency was worked in using the stretched
exponential functions on the figure.
Despite the error deviation in working in saturation efficiency, you can see that the time constant
for degradation depends on the optical gap in that the time constant increased as the optical gap
decreased. And evevn though the time constant for degradation is estimated low between 1.20 and
1.58 eV, it was still into double digits. Convention efficiency tended to recover to initial levels when
the solar cells were heated to 150*0 in dark conditions, but in contrast to the situation with

degradation, the time constant in recovery is not dependent on the optical gap. The experimental
results in Figure2 where the time constant for degradation increased as the optical gap decreased
suggest that light creates defects, and that the dissipation process can be suppressed by lowering the
optical gap.
Stabilized conversion efficiency in amorphous solar cells is generally viewed as a critical
characteristics after light degradation for an adequeate amount of time under constant light soaking
conditions. Narrow bandgap solar cells ultimately measured under these conditions showed
significant degradation, and therefore should be the least stable. Under outdoor use conditions in
which adequate light degradation and thermal recovery occurred simultaneously, however, the
narrow bandgap solar cell was found to undergo light degradation slowly, and the recovery process
relatively quickly. This clearly indicates that narrow bandgap solar cells are actually more stable
than wide bandgap solar cells.
Degradation dependence on bandgap is also crucial in terms of tandem cell design, and is
extremely useful knowledge for improving efficiency in the future.
(c)Studies on technologies for fabricating large area film
One of the keys to applying technologies that improve performance in small area solar cells to
large area solar cells is uniform film fabrication technology. Now we can fabricate uniform film on
large area substrates using uniform gas flow and other techniques devised based on our expertise in
fabricating uniform a-Si film in the past. Figures shows the conversion efficiency distribution for
single-junction amorphous solar cells measuring 30cm X 40cm. From the figure we know that the

distribution has a ± 1% deviation. These results combined with the world record stabilized
conversion efficiency of 8.9% for lcm2 single-junction solar cell leads us to believe that we can
attain a stabilized conversion efficiency well over 8% for a single-junction amorphous solar cell
with the size of 30cm X 40cm.
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(2)DeveIopment of solar cells with new module structures
(a) Patterning by plasma chemical vaporization machining (CVM) method
The plasma CVM method shown in Figure4 holds great promise as a large-area, high-speed lowdamage patterning method for solar cells with new module structures. The plasma CVM method is
a chemical processing technique that excites a reaction gas in a spatially localized high-frequency
plasma within a high-pressure atmosphere to form more highly reactive neutral radicals that
remove unprocessed materials. Extremely high-speed processing can be achieved with the method
because high-density radicals are generated under high pressure here. We believe that with multiple
wire system we can perform batch patterning, and thus increase speed even more.
This fiscal year we conducted basic studies on patterning using the plasma CVM method, and
found that local linear plasma measuring five inches in length was generated by a wire electrode
(100 ^ m in diameter) in a latm He atmosphere. Then as result of basic studies on batch patterning
using a multiple wire system conducted in an effort to achieve high-speed patterning, we found that
localized plasma was simultaneously formed on two or more wire electrode (Fig.5) . The results
observed using a Scanning-type Auger-electron Microscopy on the patterned section of a-Si film on
the TCO confirmed that we had achieved excellent selective process of the a-Si film on the TCO
because the Sn component of the TCO was found only in the patterning area, while residual Si was
not seen at all (Fig.6).
Future tasks
The following technical issues will have to be resolved before we reach the targets set for FY
1996.1 2 3
1. Improve the performance of multi bandgap solar cells by improving the quality of a-Si and
narrow bandgap materials.
2. Develop uniform film fabrication technologies for high-throughput, large area film.
3. Develop high-speed, low-damage patterning technologies.
By compiling all available data for items 1 to 3 above, we will be able to fabricate large area
amophous solar cell modules using low-cost processes.
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Fig.6 SAM(Sn) observation results

Low Cost Fabrication Technology of Large Area Modules
(Development of Fabrication Technology
for Amorphous Silicon Modules)
Mineo TATSUTA
New Energy and Industrial Technology
Development Organization (NEDO)
Objectives.

Development of low cost fabrication technology of large area amorphous
silicon modules and technology for improving cell performance.
The goal for fiscal 1996 is to attain a module cost of ¥17O/Wp(production
size of lOOMW/year) and stabilized efficiencies of 8.5% for a film
substrate submodule (area larger than 30cmx40cm) and and 12% for an lcm^
cell.
Work Program
(1)Study of high throughput process technology
We study fabrication technologies for series-connected solar cells on
plastic film substrates. We develop a better fabrication process for
film substrate submodules by improving apparatus in the process such as
a multi-chambered stepping-roll type deposition apparatus, laser
scribing machine and so on. We also try to fabricate film substrate
submodules.
(2)Study of technology for improving cell performance
We study formation technologies for narrow gap a-Si based films and
improve conversion efficiencies of double-stacked cells using high
quality narrow gap materials.
Summary (199Q-1995)

1. Up to FY 1994
We developed high efficiency a-Si solar cells using microcrystalline Si
n-layer, buffer layer at p/i interface, light confinement effect with
high reflectivity metal electrode and highly textured transparent
electrode, wide gap a-SiO:H p-layer and so on. Conversion efficiencies of
12.5%, 12.0% and 10.5% were obtained for a single pin cells(lcm^), aSi/a-Si double-stacked tandem cell(lcm^) and a-Si/a-Si double-stacked
tandem submodule(30cmX40cm), respectively.
We develop a large area fabrication process technology for glass
substrate solar cells(substrate size up to 4800cm^) with large area a-Si
deposition technology using IVE (.Interdigital-Vertical-Electrode) type
apparatus, laser scribing technology and back• electrode formation
technology. We attained an average efficiency of 10% in trial fabrication
of 55 30cmx40cm tandem submodules to ascertain that our developed
fabrication process is practical.
We found that a thin i-layer in pin cells has an an effect of suppression
of light-induced degradation. We obtained a stabilized efficiency of 10%
for a lcm^ cell with an a-Si/a-Si tandem structure. JMI estimated an
efficiency after initial degradation of our 30cmX40cm tandem submodule to
be 8.4% with a continuoius light soaking test(48°C, 1.25Sun, open circuit
condition, 310h).
In 1993, we strated development of fabrication of a SCAF (£.eries£.onnection through Aperture formed on Zilm) type of series-connected
structure for film substrate solar cells. We proposed a novel thin film
deposition system, called as stepping-roll(SR) deposition system. We
constructed a primary SR deposition apparatus in 1993 and a multichambered SR deposition apparatus in 1994 . An efficiency of 7.2% was
obtained for a SCAF type of tandem structure submodule with an aperture
area of 980cm^.
2. For FY 1995
(1)Study of high throughput process technology
(a)Technology for fabrication process of film substrate cells
One of the most characteristic features of a-Si solar cell is that high
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output voltage can be achieved with a series-connected structure on a
substrate. We proposed a multi-stage SCAF structure as shown in Fig.1
to gain an output voltage of 200V, which was at present a standard
input voltage of inverters in market.
1)Pre-treatment of film substrate
We obtained well-shaped holes and low hole contact resistance for
film substrate thicker than 100pm.
2)Electrode formation
We reconstructed a primary type of SR deposition apparatus(one CVD
chamber and one sputtering chamber) to a roll-to-roll type sputtering
apparatus(four sputtering chambers) to improve metal electrode
formation technology. We attain a distribution of ±3% for deposition
rate over film substrate of 508mm width, as shown in Fig.2.
3)Stepping roll deposition
We added one CVD chamber and one sputtering chamber to the multichambered SR deposition apparatus. With this reconstruction, we can
deposit photoelectric conversion layer, transparent electrode layer
and back-side electrode layer of SCAF structure sequentially in one
process. A maximum conversion efficiency of 10.3%(Voc=l.802V,
Jsc=8.06mA/cm2, FF=0.711) and average conversion efficiency of 9.6%
(Voc=l.803V, Jsc=7.49mA/cm^, FF=0.714) were obtained for small area
SCAF cell with a-Si/a-Si double-stacked tandem structure.
4)Laser scribing
A deviation of film substrate from a working stage was kept within
40pm by improving roll-to-roll conveying system and fixing method for
film substrate.
5)Trial fabrication experiment
We fabricated one hundred and nine multi-stage large area SCAF
submodules with an area of 40cmx80cm using developed process. The
width of substrate film was 50 8mm. The number of series-connected
unit cells in the submodule was one hundred and forty-four. A maximum
conversion efficiency of 7.5% was obtained(Fig.3). An average
conversion efficiency was 6.1%. Figure 4 shows the distribution of
efficiencies for one hundred and nine submodules. This result
suggested that the developed fabrication process can steadily produce
a-Si solar cells with an output voltage of 200V.
(b)Technology for improving conversion efficiency of film substrate a-Si
cells
1)Improvement of efficiency and reliability of film substrate cell
To improve performance of a-Si solar cells after light-induced
degradation, we studied effects of hydrogen dilution in i-layer
deposition using single junction cells with an i-layer thickness of
lOOnm. The conversion efficiency after 586h light soaking test(lSun,
cell temperature of 50°C) became maximum in the case of dilution rate
of 10 to 15, although initial efficiency was maximum when the
dilution rate was 5 to 10.
2)Low resistivity ITO formation

ITO thin film formed by sputtering was used as an electrode for
current collection in SCAF cells. The resistivity of ITO formed by RF
sputtering was lower than DC sputtering, because Sn in the film by RF
sputtering caused more carriers in the film than DC sputtering. We
found that Xe in RF sputtering have also an effect of increasing
carriers in ITO film and we obtained ITO with resistivity of 1.5X10“
4f2»cm at deposition temperature of 140°C.
3)Improvement of adhesion between metal electrode and film substrate
ZnO was used as a buffer layer between metal electrode and film
substrate for better adhesion. We studied effects of deposition
temperature of sputtering on adhesion. It was found that higher
deposition temperature lead to stronger adhesion for both electrodes
of cell-side and back-side.
4)Reliability of film substrate cells
We studied temperature dependence of Vop for a film substrate cell
(lcm^) of double-stacked tandem structure with a bottom cell i-layer
thickness of 400nm. The intensity of light was lSun and 0.13Sun. The
value of Vop ranged 0.9 to 1.4V after 148h light soaking test under
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metal-halide lamp(10OmW/cm2, 50°C) . From this result, we designed the
number of series-connected unit cells to be 130 to 180 to obtain AC
output power similar to Pmax using conventional inverters of input
voltage of 200V.
(c)Module technolpgy
1)Evaluation of cell performance
We developed an evaluation apparatus to estimate performance of a-Si
cells fabricated on film substrate in roll automatically and
continuously.
2)Material analysis of EVA
We measured a ratio of bridge component to total mass of EVA. The
ratio was 88.7% for EVA bridged under condition of 150°C, lOmin. We
concluded the best bridge temperature was 150°C. Next, we studied
joint strength between EVA and component materials for cell. When EVA

was bridged at 150°C, the joint strength between EVA and ITO, a-Si,
substrate film was sufficiently high.
3)Analysis of residual stress in module structure
Residual stress occurred by difference in thermal expansion
coefficients between component materials of cell and intrinsic stress
during deposition process. We analyzed stress in a model cell
structure with a finite element method. We found that the residual
stress vertical to a-Si/metal interface originated by thermal stress
at the edge side of the substrate was a dominant factor for joint
strength.
(2)Study of technology for improving cell performance
(a)Formation techniques for narrow gap materials
1)Ion enegy-controlled plasma CVD
We studied the relationship between ion energy(Vs) and deposition
rate(DR). As Vs increasing, DR monotonically increased. Current to
substrate, i.e., ion flux incident to the substrate also increased as
Vs increased. DR per unit ion flux was kept constant, when Vs
changed. It was found that DR depends on ion flux.
(b)Improvement of conversion efficiency of double stacked tandem cells
1)Fabrication of single-junction and double-stacked cell with a-SiGe
In previous year, we developed high quality a-SiGe:H film with an
optical bandgap of 1.6eV. We tried to apply this a-SiGe film to ilayer of cell. A conversion efficiency of 8.33% was obtained for an
a-SiGe single junction cell (lcm2) with a-SiO/a-Si double buffer
layer at p/i interface. We applied this a-SiGe cell to a bottom cell
of a-Si/a-SiGe double-stacked cell to obtain a conversion efficiency
of 9.78%. From results of light soaking test on these cells, it was
found that efficiencies after degradation were better for cells with
thicker i-layer and p/i interface layer, higher deposition
temperature for i-layer.
2)Analysis of outdoor exposure test data
We analyzed outdoor exposure test data for a-Si and c-Si modules
collected

at

Yokosuka

site

from

April

1993.

We

estimated

a

cumulative electric energy per a rated power of lWp for both modules.
It was found that a-Si module generated 97.9kWh/m2/Wp per one year,
larger than c-Si module(Fig.5) . It is enough for a-Si module with an
area of 46m2 to obtain 45000kWh per one year.
Future Tasks
(1)Study of high throughput process technology
Improvement of trial fabrication process for the SCAF structure solar
cells by improving conditions for hole formation, electrode formation SR
deposition and laser scribing.
(2)Study of technology for improving cell performance
Development of high quality narrow gap a-Si based films and their
application to tandem cells to improve their stabilized conversion
efficiencies.
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per a rated power of lkWp
for a-Si and c-Si PV modules.

Cost-Reduction Technology for Solar Cell Modules
New Energy and Industrial Technology
Development Organization (NEDO)
Mineo TASTUTA
Objectives
We will attempt to develop a new type of amorphous silicon ( a-Si ) solar
module, the back surface of which is encapsulated with a thermosetting polymer by
using a spreading method.
1992 target:
for large area (larger than 0.4m2) amorphous silicon solar module
1. Cost-reduction
encapsulating through-put larger than 0.24m2/min
2. Reliability
(1) pass all the endurance tests for solar modules legislated by the Japanese Industrial
Standards Committee (JISC8918).
(2) pass an a year outdoor test in accordance with a testing method defined in
JISA1410.
Work Program
This technology achieves a complete cost-reduction, by developing low cost
materials, structure and technology which are suitable for large-area amorphous solar
modules in the process of wiring, isolation, encapsulation, framing. Higher
encapsulating through-put will be achieved with polymer coating and newly
developed polymer will be applied. Reliability tests of these technologies will be
performed to check if they satisfy JIS even if they are applied to new materials such
as high reflective electrodes for amorphous solar cells.
Summary (1987-4995)
l.UpToFY 1994
Using small area solar cells, the cell encapsulation and efficiency were
improved in 1987. By optimization of the amorphous silicon deposition conditions,
heat proofing by H2 plasma treatment, improvement of encapsulation, and lowering
the light absorption loss of the blocking layers, a 1cm2 single junction cell with a
high efficiency of 10.8% was fabricated.
By using textured substrates, optimization of the deposition and integration
conditions, and reducing the impurity content, a conversion efficiency of 9.3% was
obtained for a 1cm2 two-stacked tandem cell in 1988. In addition, by using several
methods developed to reduce the light-induced degradation, a conversion efficiency
more than 8% after 1000 hr light-degradation was obtained.
By using device simulation, etc., the main themes were identified to enable the

choosing of a new target, and basic techniques for lowering the degradation of the aSi film itself were developed in 1989. In addition, as a new theme, the development
of encapsulation methods for large glass substrate single body configuration modules
were initiated.
By applying the light induced degradation technology of an amorphous silicon
film prepared using deuterated silane to solar cells, the smallest degradation rate to
date was obtained for a solar cell in 1990. In addition, the atomic hydrogen contents
in the films were compared, and it was established that the deuterated films show a

smaller activation energy for thermal recovery of the light-induced defects.
Improvement of the long-wavelength response of the two-stacked tandem solar cell
was investigated, and a cell with suppressed diffusion of impurities from the p layers
and improved fill factor was fabricated. In addition, for the first time, PIB
(polyisobutylene) was adopted for a trial production of high-reliability solar modules,
and accelerated weathering testing was started.
In 1992, by the reduction of impurities in the i-layer, application of thin
bottom cell i-layer, low power fabrication technique, treatment with KrF laser pulse
irradiation method, and optimization of p and p/i buffer layers, the initial conversion
efficiency of 11.0% was achieved for the integrated two-stacked cells with an area of
10 cm x 10 cm. The stabilized efficiency by light exposure was also improved to be
higher than 8.5 %.
From 1993, this project have focused on the development of new type a-Si
solar modules, the back surface of which are encapsulated with a thermosetting
polymer by using a spreading method. For this purpose, polyisobutylene and other
types of poly-olefine oligomer were chosen as a encapsulation polymer.
In 1994, we determined the tentative recipe of the compound and successively
tried to improve the encapsulating property by reducing the content of impurity to
apply it to the solar cell with high-reflecting electrode such as ZnO/Ag. The process
stability was also investigated at each condition. Up to now, the maximum coating
width and speed within 5% thickness variance are 190cm/min. and 50cm,
respectively.
2. For FY 1995
(1) Study on the compound recipe of encapsulant.
The layered electrode of ZnO/Ag is the good candidate for the back electrode
of amorphous silicon solar cells, because it can reflect more light than aluminum and
therefore it enhances current of applied solar cells. Basic requirements of encapsulant
resin applied with ZnO/Ag layered electrode are enough adhesion coefficient with
Ag to reduce corrosion of Ag, no gas effusion while curing to reduce bubble in the
resin and low thixotropy to get good coating process. In FY 1994, after the 1st
screening of additives by the accelerating tests, it is revealed that the compound
which utilized two types of coupling agent reduce the change of adhesion coefficient.
Based on the years results, the recipe which improve economical and physical
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Table 1 Viscoelastic characteristic of compounds with
different recipe.

property have been studied
this fiscal year. Keeping
the fraction of antioxidant
coupling coupling viscosittty thixotropy
plasticizer filler
agent 1 agent 2 (poise)
(dyne/cm • sec)
and coupling agent which
80
<£>
9
9
80
3 5 0
33
affect reliability, we have
80
9
9
6 1 0
120
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©
studied the rheologic
©
80
9
9
160
16 0 2
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property and cost of the
9
9
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<i)
80
120
new recipes by changing
9
9
1 8 6
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(5)
80
160
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9
9
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the fraction of plasticizer
©
120
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9
9
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©
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and inorganic filler.
80
80
9
6
4 04
39
©
The plasticizer and
120
9
120
6
©
36
4 2 0
inorganic filler are cheaper
9
32
4 3 4
6
160
160
than the base resin,
therefore the cost reduction is expected by increasing these ingredients.
We have studied the relation between the faction of additives and the viscosity and
thixotropy of the resulted compound while keeping the fraction of base resin (arylic
poly iso-buthylene) constant. We have calculated thixotropy from the hysteresis loop
of viscosity.
In our apparatus, the T-die designed for the resin of 1000PS can be used with
the resin whose viscosity ranged from 350 to 1000 PS. By carrying out T-die coating
experiment, we have assured that there is a combination which suit current T-die
curtain coat process. Eventually, we have obtained the recipe whose base resin
fraction is as low as 22 %.
We have assured the reliability of these compound by the 1st screening of the change
of out-look and property after the high temperature and high humidity test. We will
shift to 2nd screening and find the limit of cost reduction of compound resin.
2. Study on the module structure and process.
In FY 1994, we have studied aluminum frame. We have concluded that there
is a limit of cost reduction of the frame if we restrict

only in the study of aluminum frame cross section
design, setting process and set up. The new design
concept which is not restricted in current frame ideas is
required for further cost reduction. This year we have
studied other materials, not aluminum. Actually, we
have evaluated galvanometric steel plate, PVC coated
steel plate and fluorinated resin coated steel plate.
We have made sample frame by the roll forming
of 0.4mm thick steel ribbon. Its out look resembles
conventional alumite processed aluminum frame. The
through put of roll forming is higher than that ofc- 1C
extrusion molding process which is used with of° new fr£me

,
r

aluminum frame. For the steel plate
is stronger to bending than
aluminum, the cost reduction of
setting frame is expected by making
V-cut off and roll the frame round the I

conventional type
encapsulant
solar cell
_______ \_____________ ^
cover film

I

substrate and use only two screws.
We have studied this frame's actual
ability by doing installation test,
thermal insulated module
strength test and reliability tests again
encapsulant
solar cell
over again.
One the other hand, according I
I
to the result of the research of
insulater
photovoltaic roof panel, we have
^
t • , .1
1 ,
cover film
obtained the data that more power
generated from thermal insulated Fig.2 Schematic illustration of conventional
structure module than conventional and thermal insulated structure modules,
one in the case of amorphous silicon
module. The temperature of solar cell becomes 10 • C higher under the sun light in
the case of the thermal insulator applied to the back of solar module. Though this is a
mare expectation, it is interesting that the module strength to mechanical shock
becomes higher than that of conventional one.
We have studied conventional fluorinated film, glass cloth and steel plate as
cover film. We also characterized these sample modules by carrying out strength test
which includes hail test and drop steel boll test, reliability tests and flame test. We
accumulated the data of these modules by the aspects of reliability and costs.
3. Long term reliability tests.
In FY 1994, the compound which has high weathering durability and can be
applied with the solar cell with ZnO/Ag layered electrode have developed. Only the
high temperature high humidity test carried out with that compound in last year. This
fiscal year, we have carried out all the tests listed JIS reliability format for
amorphous silicon modules in and out of our company. The samples for the tests are
small and medium sized actual amorphous silicon modules which utilized our
module research results. The mini- module sized 5" square, 100 cm2 aperture area
which has a same structure as large scale module have been made for in-house tests.
Besides liquid resin coated modules, conventional EVA/Tedler modules have been
tested as reference. The initial efficiency of these modules are around 10%. Test
modules are select as almost same value in not only efficiency but also other specific
parameters such as fill factor. The modules of our new structure and EVA/Tedler
structure shows almost no change in cell property after the accelerating reliability
tests.
After the small modules test results, we have made 30cm x 40cm modules
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Table 2 Changes in module characteristics by several types of reliability tests.
measured by JQA after tests
type of test

Voc [V]

aftertests/before tests

sc [mA] '.F. [%] Pmax[w] Voc [V] Isc[mA] '.F. [%] Pmax[w]

sample

encapsulation

jame

37653

liq.polymer/glass cloth

Al

lamp heat test

35.192

416

67.9

9.952

1.01

1.01

1.01

1.04

37987

liq.polymer/glass cloth

Al

salt mist test

35.407

411

72.2

10.522

1.00

1.00

1.01

1.01

37988

liq.polymer/glass cloth

Al

iry heat test

35.337

412

69.6

10.141

1.00

1.00

0.99

1.00

38354

liq.polymer/glass cloth

Al

teat cycle test

35.191

409

66.1

9.522

1.00

1.00

1.00

1.01

38385

liq.polymer/glass cloth

Al

lamp h eat cycli c test 35.111

407

66.5

9.499

1.01

1.00

1.02

1.02

37652

liq.polymer/glass cloth

Al

lamp heat test

35.216

407

67.1

9.627

1.01

1.00

0.99

1.00

37654

liq.polymer/glass cloth

Al

salt mistiest

35.012

410

67.7

9.727

1.00

1.00

1.01

1.02

38017

liq.polymer/glass cloth

Al

iry heat test

35.233

401

72.2

10.191

1.01

1.00

1.01

1.02

38019

liq.polymer/glass cloth

Al

teat cycletest

35.133

401

70.2

9.891

1.00

1.00

1.01

1.01

38352

liq.polymer/glass cloth

Al

lamp h eat cycli c test 35.368

403

68.1

9.707

1.01

1.00

1.03

1.03

37288

EVA/T edlar

A1

lamp heat test

35.338

411

72.1

10.459

1.01

1.02

1.07

1.10

37289

EVA/T edlar

A1

salt mist test

34.993

405

68

9.632

1.00

1.00

1.01

1.01

37621

EVA/T edlar

A1

Iry heat test

35.243

403

68.2

9.685

1.00

1.00

1.01

1.01

37622
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teat cycletest

34.763
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9.838

1.00

1.00

1.00

1.00

37623

EVA/T edlar

A1

lamp heatcyclictest 35.100

409

67.8

9.741

1.00

1.00

1.01

1.01

36526

EVA/T edlar

Al

lamp heat test

35.450

408

71.9

10.388

1.01

1.01

1.03

1.06

36588

EVA/T edlar

A1

salt mist test

34.883

409

69.4

9.899

1.00

1.00

1.00

1.01

36891

EVA/T edlar

Al

iry heat test

35.467

402

70.9

10.119

1.00

1.00

1.01

1.02
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EVA/T edlar

Al

teat cycletest

35.173

404

69.9

9.936

1.00

1.00

0.99

0.99

Al

lamp heat cyclic test 35.078

36924

EVA/T edlar

406

69.6

9.896

1.00

1.00

1.00

1.00
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which is the largest size that tests can be applied, and sent modules other test
organizations (Japan Quality Assurance organization and Japan electric components
reliability assurance organization) and have them carry out reliability tests.
(Reliability for Light exposure, High temperature, Humidity, Saltwater shower,
Temperature cycle, Temperature and humidity cycle)
In the case of outside organization tests, about the same result have been obtained,
that is, no degradation can be observed after accelerated reliability test carried out by
outside organization. It is concluded that this compound clears all the accelerating
test which is target of our work.
4. Fabrication of large area modules
Besides the research work of low cost "Monolithic module" by liquid resin
encapsulation which have already reported in the NEDO projects work, we have
carried out R&D work of the high efficient large area solar cells for the solar
modules. Part of samples made by this technology are put into monolithic module
encapsulation test lines, and the reliability test data of these modules are
accumulated.
The basic structure of the solar cell is a amorphous silicon single solar cell on
the 4 mm thick soda lime glass substrate sized 910 mm x 455 mm after a
consideration of rooftop application. (i.e. Japanese architectural de fact standard)
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The solar cell device
utilize thin i layer to
reduce
photo
degradation, and has
simple structure to reduce
cell cost.
Though
the
production line is not
built for the time being,
the module has all the
requirement as a mass
production module. That
is, we can sell the

3817cm2(AP)

identical module after we
build
the
mass
production line.
Fig.3 I-V characteristics of large area single junction cell. The
deviation
of
amorphous silicon is
within 10%. No apparent deviation can be observed with these cells. The maximum
output power obtained is 40W, which correspond the 10.2 % aperture efficiency,
reflects the result of small size solar cell. As explained above, some of solar cells are
encapsulated with liquid resin and put into reliability tests such as outdoor exposure
test.
Further tasks
The further tasks for the time being are list below.
(1) To decide the final recipe of compound resin considering economical aspect, and
to assure the cost reduction limit.
(2) To make the test modules continuously by utilizing the resin obtained above, and
to figure out the problems of mass production and limit of line speed. To check if the
maximum line speed 190cm/min. which has already obtained with coating process by
itself can be applied with actual solar cell.
(3) To calculate process cost by evaluating and revising the process listed above. To
calculate the cost of module process considering material cost and process cost.
(4) To carry out reliability test listed in JIS with the modules utilized final compound
resin.
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Development of Fabrication Technology
for Large-area Low-cost Solar Cell Module (CdTe Solar Cell Module)
MineoTATSUTA
New Energy and Industrial Technology
Development Organization (NEDO)
Objectives
The objective of the current research is to develop manufacturing technologies for

large-area, low-cost and high-efficiency CdS/CdTe solar cells and modules. Specific
research targets are as follows.
Targets in 1996:
Conversion efficiency : 10% or more (40x80 cm2 solar cell module)
Module cost: ¥170/Wp
Work Program
To achieve the above targets, technological development of the following items is
completed by the end of 1996.
(1) The high-transparency, low-resistance CdS film and high-quality CdTe active layer
are achieved through the refinement of materials and processes to realize more efficient
large-area CdS/CdTe solar cells.
(2) Studies have been made into ways to speed up the coating and patterning processes to
reduce the cost of large-area CdS/CdTe solar cells. A high-productivity uniform sintering
system to produce uniform, large-area films in a short period of time has also been
investigated. These studies are intended to allow a high-speed manufacturing line to be
developed. Additional goals are the development of film fabrication technologies using
low-cost materials, and modules featuring low cost, high reliability and safety.
Summary (1987-1995)
l.UptoFY 1994

In 1987, CdTe film with the bandgap energy of 1.39eV was achieved for use as the
bottom cell. The CuInSe2 was also obtained through the coating and sintering method.
In 1988, the sintering conditions were optimized to achieve a conversion efficiency of
10.05%.
In 1989, an effective conversion efficiency of 11.3% was obtained for the 1.07 cm2
small-area cell and 6.2% for the 30x40 cm2 large-area cell, respectively.

In 1990, the "writing" method and hydrogen annealing method were used to obtain
a conversion efficiency of 8.1% (for a 30x40 cm2 large-area cell) .

In 1991, the hydrogen annealing conditions for the CdS film were optimized, the
CdTe rear electrode was improved and a large-area uniform sintering technique was
developed. These resulted in the high open-circuit voltage exceeding 0.8V and an effective
conversion efficiency of 8.2% (30x40 cm2) .
In 1992, the development of laser patterning and total-area writing techniques
resulted in an effective conversion efficiency of 8.7% (30x40 cm2) .
In 1993, the development of an ultrasonic leveling method led to the achievement
of a conversion efficiency of 8.5% (30x40 cm2) , the highest of its kind of all the screen
printing methods.
In 1994, the quality of both the CdS film and CdTe active layer was improved,
resulting in a conversion efficiency of 9% (265 cm2) .
2. For FY 1995
(1) Studies on CdS Film Fabrication Process,
In 1995 we developed a new CdS thin-film fabrication process in the thickness
range of 80-100 nm, and reduced light absorption loss in the short wavelength region of
up to 500 nm.
The newly developed process uses the atmospheric pyrolysis of a compound
containing Cd and S on the TCO-formed glass substrate to fabricate the CdS thin film.
The sintered CdS film has numerous tiny pores between the glass substrate and the
CdS film, causing light to scatter and the short-circuit current to deteriorate. The newly
developed CdS thin film has no such pores between the CdS grains and exhibits superb
adhesion to the TCO substrate due to its grain diameter of 10 nm.
While the sintered CdS film is non-oriented, the thin CdS film has a hexagonal
crystal structure which is strongly oriented to the surface of [002] . The former absorbs
almost all light of wavelength below 500 nm, while the latter has high light transparency
down to the shorter wavelength region not exceeding 500 nm. The light transparency in
the short wavelength range was further improved by reducing the thickness of the film.
(2) Studies into the CdTe Film Fabrication Process
In the close-spaced sublimation method (CSS method) studied here, the CdTe
source and the glass substrate are arranged close together to form a film and the source
temperature is set slightly higher than the substrate temperature. The Cd and Te vapor
molecules sublimated from the source are then deposited and precipitate on the glass
substrate as CdTe, and this process produces a high quality CdTe active layer. Figure 1
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shows the cross-sectional SEM photo of the CdTe thin film fabricated on the thin film
CdS through the CSS method. The CdTe film fabricated by conventional sintering comprises
the CdTe active layer and the mosaic layer, while the thin CdTe film formed through the
CSS method consists of an ultra-thin single layer. X-ray analysis also revealed that the
sintered CdTe film had almost no orientation while the film created using the CSS method
had a strong orientation to [111] .
CdCl2 treatment is generally used to improve the crystallization of CdTe film.
CdCl2 treatment involves coating an aqueous CdCl2 solution on the CdTe film and thermally
treating it at a temperature of 400 C. This results in an increased grain size.
(3) Production of CdS/CdTe Thin-Film Solar Cells
Figure 2 shows the light collection efficiency of solar cells manufactured through
the sintering method and the thin film process. As the spectral transmission characteristics
of the CdS film suggest, the solar cell produced via the thin film process is known for
being sensitive to light in shorter wavelengths not exceeding 500 nm. Therefore, the
photocurrent will increase. Figure 3 shows the I-V characteristics of the CdS/CdTe solar cell
manufactured through the thin film process. The results of the measured evaluation by
JQA reveal that this CdS/CdTe solar cell achieves a conversion efficiency of 15.05% (1
cm2) .
Future Tasks
The new CdS thin film fabrication process developed this year was combined with
the CdTe layer fabricated using the CSS method, to reduce light absorption loss in the
shorter wavelength range and improve the CdTe film quality and its junction layer. The
result was the achievement of the conversion efficiency as high as 15.05% per square
centimeter (measured by JQA) . In addition, the high-speed fabrication of Cd, S and
CdTe film was achieved, making sintering case-free, atmospheric high-speed film
fabrication possible, particularly for CdS film fabrication.
Future tasks include the following :
(1) Establishment of high-speed and large-area uniform film fabrication technologies for
thin CdS and CdTe film.
(2) High efficiency through the improvement of the CdS and CdTe film quality as well as
of their junction surface.
(3) Reduction of cost of solar cell materials, including glass substrates.
(4) Maintaining the reliability and environmental safety of large-area solar cell modules.
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Over-Layered TCO on Tempered Glass for a-Si Solar Cells
Mineo TATSUTA
New Energy and Industrial Technology
Development Organization (NEDO)

Objectives
. Development of deposition technology of over-layered TCO films on tempered glass substrates.
Optimization of the electrical and optical properties, surface morphology and hydrogen plasma durability
of the over-Layered TCO films.

Work Program
(1)

Study on production technology of TCO films with heat-resistance
The relation between the deposition temperature of TCO films and thermal deflection of TCO substrates

are investigated to develop the heat-resistant TCO films, and the heating conditions are optimized so as to

minimize the deflection.
(2)

Study on low cost production technology of. tempered TCO substrates
The glass tempering equipment directly connected to the atmospheric pressure CVD apparatus is installed

and the in-line production system of tempered TCO substrates is completed.

Summaryfl 986-1995)
1. UptoFY 1994
Fundamental production procedures using large area CVD equipment with 40cm width were attained to
deposit various TCO films by varying the deposition conditions. Three types of texture A, B and C were
developed and evaluated as solar cells by several relating NEDO research organization. Type A TCO with
pyramidal texture was found to be suitable for a-Si solar cells.
A new type of textured TCO film designated as types U was developed by improving the properties of type
A TCOs.Type U TCO films were evaluated in terms of the conversion efficiency of amorphous solar cells by
the organization taking part in NEDO project. As a result, using type U TCOs for small area single junction aSi solar cells, high efficiency of 13.2% was obtained. And by using type U TCOs for double stacked submodules of 30cm x 40cm in size, conversion efficiency of 10.5% was obtained.

These results certified the

effectiveness of uniformity improvement of the type U TCO films.
Zinc oxide film deposited on TCO was found to be effective as the protecting layers under highly reducing
plasma conditions. Moreover, the NEDO target values of a low resistance below 5 O/sq., optical transmission
above 85% and the distribution of haze-ratio less than ±10 % with high plasma durability (Changes in

electrical and optical properties less than ± 10 %) were attained for over-layered TCO films.
The production cost of the over-layered TCO was estimated based on the data of APCVD process.
Assuming that the process was in-line APCVD and annual demand per plant is 120,000m2, the production cost
below ¥50 per 10cm X 10cm area was prospected.
The glass substrates with TCO films deposited by APCVD have been post-annealed at the tempering
temperature to evaluate the thermal-stability. The heat resistance of the TCO films depended on the carrier
concentration. It was also found that the micro-crack was responsible for the increase of resistance and was

formed by the thermal deflection of the glass.
The decrease of thermal deflection of glass substrates was found to be important in order to improve the
heat resistance of TCO substrates. Study on X-ray diffraction at high temperature revealed that the deflection

was caused both by the difference of thermal expansion coefficient between glass and TCO films and by the
residual stress in the TCO films. The APCVD equipment was installed which was to be directly connected to the
glass tempering system. Tempered TCO substrates which passed the strength test using steel ball (227g, 1.5m)
were obtained using off-line tempering process.
2. for FY 1995
(1) Study on production technology of TCO films with heat-resistance
The relation between deposition temperature and thermal deflection was investigated. As shown in Fig.l,
it was found that in the case of Type-U TCO films, the thermal deflection of 2~2.5mm was observed for the
substrates of 30cm X 40cm in size after tempering. On the other hand, in the case of TCO films deposited at
40°C higher temperature than the Type U-TCO, the deflection decreased to l~1.5mm.

mm

350

(a)

(b)

Fig. 1. The distribution of thermal deflection of TCO substrate.
(a: Type-U TCO, b: TCO deposited at high temperature).
The relation between the deposition temperature and the thermal deflection is summarized in Fig.2. It is
clearly shown that the deflection decreases when the deposition temperature increases. However, the
temperature is limited below 580°C, because the glass substrate begins to soften above 600°C. On the other hand,
as shown in Fig.3, the uniformity of the surface
morphology of the textured TCO film deposited at high
temperature degrades a little as compared with the TypeU TCO film. It has been well recognized that the surface
morphology of the TCO films strongly influenced on the
efficiency of a-Si solar cells. Hence, the evaluation and
optimization of the TCO substrates for a-Si solar cells
are now in progress with receiving the co-operation of
research organizations joining the New Sunshine/NEDO
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Fig.2. The relation between the deflection and

project.

the deposition temperature of TCO films.
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(a)

(b)

Fig.3. Surface morphology of the textured TCO films.
(a: Type-U TCO, b: TCO deposited at high temperature).
In order to make it clear why the thermal deflection depends on the deposition temperature of TCO films,
the lattice spacing of SnO2(200) was in-situ measured during heating and cooling processes. As shown in Fig.4
the spacing rapidly increases when temperature is raised above 600°C. This increase is mainly caused by the
deflection as was reported last year. On the other hand, the lattice spacing decreases at temperature from 500'C
to 600°C. The decrease is remarkably observed for the TCO film deposited at 500°C, while the decrease is small
for the film deposited at 600°C. As shown in Fig.5, the decrease of the lattice spacing of TCO films deposited on
glass with high strain point is almost the same as that shown in Fig.4. Contrary, the specific temperature where
the lattice spacing begin to increase changes up to 650°C. The results indicate that the temperatures that the
lattice spacing begins to decrease and increase correlate the deposition temperature and the strain point,
respectively. The decrease of the spacing of TCO films shows that the TCO films are expanded parallel to
the substrate surface by the glass with large thermal expansion coefficient. The deflection of the substrate is
thought to be a main cause of the increase in the spacing.

2.385
* 500°C

<. 600*C

2.375

2.375

0
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Temperature /°C

Fig.4. The changes in (200) spacing of

Fig.5. The changes in (200) spacing of

Sn02 films deposited on soda lime glass

Sn02 films deposited on high strain point glass.

(2) Study on low cost production technology of tempered TCO substrates
In order to obtain the tempered glass substrates without fracture and deflection, it is very important to
optimize the heating conditions. Therefore, the temperature raise of glass as a function of heating time was
estimated using computer simulation. As shown in Figs.6 and 7, after heating more than 50sec, the heat flux at
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the both surfaces coincided. The higher heat flux at the lower surface should be due to the high conductive flux
from the roller. Based on the results, the heating zone was designed and constructed. The problem arose that the
heat flux depended on the infra-red reflectance of the TCO films. To overcome the problem, the heating zone
was designed so that the heat flux due to the convection are utilized in addition to the radiative and conductive
heat. Namely, the substrate temperature were strictly controlled by optimizing both the spacing between the
rollers and the convection.
The glass tempering equipment, consisting of re-heating zone and air blasting zone, was constructed
and was directly connected to the APCVD apparatus. In addition, the washing equipment was also installed.
As shown in Fig.8 in-line production system of tempered TCO substrates was completed. Using this system
the glass substrates with TCO films were successively tempered just after the CVD process. The tempered TCO
substrates were obtained without fracture of glass under the condition of 650°C and the blast pressure of
900mmAq. The strength test of the TCOs certified the high surface residual stress more than l,000kg/m2.

SnOi depo
SnOi dew
SnOi deno

SiOi depo
Tempered TCO Sub,

O O O O O

•o o o oTJ

V
Air-jet

Fig.8. Schematic diagram of in-line CVD-tempering apparatus.

Future Tasks
The properties of the over-layered textured TCO films are optimized and the NEDO target value should be
attained. Cost of the production for the tempered TCO substrate is estimated based on the data of in-line CVD
tempering process. Assuming that the TCO substrate is 30cm X 40cm in size, and annual demand per plant is
1,000,000 m2, cost of ¥40 per 10cm X 10cm area, which is the target value, should be prospected.
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Study for Improvement of Conversion Efficiency of Amorphous Silicon Solar Cells
after Initial Degradation
Mineo TATSUTA
New Energy and Industrial Technology Development Organization(NEDO)

Objectives
We will develop the high stability amorphous silicon film against the light soaking by the
control of the hydrogen content and combination state in the film. And the same time, we also
develop and design the high stability cell. In this result, we will achieve the formation of high
quality solar cell. The target conversion efficiency is more than 12.0% after the degradation with
the cell area of 1 cm2.

Work Program
For development of the high efficiency and high stability amorphous silicon solar cells, both
new deposition method of the high stability amorphous silicon film and the designing technology
of the high stability cell structure againt the light sorting are developed.
(1) Development of the new deposition method of high stability a-Si film
The new deposition method which is used for the control of the hydrgen content and
conbination in the a-Si film with wide range is developed. So high quality a-Si (amorphous
silicon) film with low defect density by the controlling of the hydrogen content after the light
sorting will be obtained.
(2) Development of the designing technology of light stability cell structure
In order to develop the desigh technology of the stacked cell as the light stability cell structure,
the tansparent conductive interposed layer which is themal and plasma-resist and the recombination
promotive interposed layer will be obtained. It is promoted the high qualification of p-layer, p/ibuffer layer and n-layer and high collection technology. The cell structure which is applicable for
the light stability a-Si film with controlled the hydrogen conbination will be developped..

Summary (1986-1995')
1. Up to FY 1994
The high deposition rate technology fo the formation of a-Si:H film was developped as a souce
gas of disilane. As a result, the conversion efficiency of 10.4% (lcm2) was obtained.
With qualifying the i-layer of the cell which was made from disilane gas, and with reducing the
surface reflection, absorbance loss at p-layer and Bu-layer, the tranparence loss of metal electorode
and the damaging at low temperature of i-layer, the conversion efficiency of 13.2% was obtained.
And also, by the ADHT (Alternately repeating Deposition and Hydorogen plasma Treatment)
method which was developped for the high quality a-Si:H film, the widegap a-Si:H film with the
low deffect density of below 3X1016cm"3 even after the light sorking at the optical bandgap range
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between 1.65eV and 1.94eV were obtained. The developped widegap a-Si:H film was applied to
the top cell of the tandem cell, and the high open circuit voltage of 1.85eV was obtained
(conversion efficiency of 10.5%).
2. For FY 1995
In order to achive the photo-stability materials for the solar cells, several deposition methods
and materials were examained. Mainly, we tried to improve the quality of narrowgap materials
which were suitable for the bottom layer of two tandem solar cell.
In fabricating the high quality a-SiGe:H films, we developped the DLE (Deposition of Low
Emissin) method and multi-layer depositon method. And we got the stabilized conversion efficincy
of 8.7% which was achieved by two tandem cell with a-SiGe:H bottom layer deposited by multi
layer deposition method. A (ic-Si film was also formed by plasma CVD method. A jic-Si film
have the characteristics of photo-stability and high sensitivity at long wave length of lights. We
made the tandem type solar cells using p.c-Si film as the bottom cell, and we got the atabilized
conversion efficiency of 8.4%.
(1) Deposition technology of photo stability a-Si:H films
(a) Improvement of the quality of a-SiGe:H films
On the deposotion of a-SiGe:H films, the improving of photo-sensitivity with narrowing of the
optical bandgap was observed with reducing the hydrogen amount during the deposition as the
source gases of SiH4 and GeH4. The highest photo-sensitivity against the optical bandgap, in
another word, the improved a-SiGe:H film was obtained at the non-hydorogen dilution condition
with low RF power density. So, In the best condition for the a-SiGe:H improved films, we
observed the optical emission of Ha*, SiH* and GeH* which were produced by the
decomposition of H2, SiH4 and GeH4 gases, respectively. We found that the minimum optical
emission ratio of (GeH*/SiH*) and (Ha*/SiH*) were obtained in the deposition period without
hydrogen dilution, and the a-SiGe:H film improved in quality could be obtained in this condition.
We named this deposition method for DLE (Deposition of Low Emission) method.
In figure 1, the photosensitivity of the films and the conversion efficiency of solar cells were
plotted. In both of photosensitivity and conversion efficiency, the values of DLE method were
higher than those of H2 dilution method, especially for below 1.5eV of optical bandgap. In the
case of single type solar cell (b), the initial conversion efficiency of 8.4% at the optical bandgap of
1.47eV. So, we concluded that DLE method is superior to H2 dilution method for the fabricaing
the solar cells.
(b) Fabricaing the (a-Si:H/a-Ge:H)n film
Firstly, the procedure of fabrication of (a-Si:H/a-Ge:H)n film was shown in figure 2. We
named the multi-layer deposition method which had a-Si:H film and a-Ge:H films with the
thickness of several A size were deposited altematedly. In this figure, SiH4 gas and GeH4 gas was
flown by turns, with keeping the constant RF power and the pumping speed.
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Figure 1. The photosensitivity of films
and the conversion efficiency of the cells
which are formed by DLE method and
hydrogen dilution method against the
optical bandgap

As shown in figure 3(a) and 3(b), we checked the conversion efficiency of single type solar
cells. Each thickness of multi-layer were 1600A. From two figures, the highest conversion
efficiency of 8.9% was obtained at the optical bandgap of 1.51eV and the thickness of a-Ge:H film
of 3 A with the thickness ratio of (a-Si:H/a-Ge:H)n of between two and three times.
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Figure 4. The comparison of the
characteristics of single cells with
a-SiGe i-layer which are deposited
by diffrent deposition method.

In figure 4, we compared the photo-sensitivity and conversion efficiency of single type solar
cells fabricated by three deposition method which were H2 dilution, DLE and multi layer
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deposition method, respectively. Among these method, the multi layer deposition method was
superior to other methods in the point of the view of photosensitivity and conversion efficiency.
(c) Improvement of p.c-Si films
For the purpose of evaluation of improvment, jic-Si films were checked by applying to the ilayer of single type solar cells. Figure 5 shows the dependence of the conversion efficiency against
the crystalline fraction using the source gas of SiH4 diluted by H2 for 3%. The cell with low
crystalline fraction of 33% had the highest conversion efficiecy and stability.
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(2) Design and development of photo stability cell structure
(a) Tandem cell with a-SiGe:H bottom layer
We fabricated the tandem cell structure with a-SiGe:H film as the bottom layer. An (a-Si:H/aGe:H)n multi layer was suitable for the tanndem cells, the initial conversion efficiency of 9.52%
and stabilized efficiency of 8.72% was obtained as shown in figureb. The degaraded efficiency
was only 8.4%. This was the best result in 1995 in MTC.
(b) Tandem cell with jic-Si:H bottom layer
Next, we fabricated a-Si/ p c-Si tandem type solar cells. When |lc-Si film which crystlline
fraction of 33% showed high photo stability on the single type solar cell was used for the bottom
layer as the thickness of 2.4|im, the initial conversion efficiency of 9.4%, stabilized efficincy of
8.5% and degradation ratio of 9.6% were obtained. The top i-layer was set a-Si:H films with
thickness of 0.25|im, optical bandgap of 1.77eV, as shown in figure 7.
Figure 8. shows the collection efficiency spectrum of the tandem type solar cells which had the
crystlline fraction of 33% and 51% after the light sorking. As shown in figure 8, the jic-Si bottom
layer collected the long wave length over lOOOnm, and it was certified that collection efficiency at
the long wave length was increased with increasing the crystlline fraction in the film. In this way,
a-Si:H/|ic-Si tandem type solar cells with using (ic-Si film as the bottom cell are the hopeful
device strucuture with having the high collection ability for long wave length and photo stability.
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Figure 7. Current and voltage characteristics
of tandem cell( 0.25 p m optical bandgap on
1.77eV) /{p c-Si on 2.4 p m,with 33% of
cristalinity fraction) before and after light
sorking. (light sorking condition ! 5SUN,
160min, 25 °C)

Wave length(nm)

Figure 8. Collection efficiency spectrum of
tandem cell (0.25 p m, with optical bandgap
of 1.77eV)/(p c-Si.l.d/z m, with 33 and
51% cristalinity fraction) (light sorking
condition ! 5SUN, 160min, 25°C)

Future tasks
We will develop the high efficiency and high reliability amorphous silicon solar cells. For this
purpose, we will concentratedly develop the deposition technology of fabricating the light stability
solar cells using the high quality narrow-gap a-Si:H films which were developped in 1995.

Development of Fabrication Technology of Thin Film Polycrystalline Si Solar Cell
Mineo TATSUTA
New Energy and Industrial Technology Development Organization (NEDO)
Objectives

Development of fabrication technique for thin film polycrystalline Si solar cells
cell conversion efficiency (10cm x 10cm): 18% (the end of FY1996)

Work Program
(1)Study of fabrication technique for high quality thin film poly-Si
Forming technology for large area(10cm xlOcm) thin film Si for active layer of solar
cells with high quality, uniformity, and stability is developed using combination of zone
melting recrystallization(ZMR) and chemical vapor deposition(CVD).
(2)Study of fabrication technique for light and carrier confinement structure
Light confinement technique applying textured structure at a cell surface together with
surface and grain boundary passivation technique is developed.
(3)Study of low cost fabrication technique
Thin film separation and substrate recycling technique which are the most basic
processes for the fabrication of VEST cells, thin film handling technique, and back side
electrode technique is developed.
Summary (1980-1995)
1. Up to FY1994
Amorphous Si (a-Si)/a-Si/a-SiGe triple junction solar cells were developed. A total
area conversion efficiency as high as 10.1% was obtained on a stainless steel substrate
coated with high reflective layers with a cell size of 10cm x 10cm.
Thin film polycrystalline Si composed of deposited Si layer on the recrystallized
seeding layer by ZMR was found to be suitable for the active layer of solar cell. A novel
structure and process(VEST: Via-hole Etching for the Separation of Thin films) was
proposed, which is based on the separation of thin film Si from the substrate and the
recycling of the substrate. The efficiency of 14.4% for a cell size of 10cm x 10 cm was
obtained.
2. For FY 1995
(1)Study of fabrication technique for high quality thin film poly-Si
The ZMR apparatus introduced in the last year was builduped for the purpose of insitu observation of molten zone width using CCD camera and the automatic control of it
at a constant width. Figure 1 shows the schematic drawing of the ZMR apparatus. From
the molten zone width observation by CCD camera, facets originated at the liquid/solid
interface is observed. The formation of this facets is proved to be strongly related to the
crystal quality. We obtained the important information from this observation as follows;
(i)at a condition we cannot observe the facets, recrystallized Si film contains high
crystal defects, (ii)the period of the facets relates the sub-grain boundary spacing and the
spacing is varied with the molten zone width. Through the experiments, we are able to
conclude that observation of the molten zone using CCD camera is extremely effective
for the optimization of ZMR conditions.
In recent years, we have been studying the effect of Si thickness and scanning speed
for ZMR on the orientation of recrystallized thin Si film and crystal defects(EPD). In
this year, as the ZMR apparatus was builduped mentioned above, the ZMR process has
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become quite stable, so we proceeded to the experimental condition of higher scanning
speed. The crystal defects was found to remain low level at the ZMR condition of five
times higher scanning speed(3-5mm/sec) by thinning Si film as shown in fig:2. This can
be explained as follows. In recrystallized process using ZMR, the Si film sandwiched
by Si02 is reported to have preferential (100) dominated orientation in ZMR process,
which mainly related with interfacial energy at Si/Si02 interface. Therefore, the thinner
the thickness of ZMR-Si film becomes, the larger the interfacial energy at Si/Si02
relatively influences. Furthermore, for the crystal growth from melt stable temperature
distribution (gradient) is believed most important for stable crystal growth. As ZMR is
the method for crystal growth scanning the molten zone unidirectionally, it is quite
principal to move the molten zone keeping the temperature gradient constant. On the
other hand, high speed recrystallization is essential for the practical production but the
temperature gradient become unstable with increasing scanning speed, resulting in the
decrease of crystal quality. So in order to realize high speed scanning together with high
crystal quality Si film thinning becomes important.
Thickness of poly-Si film, underlying Si02, and capping Si02 and recrystallizing
conditions have to be optimized for ZMR process using CCD camera in the future.
(2) Study of fabrication technique for light and carrier confinement structure
We have already reported that we established the formation technique of textured
surface using alkaline etchant for the light confinement technology at the thin film polySi surface prepared by ZMR. This utilizes the preferential orientation to (100) of ZMRSi thin films and we can obtairn uniform pyramidal shape for almost entire surface. It is
also proved that hydrogen passivation is so effective for the carrier confinement
technology.
In this year, we investigated the applicability of back-side emitter(BSE) and back
surface field(BSF) as a carrier confinement technology to a VEST cell.
Since the emitter electrode for n-type diffusion layer is formed at rear surface in
VEST cell, so there is large structural toleration unrestricted. So the effect of BSE on
the cell performance was studied, figure 3 shows the relation between the area of BSE
and Voc, Jsc of solar cells. Both Voc and Jsc increase with increasing BSE area. The
increase of Voc is explained that pn junction at the rear surface prevents the minority
carrier from recombining near rear surface. The increase of Jsc is due to the efficient
carrier collection by the rear pn junction, resulting in the
increase of collection
efficiency at the longer wavelength region more than 600nm as shown in fig.4. From the
results obtained here, we can confirm the effect of carrier confinement by BSE. In the
future we will proceed to the optimization of the area of BSE together with the pattern
of electrodes and the concentration of n-type diffused layer.
Figure 5 shows the relation between the thickness of active layer and Voc of single
crystalline-Si solar cells. If BSF is not introduced, Voc decreased with decreasing the
thickness of active layer. But once BSF is introduced, it shows large improvement, this
results well coincides with PC-ID simulation. As BSF structure is formed by CVD for
VEST cell, its concentration and thickness is intentionally controlled to a considerable
extent. On the other hand, the ratio of BSF area to BSE area formed on the same rear
surface should be optimized in the future.
(3) Study of low cost fabrication technique
VEST process developed so far stands on the following concept; after the thin film Si
is separated from a substrate, it is immediately adhered to the glass using transparent
adhesive and the electrodes are formed on it in order to avoid the thin film process. In
this case, the electrodes should be formed at low temperature and the material selection
for electrodes are limited from the view point of heat resistance of the glass and
adhesive. In order to make the process more practical, the electrode formation using
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screen printing technique generally used for bulk crystalline Si solar cells
is
investigated. In this case, after metal electrodes are formed by printing on thin film Si
and fired at high temperature, thin film is adhered to the glass. For this process, it is
important to develop the thin film handling technique and printing technique on the thin
film Si. As a result of our study, we have developed the direct printing technique on thin
Si film with a thickness of 80 /z m for a cell size of 10cm x 10cm by the optimization of
the printing technique for thin films. Figure 6 shows the process flow of VEST cell.
Using this process, we can apply the electrode printing technique established as a bulk
Si solar cell process to our thin film poly-Si solar cells. Still more since the thin film Si
is adhered to the glass after the electrode formation, we get advantageous scope for the
simplification of module forming process.
Future Tasks
In this year, we accelerated the experiment for the formation of high quality Si thin
films using in-situ observation by
CCD camera for
stable ZMR control. The
introduction of BSE to VEST cell and optimization of the structure for it have been
studied. Furthermore, the assembly process of VEST cell was investigated, resulting in
the realization of the more practical solar cell process.
In the future crystal quality of the thin film Si must be improved based on the results
obtained in the study for this year. The development of VEST process taking account of
substrate recycling, which is the most important process for the cost reduction, must be
also proceeded.
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(f)Glass Bonding

Fig.6 Process flow of VEST cell

Development of Thin Film Polycrystalline Silicon Solar Cells
Mineo Tatsuta
New Energy and Industrial Technology Development Organization(NEDO)

Objectives
The manufacturing technology of solar cells using thin film polycrystalline silicon films
deposited on low cost substrates at high speed will be developed in order to realize low cost solar
cells as an electric power source.
Target by FY 1996;Conversion efficiency 12%(cell area lcm2)

Work Program
The fabrication technology of thin polycrystalline silicon films on low cost substrates will be
developed using the plasma spray method. The quality of the thin polycrystalline silicon films will be

improved by reducing the impurities and defects of the film, and thus the thin polycrystalline silicon
will be utilized for the active layer of the solar cells. In addition, the manufacturing technology for
solar cells which is best suited for thin films will be examined.

Summarv(T986-1994)
l.Up to FY 1994
The mechanism of photo—degradation of a—Si films was investigated. The change of the
Steabler—Wronski effect on the hydro- static pressure suggested that the photo— degradation was related
to the behavior of hydrogen atoms and micro voids in a— Si films.
In order to reduce the photo-degradation of a-Si films, the intermittent deposition method was
developed for the deposition of a— Si films. The deposition method, which is considered to control
the growing surface of a-Si films, made it possible to suppress the photo- degradation of a Si films.
High quality a— Si alloys(a- SiC,a- SiGe)were developed using the intermittent deposition
method. The photo- degradation of the solar cells was reduced by applying the improved buffer layer in
a p/i interface.
3-stacked solar cells were developed by applying the technology of suppressing photo
degradation of a—Si films which was developed up to FY 1988. The initial conversion efficiency of the cell
was more than 10% and the degradation ratio of the cells after exposure to light for 550 hours was
13%.
It has been verified that the defect density of a-SiGe films decreases with an increase of the
kinetic energy of ion species impinging onto the surfaces growing a—SiGe. It also has been found
that the residual hydrogen atoms in polycrystalline silicon films deposited by the PCVD method
suppress the enlargement of the grain.
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We succeeded in growing Si films epitaxially on single crystalline Si(100)wafers with the PCVD
method. Special care was taken not only for the pretreatment of the substrates but also concerning the
composition of the deposition gases. The Raman scattering FWHM of the epitaxially grown Si was
about 4 cm-1,which is as narrow as those of single crystalline Si materials.
The technology of fabricating crystalline Si solar cells, such as the formation of the p/n junction,
the formation of the electrodes and the formation of the back surface field, has been developed at all
processing temperatures below 250°C.
We appied these technologies to n—type CZ—Si wafers and the solar cells, of which the
conversion efficiency is 16%, were developed.
In order to obtain low cost crystalline Si substrate, a plasma spray method was developed
and the polycrystalline Si films with the grain size of about 100 microns were obtained.'
The crystalline Si films of 15 microns thickness were epitaxially grown on CZ—Si(100)
wafers. The conversion efficiency of 9.1% has been achieved for the solar cells in which the

epitaxially grown Si films were used as the active layer. This verified that the polycrystalline Si films
grown by the plasma spray method on Carbon— Fiber have sufficient properties as substrate of
solar cells.
The conversion efficiency of the solar cells in which the epitaxially grown Si films were used
as the active layer was improved to 11.4% by reducing the series resistance of the emitter layer and
by optimization of the AR coating. The crystalline Si films were epitaxially grown on the
polycrystalline Si films grown by the plasma spray method. These films were applied to the solar cells
and the conversion efficiency under a—Si filter equivalent light of 4.1% has been obtained for the
solar cells.
In 1993, a new project was started to reduce the fabrication cost of the silicon active layer
drastically. The plasma spray method was selected as one of the candidates to reach the target
because of its potential for mass production(slice less process,large throughput,in— line process,
etc.).
The original purpose of the plasma spray system is for ceramics coating and, therefore no
attention has been paid to the heavy metal contamination of the products. For the first step, it is
important to make clear whether the system is available for active layer fabrication or not
The plasma spray system was modified to reduce the contamination level of transition metals
such as Fe,Cr,Mo under the well known sufferable values for the device performance. Using the
modified system, a silicon active layer was deposited on the glassy— carbon substrata and the p/n
junction was formed by the low temperature process. The conversion efficiency was 5.1%, and the
diffusion length of 5 microns was obtained.
However, the contamination level of W,which originates from the DC plasma-torch material was
still at a high level. In order to reduce the contamination, the plasma-torch was changed from the
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DC— RF hybrid torch to the RF torch. As the result of this, the concentration of W decreased
drastically.
We have obtained plasma sprayed poly—Si films which have a very large crystal grain size by
changing the plasma spray conditions. The minority carrier diffusion length was also improved to
15— 20 JULva.
The emitter layer fabrication technique with plasma deposition under low temperature was used in
the cell fabrication technologies. The solar cell efficiency of 9.99% was obtained.

2.For FY 1995
(1) Development of polycrystalline silicon films by the Plasma Spray Method
We have obtained plasma sprayed poly- Si films which have a large grain size and columnar
structure by optimization of the prasma splay conditions. The substrate temperature was set below the
Si melting temperature, and the heat of a plasma flame was supplied from the upper side of the film,
while the crystal grew from the botum side to the upper surface.

The minority carrier diffusion length

s of a maximum of 40/1 m and an average of 25~35/fm were obtained.
We furthermore confirmed that the diffusion length was improved drastically with high
temperature anniealing. The maximum minority carrier diffusion length of 56/zm was obtained.
A larger plasma sprayed poly— Si film(50mmxl00mm) was ableto be obtained by the optimization of
the substrate moving conditions.
Also the part of the molten Si under the plasma flame was able to be moved along with the plasma
flame movement The last part of the solidification of molten Si was able to be moved to outside of the
substrate. We therefore confirmed that it is possible to obtain the plasma sprayed poly— Si film
without projections caused by volume expansion during solidification.

(2) Thin film solar cell fabrication technique
We use glassy carbon as the supported substrate in the plasma spray method. It is necessary to
choose the most suitable solar cell fabrication processes for plasma sprayed poly— Si film.
In 1995, we studed 3 techniques for the pn junction fabrication processes in a few solar cell
fabrication processes.

a)Thermal diffusion process
The thermal diffusion process is the conventional method for the pn junction fabrication process. In
this process, the Si wafer or sheet is treated at about 850°C in the oxidation ambience. It was
therefore expected that the glassy carbon substrate would be damaged by oxidation and the solar cell
efficiency would be poor. However it was clear that there was not hardly any affect on the solar cell
efficiency. We therefore fabricated the pn junction of the plasma sprayed poly- Si films by the thermal
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diffusion process.
Table 1 shows the best data of the solar cell.
Almost all of the cells, however, were leak cell(FF was very low and Voc was also low). It seems
that this was caused by abnormal diffusion along the crystal boundaries.
Tabe 1 The best data of the solar cell by the thermal diffusion process

sample

Voc(mV)

Jsc(mA/cm2)

FF

%(%)

1

526

17.79

0.716

6.7

b)The VCE method
The VCE(Vacuum Chemical epitaxy) method is the semiconductor epitaxal method which was
developed by Daido Hoxan inc. with the VCE concept from Shebron Research inc.(USA). It looks like th
e gas source MBE method because its deposition pressure is in the molecular flow region.
Fig.l shows the relationship between deposition temperatures and deposition rates and carrier
concentrations. In this figure, the deposition temperature is about 850°C which is as same as the
temperature of the thermal diffusion process. The solar cells fabricated by this method show
therefore mostly poor cell performance because of abnormal diffusion with the crystal boundaries.

HEATER TEMPERATURE Th [°C]

Fig.l

The relationship between deposition temperature and deposition rate and carrier concentration

c)Low temperature junction fabrication method
The low temperature junction fabrication method is the emitter formation process using plasma
CVD under a relatively low temperature of about 250°C. The thickness of the emitter layer is about
150A, and its crystalographic is micro-crystal.

Different from thermal diffusion and the VCE methods, we can obtain the pn junction under
a relatevely low temperature. It can be therefore expected that the abnormal diffusion along the grain
boundaries will not occur.
Tabe 2 shows the characteristics of the solar cell fabricated by this method.
And Fig.2 shows the IV curve.
Table 2 Characteristics of the solar cell by the low temperature junction
formation method
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Fig.2 The IV curve of the solar cell by the low temperature junction formation method

(3)Development of a low cost fundamental technique
Glassy carbon plate is used for the supported substrate of plasma sprayed poly—Si film. The
cost of this material is at present very high, so that, it is impossible to make low cost solar cells with
this material for the supported plate. It was therefore necessary to investigate another low cost material
for the supported plate.
We consequently examined glassy coat carbon, glassy film, and carbon hot— press substrate for the
low costsubstrate.
Glassy carbon is fabricated using the following process. An organic resin is impregnated in the
carbon basic plate. This is a carbonized organic resin with high temperature heat treatment. It has a
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high density glassy carbon coat, so its surface is as the same as that of the glassy carbon.
The glassy film is also a kind of glassy carbon, but it can be realized at a low cost by a
special manufacturing process.
On the other hand, the carbon hot— press substrate is made from natural graphite. It is treated at a
high temperature and with high pressure rolling. It is more flexible than the glassy carbon.
Plasma sprayed poly-Si films were deposited on the glassy coat carbon plate which was supplied
by several carobon makers, but curvature ocures. The curvature strongly depends upon
the bending intensity of the carbon basic material. (The bending intensity of glassy coat carbon is
about half of that of glassy carbon.) The Si melt was soaked into the supported substrate, and it
reached the back side of it.
In the case of glassy film, good Si film was obtained, but the glassy film which was deposited Si film
had some cracks.
In the carbon hot— press substrate, the molten Si was soaked into it, and the SiC was formed.
We have therefore come to the conclusion that glassy carbon is the most suitable material for the
supported substrate for the plasma spray method.

Future Tasks
We have obtained plasma splayed poly—Si films which have a large grain size and columnar
structure by optimization of the plasma splay conditions. The minority carrier diffusion length of a
maxim of 40/z m and an average of 25-35fJ. m were obtained. Futhermore, we confirmed that the
diffusion lengths was improved drastically with high temperature anniealing. The maximum diffusion
length of 56/z m was obtained.
We reached the conclusion that the low temperature junction fabrication method was the most
suitable process for the plasma splayed poly—Si film. The solar cell efficiency of 10.69%(1.05cm2) has
been achieved. However the FF was low because the semes resistance was still large. We are
convinced that the solar cell efficiency of 12% can be achieved if the FF could be improved by the
optimization of the solar cell fabrication condition and the crystal quality would be more improved.
We have examied the use of glasy coat carbon, glassy film and carbon hot— press substrate
besides glassy carbon. We reached the conclusion that the glassy carbon was the most suitable for the
supporeted substrate. Glassy carbon is now very expensive, but it was clear that the glassy carbon can
made to be low price through some manufacturing process.

It is necessary to investigate several

manufacturing process of glassy carbon to realize the low cost.
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Research and development of technology for evaluating
photovoltaic power generating
Mineo TATSUTA
New Energy and Industrial Technology
Development Organization (NEDO)
Objectives
We will develop thin-film polycrystalline Silicon (poly-Si) solar cells for highly
efficient, highly reliable hybrids as part of technical developments aimed toward
industrializing solar cells for power generation.
FY 1996 target: 12 % conversion efficiency (1 cm x 1 cm)
Work Program
1. Development of high-quality solar cell materials
We will develop a solid-phase crystallization (SPC) method that strictly controls
nucleation as well as a high-density radical processing method that will significantly
reduce defects in technical developments aimed at fabricating high-quality thin-film polySi with large grain sizes. At the same time, we will attempt to improve conversion
efficiency through studies on thin-film poly-Si with textured structures suitable for
fabricating junctions. We will also conduct fundamental studies based on HIT
(heterojunction with intrinsic thin-layer) structure fabrication technologies in order to
provide optimal junction designs for thin-film poly-Si solar cells fabricated using
structures such as those that trap light with submicron textures.
2. Development of highly efficient solar cell structures
We will further improve junction fabrication technologies for HIT structures as well as
the light trapping effect of textures in an effort to study high-absorption cell structures and

optimal junctions in textured structures.
Summary Cl989 - 1995)
1. Results from FY 1989 to 1994
We conducted studies on junction fabrication using thin-film poly-Si simultaneously
with studies on fabrication methods and ways to improve the quality of thin-film poly-Si as
part of efforts to develop cell structures and materials for next-generation solar cells. We
developed a solid-phase crystallization method that uses partial doping to fabricate thinfilm poly-Si. We also successfully developed a mixed single-crystal/amorphous silicon
film in which single-crystal grains are sporadically dispersed in the amorphous phase to
control nucleation. Using this film for nucleation layers provided advanced nucleation
control and enabled continuous vertical-direction crystal growth.
The junction fabrication technology we developed was a HIT structure with a nondoped amorphous silicon (a-Si) layer inserted at the junction interface in solar cells with aSi and crystalline silicon (c-Si) heterojunction solar cells. Our studies on junctions with cSi that were conducted in order to improve junction fabrication technology yielded a world
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record 20.0% conversion efficiency for solar cells with junctions fabricated at lowtemperature.
2. For FY 1995
(1) Development of high-quality solar cell materials

The solid-phase crystallization (SPC) method was used to further improve the quality
of thin-film poly-Si fabricated for next-generation solar cells. We found in fabricating
thin-film poly-Si formed from a-Si using the SPC method that the partial doping method
we developed utilizing separate nucleation and crystal growth layers yielded higher
quality, and that new SPC methods using mixed single-crystal/amorphous film for the
nucleation layer could improve quality still further. In order then to boost the quality of
thin-film poly-Si, this fiscal year we studied the effect of mixed single crystal/amorphous
film as well as high-quality thin-film poly-Si formed by controlling single-crystal grain
density.
a) The effect of mixed single crystal/amorphous film
The nucleation layer comprised of mixed single crystal/amorphous film was formed
under high hydrogen dilution conditions at a substrate temperature of 550°C. Fig. 1
shows a typical SEM photograph of mixed single crystal/amorphous film that clearly
shows fan-shaped grains in the cross-section of the film. When the internal structure of
these grains was evaluated with TED patterning, we found the spot patterns shown in the
upper left side of Fig. 1, and thus determined that the grains were single- crystal phase
internally. Since the crystal grains function as nuclei for crystal growth in solid-phase
crystallization on the nucleation layer, we checked to see if crystallization varied by the
presence or absence of crystal grains. Fig. 2 shows the relationship between annealing
time and growth thickness using solid-phase crystallization following deposition of
undoped a-Si crystal growth layers on nucleation layers consisting of either P-doped a-Si
without crystal grains or P-doped a-Si with mixed crystal grains, respectively. Since
crystal growth began immediately after annealing using a nucleation layer with mixed
crystal grains, we know that crystallization incubation time can be significantly
shortened. And since growth thickness tends to rely on annealing time, we know that the
speed of crystal growth can be increased using the mixed film. The reason is that crystal
grains situated in a forward position in mixed film are ideally suited for crystal growth,
and thus promote faster crystallization than randomly generated crystal nuclei in film
without mixed grains.
b) Control of crystal grain density of mixed single crystal/amorphous film
and its application to nucleation layers
Technology that will vary the density of single-crystal grains in the amorphous phase
in order to control the crystallization region is absolutely essential for fabricating even
higher quality thin-film poly-Si. Figs. 3 (a) and (b) show mixed single crystal/amorphous
film where single-crystal grain density was varied by varying the fabrication conditions.
Here single-crystal grain density was reduced from 1.6 x 1010 cm'2 to 2.2 x 109 cm2.
When the film was used as the nucleation layer and crystal growth was performed
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following deposition of a-Si film for the crystal growth layer, we found that single-crystal
grain density had dropped, and that the average crystal grain diameter in the horizontal

direction dramatically increased at least 40% from 0.7 pm to 1.0 pm following solidphase crystallization. We also produced thin-film poly-Si with continuous crystal growth
in the vertical direction over a film thickness of nearly 5 pm, so we believe that these
technologies will contribute significantly to improving the performance of thin-film polySi solar cells in the very near future.
c) Reduction in the amount of impurities at the junction interface
During crystal growth from the nucleation layer to the crystal-growth layer in the
solid-phase crystallization process, the junction interface between the two layers has a
tremendous impact on the quality of the crystal layer following solid-phase
crystallization. Junction interface impurities not only extend the crystal growth time, but
are also factors contributing to twinning during crystal growth. Therefore junction
interface impurities must be reduced in order to improve the performance of thin-film
poly-Si. It was to that end that we studied ways to reduce the amount of carbon and
oxygen at the junction interface through hydrogen plasma processing. The substrate we
used was fabricated from c-Si, and the amount of carbon and oxygen present at the
junction interface with and without hydrogen plasma processing (substrate temperature:
550°C) was measured by SIMS. Hydrogen plasma processing reduced the amount of
carbon at the junction interface below the measurable limit, and reduced the amount of
oxygen at the junction interface to about half that measured without hydrogen plasma
processing. We expect that reducing the amount of oxygen at the junction interface will
yield excellent crystal-growth layers even in solid-phase crystallization processes.
(2)Development of highly efficient solar cell structures
The homogeneous junctions used in the past for c-Si solar cells had several problems
associated with heat dispersion and other methods involved in the fabrication, such as
high process temperatures reaching up to nearly 1,000°C as well as intermixed impurities
that inhibited rapid, shallow junction fabrication. This is why these junctions are
unsuitable for solar cells fabricated at low temperature using targeted low-cost substrates.
By contrast, the HIT structure solar cell that we developed can be fabricated using an
extremely simple process in which i- and p-type a-Si thin films are successively deposited
on n-type c-Si at low temperature (under 200°C) using plasma CVD. Since this method
enables rapid, shallow junction fabrication, it has garnered significant attention as a
superior junction fabrication method in terms of both performance and cost. Through
past efforts such as applying HIT structures to front and back surface field layers, we
reached a conversion efficiency of 20.0% (1-cm2 cell, JQA measurement, intrinsic
efficiency of 21.0%), and thus achieved a world-record level for low-temperature junction
fabrication.
This fiscal year we studied different ways both to reduce light absorption losses at the
junction and to improve light trapping performance through textured surfaces in an effort
to further improve the performance of junction structures. Reducing absorption at the
junction should improve conversion efficiency because short-circuit current will be
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improved if more light is available at the power generating layer.
Fig. 4 shows collection efficiency for HIT structure solar cells. From this we know
that using a low-absorption material like a-SiC in place of conventional a-Si for junction
fabrication reduced absorption on the short wavelength end of the spectrum. Not only did
this result in at least a 2% increase in short-circuit current in contrast to conventional
levels, but it clearly indicated a potential for better junction interface characteristics as
well as higher performance levels for HIT structure solar cells.
Future tasks
By developing high-quality solar cell materials and advancing efforts to develop highly
efficient solar cell structures as described above, we reached our research and development
goals according to plan in 1995.
Tasks that remain for the future are as follows.
1) Further improvements in the quality of thin-film poly-Si fabricated by solid-phase
crystallization, as well as further reductions in cost through more efficient fabrication.
2) Further improvements in the performance levels of the HIT structure solar cells.
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Fig. 1 TED patterning in grains and SEM
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Fig. 3 SEM photograph showing the front of mixed single crystal/amorphous film,
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Collection efficiency for HIT structure solar cells
using a-Si and a-SiC.
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TECHNOLOGICAL DEVELOPMENT OF
THIN FILM POLYCRYSTALLINE Si SOLAR CELL
Mineo TATSUTA

New Energy and Industrial Technology
Development Organization (NEDO)

Objectives
Developing the low temperature process for fabricating a thin-film polycrystalline Si solar cell on
a glass substrate by using the a-Si:H solar cell technology
1996 target: Initial Conversion Efficiency (lcm2): more than 15% (on glass substrate)

Work Program
We have been developing a novel low temperature process for fabricating a polycrystalline Si
thin-film solar cell on a glass substrate at low temperature. We apply both techniques of excimer laser
annealing to fabricate the Si seed layer or the layer for controlling crystalline quality, and subsequent
deposition on it by plasma-enhanced chemical vapor deposition, (PECVD).
Technological points for this year’s approaches are summarized as follows.
(a) Obtaining the high quality of excimer laser annealed heavy doped poly-Si
(b) High performance of thin film poly-Si solar cell on glass substrate by controlling the interface between
the doped excimer laser annealed poly-Si and poly-Si prepared by plasma CVD
(c) Obtaining the high deposition rate of poly-Si by plasma CVD
(d) Investigation of optical confinement effect for poly-Si cell fabricated at low temperature

Summary
1. Introduction
The use of thin-film silicon (polycrystalline and amorphous) for solar cell is one of the most
promising approaches to realize both high performance and low cost.. Thin film polycrystalline Si solar
cell will be a more attractive than a-Si:H solar cell through the technological breakthrough due to the
higher potential of its efficiency. Our aim is the fabrication of a thin-film silicon solar cell on a cheap
substrate such as the case with an a-Si:H solar cell to realize a cost-effective and high-performance solar
cell. Developing a low-temperature process for fabricating high-quality polycrystalline Si thin film is
essential for the above purpose.

FY 1993
Low temperature epitaxial growth of Si on single crystalline substrate by chemical annealing
(plasma CVD with extra introduction of atomic hydrogen) was achieved. Next it was demonstrated that
thin-film polycrystalline Si solar cell on a glass substrate was prepared for the first time by applying both
techniques of excimer laser annealing to fabricate the Si seed layer, and subsequent deposition on it by
chemical annealing. It was a very interesting result that the effective diffusion length of this solar cell
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was more than or equal to the thickness of the solar cell.

FY 1994
The fabrication and characterization of the l-2pm thick poly-Si solar cell on a glass substrate were
performed. The 1 pm thick poly-Si solar cell showed the efficiency of 4.06% despite of the low temperature
fabrication at 350°C. The average grain size of excimer laser annealed seed layer was more than lpm and
highly (111) oriented Si films. The sheet resistance of this boron doped Si film shows less than 5W at the
thickness of only 300nm.

2. For FY 1995
2.1 Properties of Thin Film Polycrystalline Si Solar Cells
A typical cell structure on a glass substrate
is ITO(800 nm) / p pc-Si:H (20 nm) / poly-Si

(6pm) / n+-poly Si(300 nm) / p+-poly Si(300 nm)
/ glass substrate. Both p+ laser-annealed and
plasma-enhanced chemical-vapor-deposited
polycrystalline Si thin films were prepared on the
glass substrate with a maximum process
temperature of less than 550°C. The currentvoltage characteristics of 6pm thick poly-Si film

o.o

o.i

prepared at 400°C are shown in Fig.l. We have
obtained an efficiency of 6.8%, a current density
24.1mA/cm2 and an open circuit voltage 0.39volt.

0.2

0.3

0.4

V(volts)
Fig. 1 Current-voltage characteristics of 6pm
thick poly-Si cell.

Prominently high Jsc was obtained for even in a
6pm-thick solar cell.
Fig.2 shows the short circuit current density (Jsc) dependence on the cell thickness. Experimental
results are plotted as the open circles in the figure. Two kinds of curves were calculated for carrier
concentration of lxlO16 and 1017 cm"3, respectively. For the calculation, the diffusion length of the active
layer was assumed the same as the cell thickness
and another conditions were listed in Table 1.

Optical Trapping (pfi%)
O 0 ED 50 □ 92

Experimental points are well correlated to the
Table 1

n-layer thickness
• i-layer thickness
p-layer thickness
Sf
diffusion length

1

== i-layer thickness
1020cnV3
n-layer carrier concentration
1016,1017 cm'3
i-layer carrier concentration
p-layer carrier concentration
107cm/s
Sb

Thickness(Jim)
Fig. 2 Short circuit current density (Jsc)

optical confinement efficiency

dependence on the cell thickness.
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Calculation parameters.

0,50, 92%

carrier concentrations of lxlO15 cm"3. At the low carrier
a-Si / poly-Si Tandem Cell

concentration, the depletion region of thin film spreads
out to the whole area of cell thickness, which causes

AM1.5
Area: 0.25cm2

the photo-current generated at poly-Si being easily
extracted from the whole region of it.

Voc: 1.24V
Jsc: 11.9mA/cm2
F.F.: 68.5%
Effi: 10.1%

The advantage of high Jsc is effectively
applicable to the a-Si:H stacked solar cell. The top aSi:H cell would expect to reduce the surface
recombination velocity of poly-Si cell while the bottom

V [volt]

poly-Si cell keeps the sufficient current over near infra
red region. Also, the leak current of poly-Si film Caused

Fig.3 I-V characteristics of a-Si / poly-Si

by the surface roughness would be decreased by

tandem cell.

overlapping the top a-Si:H layer. A tandem structure
fabricated here was ITO/ p+ a-Si:H / i a-Si / n+ a-Si / p pc-Si:H / poly-Si / n+-poly Si / p+-poly Si / glass

substrate. Fig.3 shows the I-V characteristics of tandem cell, where the thickness of top and bottom cell
are 0.3pm and 6pm, respectively. For the initial study, an efficiency of 10.1% and a Jsc of 11.9 mA/cm2
and a Voc of 1.24 volt was obtained.

2.2 Light trapping of thin film poly-Si solar cell on glass substrate
One of the interesting properties of our proposed poly-Si solar cell is possible to fabricate the
textured poly-Si in-situ. This textured structure is determined by process conditions such as deposition
temperature, deposition rate, excimer laser annealed condition including the doping concentrations, surface
treatment of laser annealed poly-Si and etc. Among them the deposition temperature of poly-Si is the one
of the key factor to decide the textured structure. Fig.4 shows SEM micrograf of the textured structure of
poly-Si fabricated at 550°C. Clear pyramid structure of textured poly-Si was observed like the textured
structure of single crystal Si solar cell fabricated by etching processes.
Fig.5 shows the inverse IQE of textured polySi solar cell with thickness of 4pm as a function of

80

inverse absorption coefficient. Analysis of inverse
60

effective diffusion
length: 10.8pm
4 40

B
effective optical
thickness: 67.4pm

20

0
absorption length (pm)
Fig.5 Inverse IQE of textured poly-Si solar cell
Fig.4 SEM micrograf of the textured structure of

with thickness of 4pm as a function of inverse

poly-Si surface.

absorption coefficient.

-78-

slope of these data in the wavelength range of 750-980nm indicates a effective diffusion length of 10p.m.
An effective optical thickness of 67 pm and corresponding effective optical pass length of 16 times the
layer thickness was obtained from inverse slope of long-wavelength light (1050-1 lOOnm).
Fig.6 shows the inverse IQE of textured and flat poly-Si solar cell with thickness of 9|im as a

function of inverse absorption coefficient, respectively. Calculated effective optical thickness of textured
poly-Si solar cell by above method is two times longer than that of flat one. Although theA@ effect of
diffusion length and the back surface recombination rate of each cell must be taken into account for the
precise discussion for estimating the effect of textured surface, it would be noted that the enhancement of
effective optical thickness for textured surface is clearly observed in our proposed poly-Si solar cell on
glass substrate fabricated at low temperature. In addition the reflectance of longer wavelength (8001100) for textured poly-Si was clearly smaller than that of flat one.

□
O

Flat
Texture

effective optical
thickness: 46pm

effective optical
thickness : 100pm

Fig.6 Inverse IQE of textured and flat poly-Si
solar cell with thickness of 9pm as a function of
inverse absorption coefficient.
absorption length (pm)

Conclusions and future tasks
The excellent high short circuit current density (Jsc) above 24mA/ cm2 and the efficiency of 6.8%
at the 6pm thin film cell is demonstrated. This advantage of high Jsc was applied to the a-Si:H (300nm)
/ poly-Si (6pm) tandem solar cell, which exhibited the efficiency of 10.1% and the Jsc of 11.9 mA/cm2.It
is possible to fabricate the textured Si thin film in-situ on glass substrate by adjusting the deposition
conditions. An effective optical thickness of 67pm and corresponding effective optical pass length of 16
times the layer thickness (4pm) was obtained from inverse slope of long-wavelength light.
For future tasks, following technological developments will be needed for fabricating 10pm thick
film crystalline Si solar cell.
(1) Optimizing the textured structure of poly-Si by controlling the deposition condition, and obtaining
the high short circuit current density.
(2) Obtaining the high quality of active layer which include the optimization of carrier density, decreasing
the defect density.
(3) Developing the new device structure for reducing the interface recombination rate.
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DEVELOPMENT OF CuInSe2 SOLAR CELL
Mineo TATSUTA
New Energy Industrial Technology Development Organization (NEDO)
Objective
Development of practical CuInSe2 (CIS) thin film solar cell manufacturing technology.

This

include the developments of high efficiency solar cells having a conversion efficiencies of more
than 15 % (1 cm2) and fundamental technology to manufacture large area solar cells.
Work Program
(1) Research and development of process for forming a CIS film with low cost
Developing a process of forming high grade CuInS2 film by sulfurization of a Cu-In-0
precursor film deposited by sputtering method.
(2) Deposition of high-grade CIGS thin films
Developing a high-grade CIGS film by applying a monitoring technique for composition
control, which had been developed last year, to deposit CIGS film by
physical vapor deposition.
(3) Analysis of interface of CIGS solar cell
Analysis of CIGS/Mo interface in CIGS solar cell for studying a relation between interface
structure and deposition conditions of Mo film.

(4) Fabrication of solar cells
Fabrication of solar cells of MgF2/ITO/ZnO/CdS/CIGS(CuInS2)/Mo/glass structure with
use of high-grade CIGS and CuInSe2 films.
Summarv(1990-1995!
1. Up to FY 1994
Fundamental technologies have been developed for getting a high efficiency and a large size
of CuInSe2 solar cell.

The Cu(In,Ga)Se2 solar cells with MgF2/ITO/ZnO/CdS/CIGS/Mo/glass

structure were fabricated and evaluated.
(area:0.1cm2).

The achieved conversion efficiency was 15.1 %

Further, CuInS2 thin films were formed by sulfurization of Cu-In-0 precursor

film deposited by sputtering method.
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2. For FY 1995
(1) Research and development of process for forming a CIS film with low cost
As a process for manufacturing a thin film CuInSe2 solar cell with improved productivity,
selenization process with use of oxide precursor film has been previously proposed by us.
Cu-In-0 precursor film was deposited by rf-magnetron sputtering method, from a target of
Cu2In205 powder, and in Ar gas atmosphere containing 02 gas.
film was about Urn.

Thickness of the precursor

CuInS2 film was formed by heat treatment of this film in H2S gas

atmosphere containing -H2 gas.

H2 gas was applied concurrently for purpose of accelerating

reducing reaction of the oxide precursor film and for suppressing formation and residual of
impurity phase such as In2C>3.
Cu/In=1.49.

The obtained CuInS2 film had Cu-rich composition with

Then, this film was immersed in 10 wt% KCN aqueous solution for 3 minutes

and excess Cu compound was removed.
composition with Cu/In=0.97.

Thus etched film had nearly stoichiometric

Cu-In-S2 based solar cells were fabricated by sulfurization of

a Cu-In-0 precursor film deposited by sputtering; immersing the obtained CuInS2 film in KCN

solution; and depositing CdS film (50nm) and ITO/ZnO film (total thickness=0.7 fi m) by
chemical bath deposition (CBD) and rf-magnetron sputtering, respectively.

AM1.5,100mW/cm Area = 0.1cm2

Jsc = 16.2 mA/cm
FF = 0.657.

0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Voltage (V)

Fig. 1

Performance of CuInS2 solar cell made by sulfurization of Cu-In-0 film
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Figure 1 shows performance of the solar cell under illumination of 100 mW/cm2 • AMI.5.
Achieved conversion efficiency of the solar cell with ITO/ZnO/CdS/CuInS"2/Mo/glass structure
was 7.50 % (VOc=0.702 V, Jsc=16.2 mA/cm2, FF=0.657).

It is considered that increase of the

conversion efficiency is owing to the improvement of crystalline quality of CuInSz absorber
crystallized from Cu-rich Cu-In-S system.
(2) Deposition of high grade CIGS films
In the first stage, In, Ga and Se were
coevaporated at about 350°C.

CIGS film can be determined by measuring
the film temperature.

After that,

the heating power was increased to reach the
3rd stage

substrate temperature at about 550°C, and
then Cu and Se were coevaporated on the
(In,Ga)2Se3 precursor layer.

In the third

_ _Z _ _

stage, the rest of In, Ga and Se was added
under keeping the heater power constant.

Figure 2 (a) shows beam fluxes of Cu, In and
Ga during the second and the third stages in
the 3-stage process.
ABC

Figure 2 (b) shows the typical
variation of the film temperature as a function
of the deposition time during a part of the
530 -

second and the third stages under the
constant heating power.

Figure 2 (c) shows
1.6

the Cu/(In+Ga) ratios plotted against the
deposition time.

Figures 2 (b) and (c)

suggest that the film temperature shows
constant

at around

550 °C

when the

Cu/(In+Ga) ratio of the growing film is
smaller than one, and the film temperature
Time (min.)

shows lower temperatures than 550°C when
the Cu/(In+Ga) ratio is larger than one.
For the Cu-rich films with Cu/(In+Ga)>l, the

Fig.2

Relation of deposition process,

temperature of the growing film decreases

composition of CIGS film and

with increasing the Cu/(In+Ga) ratio, while

deposition temperature of the film

for the (In,Ga)-rich film, the film temperature

(a) Beam flux of Cu,In and Ga

shows constant at about 550°C.

(b) Deposition temperature

From these

results, Cu/(In+Ga) ratio of the growing

(c) Composition of CIGS film
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(3) Analysis of interface of CIGS solar cell
(a) CIGS/Mo interface in the CIGS solar cell was investigated by SIMS and analytical TEM
with EDX.

The Mo film was deposited on soda-lime glass substrate by rf-magnetron

sputtering in the atmosphere of P(Ar)=8 mmHg.
process (physical vapor deposition.

The CIGS film was deposited by three-stage

The conversion efficiency of the solar cell with MgF2/ITO

/ZnO/CdS/CIGS/Mo/glass structure was 15.4 % (VOC=0.621 V, Jsc=33.5 mA/cm2, FF=0.741).
SIMS depth profile showed that Se-rich region exist at the CIGS/Mo interface.

Cross-

sectional TEM observation showed that two layers existed at the CIGS/Mo interface.
(I) Mo side at CIGS/Mo interface : MoSe2 with a layer structure
thickness =0.15 ji m
layer of MoSe2 -L substrate
(E) CIGS side at CIGS/Mo interface : amorphous phase
thickness =0.02 (i m
containing impurity such as Na and 0
(b) CIGS/Mo interface in the CIGS solar cell whose Mo layer was deposited in P(Ar)=2 mmHg
was investigated. The conversion efficiency of the solar cell with MgF2/ITO/ZnO/CdS/CIGS
/Mo/glass structure was 15.0 % (VOC=0.625 V, Jsc=33.3 mA/cm2, FF=0.721). The solar cell
had thinner interface layer than the sample.

We identified MoSe2 layer at the interface by

electron diffraction but could not observe amorphous layer.
From results of (a) and (b), it is understood that sputtering conditions of Mo layer have a
large influence on CIGS/Mo interface.

It is considered that by lowering an atmospheric

pressure at sputtering, Mo film becomes dense and reactivity with Se decreases, so that
thickness of the interface layer (reaction layer) becomes thin.

As for the characteristics of

solar cell, there was not a significant difference for Mo sputtering atmosphere between 2 mmHg
and 8 mmHg.

Besides, fill factor (FF) of a solar cell having a thick interface layer was larger a

little.
(4) Fabrication of solar cells
CIGS based solar cell was fabricated with use of CIGS film deposited by applying
composition monitoring technique to physical vapor deposition process.

MgFa/ITO/ZnO/CdS/CIGS/Mo/glass structure (size: 1.0cm2).
was 15.3% (VOC=0.614 V, Jse=34.45 mA/cm2, FF=0.722).
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The solar cell had

Achieved conversion efficiency
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Characteristics of solar cell with Mgp2/ITO/ZnO/CdS/CIGS/Mo/glass
structure whose CIGS layer was deposited by three stage process.
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Development of Fabrication Technologies of High-Quality CuInSez-Based
Thin-Film Solar Cells
Mineo TATSUTA
New Energy and Industrial Technology development Organization (NEDO)

Objectives
Development of fabrication technologies for high quality CuInSe? (ClS)-based thin film PV
mini-module with a high efficiency (>12%) using a 10x10 cm2 substrate. This research deals
with almost all of the technologies essential to make large-area monolithic PV modules.

Work Program
In order to achieve the above research goal, the following studies were performed:
(1) Development of high-quality thin-film absorbers for large-area module fabrication:
The aim of this study is not only to fabricate high-quality thin-film absorbers, but also to
apply this technology in large-area module fabrications. In this study, the thin-film
absorbers with a high open-circuit voltage (Voc) have been developed by widening the bandgap with Ga and having a band-gap structure, in order to minimize the patterning loss of the
module. This approach has linked closely to the development of a stable and reproducible
process to fabricate Cu(InGa)Se2 (CIGS) thin-film absorbers with a graded band-gap
structure by using a selenization method. CIGS absorbers were prepared by 2-step
procedure as follows.
(a) Preparation of Cu-Ga alloy/In stacked precursor layer by sputtering method on a 10x10
cm2 substrate.
(b) Selenization of the precursor layer in a HaSe atmosphere.
(2) Establishment of the fabrication technologies except the absorber:
Since the CIS-based thin-film solar cells are basically a stacked structure, it is important to
establish the fabrication technologies for each layer of this cell. In this study, the technology
to make a sulfur-contained Zn-compound buffer layer by the chemical-bath deposition
(CBD) method, which is believed to be low-cost and desirable for large-area module
fabrications, has been developed on the CIGS absorber layer with fairly good
reproduciblity. Moreover, the technology has been developed to make a high quality ZnO
transparent conductive-oxide (TCO) window layer by a sputtering method which is believed
to be feasible for high throughput fabrications. The importance of the formation of the highquality p-n junction without giving any damages to the surface of the CIGS absorber has
been understood by developing the structure and the fabrication process of the ZnO-TCO
window layer.
(3) Research of patterning technologies:
It is well known that the patterning technology to form a series connection on a mini module
greatly affects the quality or the performance of the each layer of CIGS solar cells. In this
study, a laser scribing method has been selected for the metal base-electrode and a
mechanical scribing method for the absorber and the window layer independently.
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Summary
1. Until FY 1994
This study was started in FY1993. During 93-94 period, the following achievements
were made:
(1) As a fabrication technology to make a large-area GIGS thin-film absorber, we have
proposed two step procedure which includes
(a)preparation of a Cu-Ga alloy/In stacked precursor layer by sputtering on a 10x10 cm2
substrate
(b) selenization of this precursor in a EbSe gas atmosphere.
By this method, a GIGS thin-film absorber was developed with sufficiently good
uniformity and reproduciblity. An average efficiency of 11.6 % was achieved for a
ZnO/CdS/CIGS/Mo a test structure having 16 test cells with the total active area of 16 X
3.2 cm2 on a 10 cmxlO cm2 substrate.
(2) Considering the environmental issues, we have proposed a device structure of CIS solar
cells without any Cd compounds, which is believed to be hazardous. In this study, Zn
containing buffer layer (Zn(0,0H)x) was developed by the chemical-bath deposition (CBD)
method. An active area efficiency of 9.8 % was achieved with (Zn(0,0H)x) buffer layer in a
CIGS thin-film solar cell having 0.98 cm2 active area. The efficiency of CIGS solar cells
with Zn-compound buffer layer was remarkably improved by the light irradiation with a
constant-light solar simulator under one sun (AM 1.5 and 100 mW/cm2) conditions. This
phenomenon has never been observed with the CIGS solar cells having CdS buffer layer.
(3) In order to improve the p-n junction quality, a new type of a buffer layer of Zn(0,S,OH)x
was developed adding sulfur into the CBD solution. It is revealed that the OH- content,
which is believed to be deteriorate the junction quality between CIGS absorber and ZnO
TCO window, can be drastically reduced by making the (Zn(0,S,OH)x) buffer layer. A fill
factor (FF) of over 0.65 and an active-area efficiency of 12.1 % was achieved in the CIGS
thin-film solar cell with the Zn(0,S,OH)x buffer layer. The efficiency of CIGS solar cells
with Zn(0,S,OH)x buffer layer was also improved with a constant-light solar simulator
under one sun (AM 1.5 and 100 mW/cm2) conditions.
Z.Achievement in 1995
(1) The aim of this study is to develop high Voc absorbers, which are essential for large area
modules, and then to fabricate large area modules in order to minimize the patterning loss.
The development of a reliable and reproducible process to fabricate a new type of CIGS
absorber, having a Cu(InGa)2(SeS)a surface layer {CIGSS}, with a graded band gap
structure was established by a three step procedure which includes
(a) preparation of a Cu-Ga alloy/In stacked precursor layer by sputtering on a 10 xlO cm2
substrate.
(b) selenization of this precursor in a H?Se gas atmosphere.
(c) diffusion of sulfur from surface of the above CIGS absorber; in order to get a
Cu(InGa)2(SeS)2 surface layer.
The Voc values of the CIGS cells prepared by this method were found to be grater than
50mV. This is considered as a good evidence for the superiority of the selenization method
preferable to make large-area PV modules. By the combination of the technologies developed
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in FY1995, an average efficiency of 12.7 % was achieved on a ZnO/CdS/CIGS/Mo test
structure having 16 cells with an active area of 16X3.2 cm2 on a 10 xlO cm2 substrate.
According to the JQA (Japan Qualification Assurance Organization) measurements, an
active-area efficiency of 13.2 % was verified with a ZnO/CdS/CIGS/Mo structure with an
active area of 3.2 cm2.
(2) A new type of CIGS solar cell having GIGS absorber with a CIGSS surface and
(Zn(0,0H)x) buffer layer was successfully prepared on a 10 xlO cm2 substrate with good
reproduciblity. For this cell, an average efficiency 12.7% was achieved on an active area of

3.2cm2. Furthermore, the importance of the formation of the high quality p-n junction with
no damage to the surface of the CIGS thin-film absorber was clearly demonstrated through
the development of the fabrication process of ZnO-TCO window layer by sputtering, which
is desirable to the high-throughput fabrication. This result also led to a better understanding
of both the subjects to form a high-quality p-n junction in the combination with ZnO TCO
window layer by sputtering and the importance to optimize the overall device structure of a
stacked structure of CIGS thin-film solar cells in order to achieve the improved efficiency.
(3) Research on patterning technologies
Since the patterning technology to form a series connection in a mini-module is very
important for large-area PV module production, a laser scribing method for the metal baseelectrode and a mechanical scribing method for the absorber and the window layer were
evaluated independently. The design of patterning was performed through the fabrication of
a CIGS thin-film mini-module with an aperture area of 50 cm2 and 12 series-connected cells
on a 10 x 10 cm substrate. An aperture-area efficiency of 13 % was verified for the first time
with the above-mentioned Cd-free mini-module with a ZnO/Zn(0,S,OH)x/CIGS/Mo
structure. The measurements were carried out at NREL (National Renewable Laboratory in
USA) and JQA. A typical I-V characteristic of the ZnO/Zn(0,S,OH)x/CIGS/Mo mini
module given in Fig. 1.(NREL DATA).
Future Tasks
(1) Fabrication of a CIGS thin-film mini-module:
Through the fabrication of CIGS thin-film mini-module with ZnO/Zn(G,S,OH)x/CIGS/MO
structure, the subjects to achieve the research goal of the development of fabrication
technologies of high-quality CuInSea (ClS)-based thin-film PV mini-modules with an
efficiency of 12 % prepared on a 10 x 10 cm2 substrate will be solved. These subjects will
require the stability of the fabrication process for each layer of the CIGS thin-film solar cell
and the optimization of the overall device structure. The following subjects are quite
important to achieve this goal;
(a) Optimization of the graded band-gap structure in the absorber by using group in
elements such as Ga and In,
(b) Optimization of each layer and the junction quality between layers of a CIGS thin-film
solar cell with a stacked structure,
(c) Development of patterning technologies to form three different types of pattemings to
make a monolithic thin-film PV mini-module.
(2) Further improvement of efficiency:
The approach to an aperture-area efficiency of 15 % with a CIGS thin-film mini-module
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with an aperture area of 50 cm2 and 12 series-connected cells on a 10 cmxlO cm substrate
will lead to the research goal of 12 % efficiency with an aperture-area of over 80 cm2. For
that purpose the improvement of FF would be very essential. The following subjects are
especially important to achieve the above-mentioned goal;
(a) Establishment of a patterning technology to minimize the cracks of ZnO TCO, since the
efficiency as well as the FF are mostly affected by the quality of the mechanical scribing
method for the ZnO film.
(b) Achievement of low resistivity (10 Q/square).
(c) Development and optimization of the fabrication technology with no damages to the
surface of the GIGS thin-film absorber.

X-25 IV System

Temperature = 25.0°C
Area = 50.20 cm2
Irradiance: 1000.0 Wnr2
VK = 6.743 V
Ix =0.1410 A
Jsc = 2.808 mAcm"2
Fill Factor = 68.79 %
Vro* =5.174 V
I max = 0.1264 A
Pmax = 653.9 mW
Efficiency = 13.0 %

Voltage. (V)

Fig.l. I-V characteristic of the ZnO/Zn(0,S,OH)x/CIGS/Mo mini-module
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SURVEY ON THE COMMERCIALIZATION ANALYSIS
Mineo TATSUTA
New Energy and Industrial Technology Development Organization (NEDO)
Objectives
To collect and analyze the technological trends, both domestic and overseas, quickly and
precisely, on the thin film solar cells, to utilize the data efficiently for the research and development
for commercialization of thin film solar cells for power generation, and to support the
commercialization studies of technology for manufacturing thin film solar cells for power generation.
Work Programs
(^Technological Trend Survey on Thin Film Solar Cells
(a) Properties of Amorphous Materials and New Development of Film Growth Technology
• Film growth technology
• Properties of materials (including characterization method)
(b) Amorphous Solar Cells
• Improvement of efficiency and reliability
• Transparent conductive film
• Cost reduction and mass production (including quick film growth)
• Reliability assessment (outdoor exposure, accelerated aging test)
(c) Polycrystalline Silicon Film Solar Cells
• Expected performance, materials and junction structure
• Film growth process and cell construction
(d) CuInSe2-Based Solar Cells
• Film growth and device fabrication for higher efficiency
• Effects of sodium to film quality
• Cost reduction and mass production
(e) CdTc-Based Solar Cells
• Improvement of efficiency
• Cost reduction and mass production
(f) Estimation of Module Production Cost
• Amorphous system
• CuInSe2-based system
• CdTe-based system
(g) Hybrid Type Solar Cells
• Theoretical prediction of conversion efficiency
• Survey of conversion efficiency of actual cell
• Cost review
• Technological problems for implementation
(h) Application Systems
• Survey on production of film solar cell
• Survey on installation of film solar cells
• Survey on operation of film solar cell application system system
(i) Safety
• Environment law and regulation in Japan
• Environment law and regulation overseas
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(j) Survey on Resources for Compound Solar Cells
(2) Survey of Overseas Technological Trends
(3) Technological Research on Commercializetion of Thin Film Solar Cells
Summary (FY1981~FY1995)
1 .Up To FY1994
(FY 1981-1982)
A contract survey research from the Headquarters for Promotion of Sunshine Project, Agency
of Industrial Science and Technology (AIST) was accepted, and the "Amorphous Solar Cell
Committee" was established by inviting experts and specialists from industrial, government and
academic sectors to survey the technological trends.
(FY 1983-1988)
Basic technology of amorphous solar cells for power applications and elementary technology
for its mass production have been investigated.
(FY 1989-1990)
Engineering issues on elementary technology for mass production and optimal combination of
elementary technologies have been investigated.
(FY 1991-1992)
Engineering issues of film growing process and cell manufacturing method required for the
commercialization of amorphous solar cells have been analyzed.
(FY 1993-Present)
Engineering issues for overall commercialization of thin film solar cells (amorphous silicon,
thin film polycrystalline silicon, CdTe, CuInSe2, etc.) have been analyzed.
2 .For FY1995
Q Survey of Technological Trends for Commercialization of Thin Film Solar Cells
(a) Properties of Amorphous Materials and New Development of Film Growth Technology
Key problems in the film growth technology are suppression of photo-induced aging of
amorphous silicon film, and growth of high quality narrow-gap materials. The former requires
microscopical understanding for the materials growth process, and recently, reports have been
published on the observation of the initial stages of film growth using the scanning tunneling
microscopy (STM) and the atomic force microscopy (AFM), and on the observation of growing
surface of amorphous germanium film through the infrared reflection-absorption technique. For the
latter, the meaning of hydrogen dilution method in the amorphous silicon-germanium film has been
understood microscopically. With regard to microcrystalline and polycrystalline silicon, a number of
innovative film growing methods have been reported such as hot filament CVD and reactive CVD.
In the basic aspects of materials science, reports have been published on structural relaxation of
defects, defects pool model, neutral/charged defects, transportation, photo-induced defects and
hydrogen, and photo absorption spectrum. New findings in the characterization method include
photo carrier grating method, absolute value CPM method, space charge TOF method, and AC
electroconductivity method, while those in materials science concerned microscopic defect structure,
and photo aging in relation to film structure.
In respect to photo aging suppression technology, the studies on the mechanism of photo aging
in relation to hydrogen and impurities have achieved certain progress, while a new model for photoinduced structural change has been discussed. In the field of kinetics, the verification of pulse photo
aging and the clarification of photo-induced annealing mechanism are under way. As for the
dependence on film growing conditions, studies on dilution with hydrogen and film making from
dichlorosilane are being pursued, and an attempt is being tried to describe the photo stability of films
prepared through various methods in unified manner.
(b) Amorphous Solar Cells

90

-

-

In the field of technology for improved efficiency and reliability, the emphasis has been placed
on the improvement of ballast factor in these days. For improving the ballast factor from the
materials side, a number of reports have been published on the method of film making cither by using
microcrystalline silicon for one layer or by preparing a layer through the hydrogen dilution technique.
Other methods include growing a-Si film by using dichlorosilanc in place of monosilane, and
preparing a-Si through the hot wire method.
For the transparent conductive film, studies on ZnSnOS and ZnGa04 have been reported in
addition to the well-known materials such as S02 system, ITO system and ZnO system. The
preparation processes include laser-based method in addition to the conventional CVD and sputtering
process.
Technological trends for cost reduction and mass production in the United States, Germany and
Japan have been reviewed. BCD is attempting to implement cost reduction through the roll-to-roll
continued production and high speed film growing of 3-layer stack cells of 0.3 m x 1.22 m size.
Solarex is developing the technology for making large-sized 3-layer stack cells of glass substrate,
aiming at the production of modules of ballast factor 10 % and area larger than 0.56 m2 at 75 % or
higher yield. APS is trying the improvement of Fairfield's Eureka line. In Germany, Phototronics
Solar Tech.is verifying the production of modules of a-Si/a-Si tandem cell construction and area as
large as 0.6 x 1.0 m2. Siemens Solar is making efforts for raising the efficiency of glass-type large
area solar cells. In Japan, Fuji Denki, Kancgafuchi Kagaku and Cannon are developing the
technology for the mass production of large-sized PV modules.

For high speed film making technology, two methods are being studied: one using radio
frequency plasma and the other using pulsed intermittent plasma.

Key issues in the reliability evaluation of solar cells are outdoor exposure test and accelerated
aging test. According to the outdoor exposure tests being carried out at JQA and NREL, the modules
are aged steeply in the initial phase of exposure, followed by a stabilized phase. For the accelerated
aging test, JQA is conducting a test involving photo aging and recovery process based on
temperature anneal (so-called dark/light cycle photo-accelerated aging test) under the conditions close
to those for outdoor exposure test. In the United States, NREL is executing unified evaluation works
regularly, while various manufacturers are making accelerated aging test with varied light source,
illumination monitor and module temperatures.
(c) Polycrystalline Si Film Solar Cells
In consideration of full-fledged R&D works uninitiated, the survey collected information on
solution growth method, zone melt method, plasma injection method, solid phase growing method,
plasma CVD method (continued and intermittent), hot wire method, and reactive CVD method, and
some other engineering issues such as film growth, cell fabrication, and interface between film
making and cell fabrication, with particular emphasis placed on the materials growth.
(d) CuInSe2-Based Solar Cells
A large step forward has been achieved in the field of improving efficiency, as exemplified by
NREL's success in realizing CIGS solar cell of effective conversion efficiency as high as 17 % or
more.
For film making, selenizing and vapor deposition have achieved remarkable success.
Technological trends in various firms and institutes have been summarized. For device fabrication, a
few substitutes for CdS have been proposed as buffer layer.
It has been found that sodium plays an important role in improving the conversion efficiency.
A number of papers have been published on the effects of Na on the CIGS film properties, the
correlation between Na diffusion and Mo film, the contents and distribution of Na in CI(G)S film, the
effects of Na to cell properties, achieving homogeneous quality of CIGS film by using Na
compound.

In technology for cost reduction and mass production, the survey involved trends in enterprises
and research organizations in the United States and European countries, for commercialization
efforts, development of process and machine for producing large area modules, and optimum design
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of modules. New R&D attempts have been initiated in various firms and research institutes for the
commercial production.
(e) CdTe-Based Solar Cells
Though the top-running data for efficiency improving technology have not been updated,
Matsushita Battery Industries Co. reported the success of attaining to 15.05 % conversion efficiency.
Other reports cover heat treatment, processing of CdC12, improvement of film properties and
optimization of film growth.
For the commercialization, Solar Cells Inc. is expanding the pilot plant. The firm is currently
producing CdTe PV module of area 60 x 120 cm and conversion efficiency 8.4 %. With the test for
100 kW pilot plant completed, the expansion to 200 kW scale in under way.
In regard to technology for cost reduction, a report from the South Florida University proposed
to form CdS/CdTe solar cells on soda lime glass substrate.
(f) Estimation of Module Production Cost
On the basis of previous cost estimation, the module cost per Wp was estimated in FY 1995 for
amorphous silicon, CuInSe2, and CdTe solar cells, assuming the production scale per line to be 10
MW/year, 30 MW/year and 100 MW/year. The module was designed to be of building-incorporated
type, and the cost of electrical power production per Wh was also estimated.
(g) Hybrid Type Solar Cells
The survey has selected for the candidate of promising solar cells in future, hybrid type solar
cells with amorphous silicon as top cell and polycrystalline thin film silicon as bottom cell, and data
have been collected on theoretical prediction for conversion efficiency, actually achieved conversion
efficiency with real cells, cost and technological problems in their implementation.
For the theoretical prediction, the conversion efficiency was calculated through the simulation,
using not ideal conditions, but actual parameters for amorphous silicon and polycrystalline thin film
silicon cells. As a result, it was found that the goal of 15 % conversion efficiency could be attained
with available parameters by optimizing the cell construction and the impurity doping dose. On the
other hand, for raising the conversion efficiency to above 18 %, it seemed necessary to improve the
lifetime of polycrystalline silicon conversion layer and the performance of bottom cell, in addition to
utilizing the light enclosing effects.
The actual conversion efficiency with real cells was surveyed by reviewing previous cells made
from various materials as well as hybrid solar cells consisting of amorphous silicon (top) and
polycrystalline silicon film (bottom). The number of latter data is very limited at present. Scientists
of the Osaka University obtained 21 % conversion efficiency with four-terminal tandem cells
composed of poly-Si substrate and amorphous silicon cell.
While selecting the most promising device construction and process, the cost was estimated for
two processes of growing poly-Si thin film and two conversion efficiency values: 15 % and 18 %.
For a case of annual production 100 MW and conversion efficiency 15 %, the cost of hybrid cell was
equivalent to or slightly lower than that of poly-Si film single cell or amorphous silicon tandem cell.
However, for 18 % efficiency, the cost of hybrid cell is much lower than the latter.
Technological problems for implementation involved those for various component cells and for
hybrid constructions to be considered anew.
(h) Application Systems
In FY 1994, the annual production of thin film solar cells smoothly increased in the United
States and European countries, while in Japan it slightly declined to 16.5 MW in comparison to the
previous fiscal year.
Data on the actual installation of thin film solar cell systems, both domestic and overseas, were
collected for amorphous silicon, CuInSe2 and CdTe cells.
For the actual operation of application systems, that based on see-through type solar cells was
studied as a characteristic system using amorphous solar cells, and the operation data were compared
between the crystalline and amorphous systems.
(i) Safety
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The survey covered the laws, regulations and standards for environment in Japan, the United
States and Germany, concerning Cd, Se, Cu and other elements among materials for CuInSc2- and
CdTc-bascd thin film solar cells.
(j) Survey on Resources for Compound Solar Cells
(2) Survey of Overseas Technological Trends
(a) International Conferences
In order to survey the technological trends concerning the thin film solar cells, staff members
were dispatched to international conferences and symposia listed below to collect latest
information.
• Materials Research Society 1995 Spring Meeting
• 13th European Photovoltaic Solar Energy Conference and Exhibition
• Materials Research Society 1995 Fall Meeting
• ISES 1995 Solar World Congress
(b) Invited Lectures
Two foreign specialists listed below were invited to hold discussion and lectures under titles
given below on the technological development of amorphous solar cells.
•RF Sputtered Hydrogenated Amorphous Germanium : a Photovoltaic Material ?
Prof. Ivan Chambouleyron (IFGW-DFA, Brazil)
•Actual Problems of a-Si:H Solar Cells
Prof. Jan Kocka (Institute of Physics Academy of the Czech Republic)
(3) Technological Research on Commercializetion of Thin Film Solar Cells
The Thin Film Technology Subcommittee consisting of specialists in industrial, governmental
and academic sectors was held two times to discuss on the analysis of and remedial measures for
technological problems for commercialization of thin film solar cells.
Future Tasks

The future tasks related to amorphous solar cells involve 1) development of low cost
technology, and 2) development of high efficiency and high reliability technology. In respect to
cost, it will be required to reduce direct materials cost, redemption cost for equipment and
development of low cost modules. For elevating the efficiency, technological development of
improving the light containment effect and extensively raising open-circuit voltage are necessary to
achieve further improvement of stabilization efficiency. For suppressing photo aging, R&D is under
way along two lines: 1) development of materials less susceptible to aging and 2) development of
device structures less vulnerable to aging. The tandem construction seems to be a promising device
structure.
For CdTe solar cells, technological development to fabricate high quality CdTe thin film is
needed. The commercialization will be near if technology to fabricate large area modules of
conversion efficiency 10 % or so.
With Cu(InGa)Se3 thin film solar cells, conversion efficiency as high as 17 to 18 % has been
obtained, but its commercialization efforts are lagging behind that for amorphous solar cells.
Immediate technological development targets are: 1) to achieve conversion efficiency much higher
than that of amorphous solar cells, 2) to develop film fabrication technology suited for mass
production, and 3) to develop methods for assessing and controlling intrinsic defects.
For the thin film solar cells, the goal of module efficiency is currently set to 10-12 %, but in the
beginning of the 21st century, the implementation of modules of higher conversion efficiency will be
required. The tandem or hybrid construction of different thin film compounds is expected to improve
the conversion efficiency of the module extensively. This will be one of the most urgent task in the
future.
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The Developments of New Manufacturing Methods of High Quality Silicon Single Crystal
Mineo TATSUTA
New Energy Industrial Technology
Development Organization (NEDO)
Objectives
This research is dealt with the fundamental studies of selecting and establishing a new
manufacturing method for high quality silicon single crystal.
The development goal of 1996:
(a)The crystalline quality: conversion efficiency >24%
(b)The size of silicon ingot: diameter > 100mm j>
Work Program
For developing a new manufacturing method of high quality silicon single crystal, fundamental
researches were made to clarify the possibility of each technology including, first, electromagnetic
casting + float zone technique, secondly, Czochralski pulling technique with cold crucible induction
melting, and lastly, Czochralski pulling technique by the electron beam melting.
The technically problems must be clarified and the possibility of the methods to be used in the future
should also be examined.
Summary 61990—1995")
1. Up to FY 1994
(1) The electromagnetic casting + float zone technique
Fundamental research was started for the technical feasibility of the process of electromagnetic
casting + float zone technique from 1990. Two kinds of granular silicon materials were used to
investigate the relationship between the conditions of electromagnetic casting and the crystallization
behavior of float zone melting. It was found that single crystallization was performed both with the
semiconductor grade and solar grade silicon materials.
The induction frequency was changed to 30 kHz for preventing electric discharge between cold
crucible and molten silicon. As the countermeasure to the impurity incorporation from the after-heater
system, silicon was used as the after-heater material. The parts that will cause the impurities to enter
were also removed. It was confirmed that it became possible to make high purity silicon ingot. In nodoped ingot, ingot of the resistivity above P-150012 cm was successfully made by the
countermeasures mentioned above. The single crystal (diameter of 100mm, length of 600 mm) was
made by this method.
(2) Czochralski pulling technique with cold crucible induction melting
The examinations showed that the molten surface become stable and flat at the frequency of 180
kHz. It was confirmed that a electromagnetic shield ring for electromagnetic field was effective to
prevent the vibration of molten silicon surface, the difficulty in controlling the temperature, and
others. However, the effect was not enough to attain the sufficient condition for pulling the single
crystal.
As the result of the study, it is concluded that the method of Czochralski pulling by induction
melting has low possibility as the future candidate for single-crystallization. The Czochralski pulling
by the electron beam melting was selected from Czochralski pulling by the induction melting and
Czochralski pulling technique by the electron beam melting..

(3) Czochralski pulling technique by the electron beam melting
In Czochralski pulling by electron beam melting, single crystals could be pulled with the diameter of

25'—30 mm and with the length of 100 mm.
It was found that the coming-off of the silicon deposits on the chamber wall could be prevented by
the improvement of the surface condition on the inside wall of furnace chamber. The porous
materials, SiC ceramics (porosity: 50%), were used for the furnace wall to prevent some flakes fallen
from the wall that caused the single-crystallization difficult. It was also found that molten silicon was
bumped by bombardment of electron beam on the molten silicon surface. This bumping of molten
silicon prevented the single-crystallization. It was effective for avoiding the bumping by control the
bombardment of electron beam on silicon surface. However, further improvement is necessary to
avoid bumping for stable single-crystallization.

2. For FY 1995
(1) Single-crystallization by Electromagnetic Casting +Float Zone method
(a) Countermeasure to the impurity contamination
In single-crystallization by Electromagnetic Casting +Float Zone method, the ratio of dislocation free
single-crystallization has to be improved. It was found that the precipitation of impurities and
scattering of molten silicon prevented single crystallization at float zone pass. That is the reason why
the carbon (graphite) and iron material parts are removed from the electromagnetic casting furnace. As
a result, the manufacture of high quality silicon ingot (resistivity is above 3000Hem) became
possible. Carbon concentration became low below 15xl016 atoms/cc. The distribution of carbon
concentration in electromagnetically cast ingot is shown in Fig.l.
before improvement
after improvement
after improvement
after Improvement
after Improvement

30

■'

10

•'

Sample Position from Top of Ingot (cm)

Fig. 1 The distribution of carbon concentration in the EMC ingot
(b) Silicon coating on the inner surface of cold crucible
It was found that copper is contaminated in the region 5—8mm from surface of the
electromagnetically cast ingot. This contamination was caused by the contact of cast ingot with the
inner surface of cold crucible. As a countermeasure to copper contamination, the inner surface of
cold crucible is coated with silicon. It was confirmed that the silicon coating on cold crucible was
effective for copper contamination. The distributions of impurity in the electromagnetically cast ingot,
before and after silicon coating on the inner surface of cold crucible are shown in Fig.2 (a) (b).
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(a) Before silicon coating
(b) After silicon coating
Fig.2 The contribution of impurity from the surface of EMC ingot
(c) Results of single-crystallization by electromagnetic casting + float zone method
The float zone pass was successfully done using the electromagnetically cast ingots..

(2) Czochralski pulling by Electron Beam melting
As a result of the countermeasures to the problems mentioned below, the diameter 30mm <f> single
crystal was grown continuously in 10 batches at Czochralski pulling by electron beam melting
method.
(a) Countermeasure to evaporation and vapor deposition
In Czochralski pulling by electron beam melting, the molten silicon evaporates in the high vacuum
condition, and thus vapor deposition occurred both on the inside wall of furnace chamber and on the
grown silicon single crystal. The silicon deposits came-off and fell on the interface of grown single
crystal and molten silicon to interrupt single-crystallization. As a counter plan, porous materials (SiC
ceramics with 50% porosity) were used for the furnace wall material. It was confirmed that this was
effective for the coming-off and falling of silicon deposits and that the material can be used over 50
hr.
(b) Countermeasure to the scattering of molten silicon
It was also found that molten silicon scattered from the interface between cold crucible and molten
silicon. This scattering of molten silicon also prevented single-crystallization. Controlling of the
bombardment of electron beam on silicon surface was effective in avoiding the bumping of molten
silicon.
However, the avoidance of bumping needs further improvement for stable single
crystallization. Therefore, we examined the Czochralski pulling by electron beam melting without
cold crucible as the improvement.
(c) Czochralski pulling by electron beam melting without cold crucible
The schematic drawing of Czochralski pulling by electron beam melting without cold crucible is
shown in Fig.3.
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Fig.3 Czochralski pulling by electron beam melting without cold crucible
The scatter of molten silicon was avoided by this method. It was concluded that the conditions for
the pulling of the single crystal were improved with the change of the temperature distribution of the
atmosphere in the furnace. The diameter 30mm <j> single crystal was grown continuously in 10
batches by this method.
(d) Examination of pulling of large size ingot
The pulling of large size single crystalline ingot and fundamental experiment for large sized furnace
in the future are necessary. For this purpose, the depth of molten silicon needs to be improved.
Therefore, it is concluded that single crystalline ingot should be pulled from the deep part of molten
silicon, like the method shown Fig.4. The Czochralski pulling shifted center by electron beam melting
is shown in Fig.4..

EB gun
Pulling Equipment

Single Crystal
Molten Si

Si Block (Ingot*

Water

Fig.4 The Czochralski pulling shifted center by electron beam melting
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(3) The simulation analyses of the electromagnetic field, the thermal conduction and the
thermal stress
(a) The analysis of the electromagnetic field and the thermal conduction
The analysis for electromagnetic field was combined with the thermal conduction analysis for better
understanding of the silicon casting system.
Fig.5 shows the calculated temperature contours for the casting system. The calculated results agreed
well with the experiment. On the top part of ingot, a solid shell was made cooled by the cold crucible,
and the shell hold the molten metal on the top. Also, analyses were made on the model of square and
round shape of cold crucible. By comparison, it was found that round shape of the cold crucible had
an advantage of the melting efficiency and the thermal stress.

Fig.5. The calculated temperature contours for the casting system

(b) The analysis of the thermal stress
Using the calculated result of temperature distribution by the thermal conduction analysis, analyses
were done for the thermal stress in casted ingot. To make for comparison, four types of models were
analyzed at different solid-liquid interface shapes with each heat flux for the outer heater. The
maximum principle stress was calculated so that the ingot would be cracked by the thermal stress
below 0.6Tm (Tm is melting point) as a result of material brittleness.
Fig.6 shows the maximum principle stress contours for each analyzed model. The calculations
shows that the maximum principle stress was large at the center part of ingot. The ingot was cracked
by the thermal stress at the fracture stress. Also, conformation was made that the maximum thermal
gradient in radius direction determined the maximum principle stress in the ingot.
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Fig.6. The maximum principle stress contours for each analyzed model

Future Tasks
To further proceed the present investigation, the following items are the subject of future researches.
(1) Electromagnetic casting +float zone method
(a) production of high purity ingot by using silicon coated cold crucible
(b) fundamental experiment for large sized furnace
(c) characterization of single crystalline ingot
(d) cost estimation and confirmation of the possibility of the method in the future2
2) Czochralski pulling by electron beam melting
(a) establishment of stable single crystallization conditions using CZ technique without
cold crucible
(b) cost estimation and confirmation of the possibility of the method in the future
(c) fundamental experiment for grown large sized single crystalline ingot
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Development of Techniques for Super High Efficiency
Single Crystalline Silicon Solar Cells
Implementing Organization
New Energy and Industrial Technology Development Organization (NEDO)
Mineo TATSUTA

Objectives Technical development for a remarkable improvement of conversion efficiencies of single crys
talline silicon solar cells.
The project goal in FY 1996 is to obtain conversion efficiencies of more than 24% for 5x5 cm2 cell.
Work programs
(1) Development of the high performance front surface
Optimization of the total process to fabricate a high-quality passivation layer, such as the
oxidation and the post processing conditions, in order to obtain a higher open circuit volt
age.
Enhancement of the short circuit current through the optimization of the thicknesses

of

the oxide and the anti-reflection coating.
(2) Development of formation techniques for the back side heterojunction
Investigation of methods to deposit high-quality microcrystalline silicon film without
damaging the substrate.
Examination of the passivation effect of the oxide layer to raise the open circuit voltage.
(3) Analysis for improvement of the conversion efficiencies
Analyzing the effects of the surface passivation and the back surface field through the
evaluation of the properties of the interface between the substrate and the oxide layer or
microcrystalline silicon film.
Summarv(1993-1995')
1. Up to FY 1994
Since FY 1993, on a four-year plan, we have been investigating “Development of Tech
niques for Super High Efficiency Single Crystalline Silicon Solar Cells”.
In FY 1993, a conversion efficiency of 20.2% was obtained for 5x5cm2 cell with the back
side heterojunction. On the back side of this cell, a hydrogenated microcrystalline silicon (pcSi:H) film was deposited with higher boron doping than the substrate. This film had the effect
of suppressing the carrier recombination on the back side, and giving a higher open circuit
voltage than the conventional cell with A1 paste.
In FY 1994, a higher conversion efficiency of 21.4% was obtained for the cell with the back
side heterojunction, applying the following essential techniques to raise the conversion effi
ciencies. The front contact pattern of a newly-designed fishbone-type reduced the series resis
tance and raised the fill factor. N% annealing just after the oxidation improved the effect of the
passivation and increased both the short circuit current and the open circuit voltage. Anneal
ing of the pc-Si:H film improved the effect of the back side heterojunction and increased all
factors of the I-V characteristics. A silicon nitride film inserted between the pc-Si:H film and
the back contact led to a higher back surface reflection and increased the short circuit current.
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2. For FY 1995
Several techniques to enhance the conversion efficiencies of single crystalline silicon solar
cells were developed. The main results were as follows: reduction of the surface recombination

velocity by the improvement of the oxide passivation effect, reduction of the surface reflection
by the double layer anti-reflection coating, optimization of the annealing of the heterojunction
with the pc-Si:H film, and improvement of the passivated rear surface structure with a back
side oxide.
The conditions to fabricate the front surface oxide passivation layer were optimized and
H2 annealing was introduced after the oxidation. They reduced the interface trap density be
tween the substrate and the oxide and improved the open circuit voltage. An open circuit volt
age 682 mV was obtained for the cell with passivated rear surface structure.
The summary of achievements in FY 1995 is described in each sub-theme as follows.
(1) Development of the high performance front surface
(a) Examination of front surface oxide
In order to enhance the passivation effect of the front surface oxide, the relation be
tween oxidation times and I-V characteristics was examined. Table 1 shows the experi
mental results. It became clear that the open circuit voltage (Voc) depended on the oxida
tion time (i.e. the oxide thickness). It is considered that thermal oxidation makes n-type
dopants in the front surface diffuse into the substrate, reducing the density of the dopants
and the surface recombination velocity, therefore Voc is improved.
(b) Examination of anti-reflection coating
In order to increase the short circuit current by the reduction of the front surface re
flection, an anti-reflection coating (ARC) was investigated. In place of the conventional
single layer ARC of a silicon nitride (SiN) film, a double layer ARC of magnesium fluoride
(MgFz) film / titanium oxide (Ti02) films was examined. Table 2 shows conditions of these
ARCs. Figure 1 shows the spectral reflectance of the cells with these ARCs. The wave
length regions where the reflectance was under 1% were compared. In the case of the sin
gle layer ARC, it was between 500 nm and 700 nm. Using the double layer ARC, it was ex
panded to between 600 nm and 950 nm. From a calculation of the reflected photon number
using the illumination of AM1.5G spectrum, it became clear that the surface reflectance
was possible to be reduced to as small as 1.5%.2
(2) Development of formation techniques of the back side heterojunction
(a) Fabricated cell structures
Figure 2 shows two kinds of cells were fabricated, namely the back side heterojunction
cell and the passivated rear surface cell. The main difference was in the back side struc
ture. The former had the pc-Si:H film on the whole rear surface of the substrate, and the
latter had oxide except for the electrical contact holes. These contact holes covered 1% of
the whole substrate area.
(b) Examination of thermal annealing for back side heterojunction cell
For the back side heterojunction cell, the condition of thermal annealing in a N2 at
mosphere was examined. Figure 3 shows the relation between the annealing temperature
and I-V characteristics. It became clear that the conversion efficiency reached a maximum
in the temperature range from 200°C to 250°C and dropped at higher temperatures. It is
considered that this tendency is caused by the following effects. In the temperature range
from 200°C to 250°C, hydrogen atoms in the pc-Si:H film effectively passivate the defects
such as dangling bonds on the substrate surface, therefore the back surface field performs
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very well. But at higher temperatures than 250°C, a fraction of the hydrogen atoms escape
from the pc-Si:H film and the passivation effect is reduced.
(c) Passivated rear surface cell

For the passivated rear surface cell, it is important to improve the characteristics of
the interface between the substrate and the oxide. It is considered that annealing in a hy
drogen atmosphere is an effective process for this improvement. Figure 4 shows the rela
tion between the I-V characteristics and both whether the annealing was performed or not,
and the annealing time at the temperature of 400°C were examined. It was clear that an
nealing greatly increased both Jsc and Voc and these values were saturated over 60 min
utes. Since the spectral response was also increased in the long wavelength region, it was
considered that the annealing reduced the recombination velocity on the rear surface of
the substrate.
The pattern of the electrical contact holes in the oxide was examined. Figure 5 shows
the relation between the pitch of the holes and I-V characteristics was examined for the
cell using a 212 -cm substrate. Expanding the pitch from 0.65 mm up to 2 mm, both Jsc and
Voc increased, and saturated for a wider pitch. But on the other hand the series resistance
increased and the fill factor decreased by the expansion of the pitch. It is consequently
considered that the optimum pitch exists around 2 mm.
(d) Fabrication of high efficiency cells
Applying these results, two kinds of high efficiency cell were fabricated. Table 3 shows
their I-V characteristics. For the back side heterojunction cell, the conversion efficiency of
21.4% (measured at JQA) was obtained. Voc of 682mV was obtained for the passivated
rear surface cell.
(3) Analysis for improvement of conversion efficiencies
The effect of the annealing of the silicon oxide layer in hydrogen was evaluated by the
measurement of the interface trap level density (Du). For samples formed by the thermal
oxidation of silicon substrate at 800°C, the capacitance-voltage (C-V) characteristics were
measured using the gate electrode of mercury contacted to the oxide. Table 4 shows Dit
value for the sample annealed in hydrogen in comparison with not annealed. It became
clear that Dit was decreased to a quarter by the annealing in hydrogen.
Future Tasks
From the maximum values of I-V characteristics (Jsc=41mA/cm2, Voc=682mV, FF=0.802),
it is considered that the essential techniques reach the level for a conversion efficiency of 22%.
In the future, we should carry out the development of the following techniques for each

parameter of the I-V characteristics and achieve a conversion efficiency of 24%.
(1) Voc
Formation techniques of pc-Si:H films within the electrical contact holes to reduce the re
combination velocity of the interface between the aluminum electrode and the substrate
for the passivated rear surface cells.
Optimization of the depositing conditions of jic-Si:H films to improve the film quality.
(2) Jsc
Double layer ARC to reduce the surface reflectance.
Optimization of the total structure of ARC layer / oxide passivation layer / p-n junction.
(3) FF
Optimization of the patterns of the front grid.
Optimization of the hole patterns of the rear surface oxide.
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Table 1. Relation between oxidation time and I-V characteristics
Oxidation Time (min)

Jsc(mA/cm2)

Voc(mV)

FF

Eff(%)

15

40.2

649

0.790

20.6

60

40.2

664

0.785

21.0

240

40.2

660

0.789

20.9

Table 2. Anti-reflection coating (ARC)
Single Layer ARC

Double Layer ARC

Material

SiN

MgFz/TiOz

Refractive Index [X=633nm]

1.8

1.4/2.2

Thickness (nm)

85

120 / 50

Table 3. I-V Characteristics of high efficiency cells (cell size : 5 x 5 cm2)
Rear Structure

Pb

ARC

Jsc

Voc

FF

Eff

Heterojunction

(£1 • cm)
2

SiN

(mA/cm2)
40.5

(mV)
669

0.790

(%)
21.4

Passivated

0.5

SiN

39.4

680

0.778

20.8

Surface

2

SiN

40.2

658

0.750

19.8

Table 4. Dit values
Annealing in Hydrogen

Dit (cm-2'eV-i)

Performed

2 x 1011

Not Performed

8 x 10"
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Research on Ultra-High-Efficiency Single-Crystalline Silicon Solar Cells

MineoTATSUTA
New Energy and Industrial Technology
Development Organization (NEDO)
Objectives
The aim of this research is to develop elementary processes to fabricate 2x2 cm singlecrystalline silicon solar cells with an ultra-high efficiency of exceeding 25% by the end of FY
1996.
Work Program
1. Cell design and fabrication of highly-efficient light-trapping structure with thin substrates
Design optimization of a cell is carried out by 2- and 3- dimensional computer
simulation and numerical analysis. In addition, passivation processes for suppressing
carrier recombination at the cell surface and reduction of bulk-lifetime degradation are
examined.
2. Emitter fabrication with wide band-gap materials
Application of wide band-gap materials to the cell emitter is studied for improving opencircuit voltage of a solar cell. Process conditions for depositing pc-Si films by plasmaCVD to form a high quality contact at Si-metal contacts are studied extensively.
3. Contact formation for high open-circuit voltage
The improvement of open-circuit voltage of a cell by utilizing the difference in the workfunction of contact and electrode materials in Metal-(Oxide)-Semiconductor system is studied.
Summary (1987^19951
1. Up to FY 1993
To achieve higher conversion efficiency in single-crystalline silicon solar cells,
preliminary studies on cell structures, hydrogen passivation, iso-hetero-junction formation
were carried out from FY 1987 to FY 1988. Conversion efficiency as high as 20.5 % for a
small area single-crystalline silicon cells was obtained in FY 1988. Anisotropic etching
were studied for realizing corrugated cell structures and the basic technologies for fabricating
light-trapping structures were established in FY 1989. Oxide passivation process and BSF
fabrication process capable of maintaining a high effective lifetime were established in FY
1991. By combining these technologies, an open-circuit voltage as high as 667 mV was
obtained in FY 1992.
In FY 1993, the new program has started to develop fundamental processes for
achieving an ultra-high efficiency of 25% in single-crystalline silicon solar cells. The
possibility of suppressing the light reflection at the cell surface with nano-grooves was
shown for better light absorption. Carrier recombination mechanisms at the Si-SiC>2
interface were studied and the oxidation process conditions were refined. The open-circuit
voltage has been improved up to 697 mV.
In FY 1994, suppression of carrier recombination at the cell surface with field-effect
surface passivation are studied including computer analyses on cell characteristics to improve
the open-circuit voltage. For reduction of carrier recombination at the Si-metal contact, |icSi is formed at the interface, and the cell characteristics are investigated. The reduction of
the carrier recombination at the Si-metal interface by the control of work function of different
metals is also examined.
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2. For FY 1995
(1) Cell design and fabrication of highly-efficient light-trapping structure with thin substrates
(a) Analysis of series resistance by current crowding
For Si solar cells with nYp junction, the reduction of n+ emitter resistance for
large open-circuit voltage and for large fill factor must compete with increase of the
carrier recombination which causes a degradation of the cell performance. For a cell
with double emitter which consist of n+ and n"1"1" layers, the region with large impurity
concentration has small carrier lifetime. Because of this feature, the restriction of n"1"1"
emitter is effective for the improvement of cell performance. However, this reduction
of high concentration area causes increase of series resistance. To analyze this effect,
we developed a formula with which series resistance of cells with line emitter or point
emitter are compared.
It was found that power loss of cells with line n*" emitter stays at small values
even if the contact pitch increases to 600 pm, and the power loss can be controlled in a
sufficiently small values. Because of this, cells fabricated after this analysis employed
a point-contact, line-n^-emitter and flat-n+-emitter.
(b) High lifetime process
To fabricate a light-trapping structure of inverted pyramid as shown in Fig. 1,
fabrication of mask oxidation layer under high temperature for long time of period is
required. To fabricate this without degradation of the bulk lifetime, development of a
clean process with optimized thermal profile must be developed. This process must
also satisfy high passivation quality.
Bulk lifetime change in cell fabrication process is shown in Fig. 2. After
passivation oxidation which is carried out at the end of the all high temperature
treatment, the bulk lifetime is maintained 70% of the initial value.
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Fig. 1. Schematic diagram of a lighttrapping structure cell with local p+ BSF.

Passivation Oxidi

2nd Mask oxidation n+diffusion

Fig. 2.
Bulk lifetime change in
cell fabrication process.
(substrate:FZ,p,l Ocm)

(c) Optimization of rear contact pitch
For the rear contact, optimization of the balance between contact resistance loss
and carrier recombination loss at rear contact must be considered in addition to the front
■ emitter optimization. As a standard rear structure, local contact of A1 electrode
through contact hole opened in the rear passivation oxide layer was employed. The
cell performance was calculated as a function of contact pitch and substrate resistivity.
The optimum point lies at the contact pitch of 600 pm independent of substrate
resistivity. The maximum performance was obtained for 0.5 Qcm substrate. In cell
fabrication, structure with parameters around these optimum points was employed.
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The tendency of the contact pitch dependence on cell performance coincided with that of
the calculated values.
== l-v CURVE ChJSSl
(d) Fabrication of high open-circuit voltage cell
tWO. I
The developed cell fabrication process
described above is applied to cells with rear
local p+ shown in Fig. 1. The results are
'1ST!
shown in Fig. 3 and Fig. 4. The cell
«:»». ih.1
structure used in this fabrication employs a
CuT’vel. «• *.».
line n** emitter which can reduce contact area
JQA
with sufficiently small series resistance.
The resultant open-circuit voltage is
682.6 mV, and the fill factor is 0.817.
Fig. 3. I-V characteristics of a cell with
rearlocaSESs.v*as«
The cell efficiency is 21.9%. The spectral
— 0.7
response is compared with a cell which has
5 0.6
Al-alloy p+ layer on the entire rear surface
| 0.5
in Fig. 4.
The response in longer 10.4
wavelength
region
shows
large to
a. 0.3
improvement because of restricted rear
S 02
contact area and advanced light trapping
10.1
CO
structure.
0
In the fabrication of p+ layer, PEN
(pyrditic boron nitride) is used To clarify Fig 4 Spectral response of a cell with
the effect of this p layer, cells with and rear local p+ and light trapping structure,
without these layers were fabricated. The
open-circuit voltage, short-circuit current, and fill factor were larger than those of cells
without p+ layer. The resultant cell efficiencies were about 21%.

(2) Emitter fabrication with wide band-gap materials
To reduce the recombination loss and to obtain further improvement in opencircuit voltage, it is important to suppress carrier recombination at the contact area as
well as the cell surface. The application of p+ layer described in above section is one
of the solutions. Another candidate is a wide band-gap material which would reduce
the recombination at metal contact interface effectively by the band offset between the
substrate and the wide-gap material. In this experiment, application of micro
crystalline silicon (pc-Si) was examined. This pc-Si is fabricated by plasma CVD
after the growth of surface passivation oxide. It has been confirmed that phosphorous
doped n-type pc-Si layer can be applied to the contact by the experiments in the last
year. However, it is well known that the fabrication of low resistivity p-type pc-Si
layer is difficult since the deposition condition is limited in very small range. In this
investigation, we developed a deposition condition of low resistivity p-type pc-Si layer
by using VHF plasma CVD method whose discharge frequency is higher than normal
plasma CVD. The resultant pc-Si layer showed resistivity of 1 Qcm'1 under the
condition of SiH4:H2=l:50 at 100 MHz. Depositing pc-Si layer at 13.56 MHz, which
is a normal plasma CVD condition, pc-Si layer could not be obtained. Applying this
method, the cell showed equivalent performance with the boron diffused p+ layer.
(3) Contact formation for high open-circuit voltage
To investigate the possibility to improve open-circuit voltage by work function
controlled contact, it is very important to control the interface condition between the
contact metal and the cell contact region. As a pre-examination of work function
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control, field effect control was examined which simulate the work function difference
of silicon and metal at Si-insulator-metal interface by applying voltage to the rear
surface independent of rear electrode. To do this, it is required to fabricate a
independent rear electrode (field effect electrode) with little shunt current to the rear
contact However, the field effect electrode area is very large, and it is impossible to
avoid the formation of pinholes on the rear oxide. To avoid this, rear metal patterning
process with Cr metal mask was developed. This process enables pinhole-free Siinsulator-metal interface was fabricated. This process is being applied to the field
effect electrode to investigate the spectral response dependence on band bending at the
cell edge.
To investigate the work function control effect, chemical condition and electric
potential at the contact must be clarified. X-ray photoelectron spectroscopy (XPS) has
been introduced. Using this method, fabrication of metal layer in ultra-high vacuum and
in-situ characterization of electric potential of its surface was enabled.
Future Tasks
Conversion efficiency of 21.2 % with open-circuit voltage of 683 mV and short-circuit
current of 38.0 mA/cm2 for a small area inverted pyramid structure cell was obtained. The fill
factor was 0.817 which is limited because of thin electrode. The open-circuit voltage is
degraded about 15 mV compared to the flat surface cell. This is because of the enlarged
surface recombination velocity with inverted pyramid structure. Fabricating thick electrode
and efficient passivation layer at the inverted pyramid surface, fill factor and open-circuit
voltage will be improved. The short-circuit current has space to improve 2 to 3 mA/cm2 by
improving bulk lifetime and by applying double AR coating. In addition, further development
of hetero-contact characteristics and contact structure where the difference in work function will
give improvement in conversion efficiency.

- 108-

High-efficiency III-V tandem solar cells

Mineo TATSUTA
New Energy and Industrial Technology Development Organization (NEDO)

Objectives
Development of tandem-structure solar cells with 35% efficiency (AMI.5 Isun, cell size:lcm2) consisting of
AIGaAs, GaAs and Si cells by using growth techniques of MBE (molecular beam epitaxy) anchor GSMBE (gassource MBE).

Work Program
Tasks to improve single-junction solar cells include:
- reduction in carrier recombination loss at the heterointerface in the cell by introducing phosphorus related materials
grown by gas-source MBE (GSMBE),
- improvement of cell-fabrication process by eliminating process damage on the surface of device,
Tasks to develop techniques to couple two cells and fabricate tandem cells are:
- improvement of crystal quality of GaAs grown on Si substrate,
- fabrication and evaluation of tunnel junction to combine single-junction cells of lattice-matched material system,
- study on mechanical-stacked tandem cell consisting of thin-film cell formed by epitaxial lift-off technique.

Summary

G990-1995)

1. Up to FY 1994
Up to FY 1992, the first term of this project, issues for achieving high-efficiency tandem cell had been made clear.
As for single junction cell made of AlxGa1.xAs material system, design and growth techniques of solar cells were
investigated. By these techniques, a cell with internal quantum efficiency comparable to the world highest value was
obtained. As for heteroepitaxy of III-V materials on Si, problems caused by mismatch in lattice constant and thermal
expansion were clarified Based on these knowledge, a mechanical stack structure was taken instead of the
heteroepitaxial structure to develop a tandem cell consisting of lattice mismatched materials. On stacking GaAs cell
on a Si cell, a thin film GaAs cell released from the substrate is desirable to realize high efficiency and low cost
tandem cells, hence ELO(epitaxial liftoff) technique was studied to separate active region from the substrate. It has
been showed that a degradation in photoluminescence of GaAs/AlGaAs DH structure was small after the thinning
process by ELO process. Tunnel junction connecting top and middle cells was also studied and obtained a tunneling
peak current sufficient for low-loss connection. Furthermore, GSMBE being expected to offer low cost and precise
growth of solar cells has been examined and the apparatus has been put in working order.
2. For FY 1995
(1) Development of tandem solar cell consisting of lattice-matched material system
Tunnel diodes were fabricated and the effect of thermal annealing on the tunneling characteristics has been
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investigated. The highest peak current in our samples is 5.3 A/cm2 (fig. 1) at as-grown state. Figure 2 shows the effect
of thermal annealing of 2 hours corresponding to the time for growing atop cell on the tunnel diode. A peak current
of 1.8A/cm2at as-grown state decreased to 0.71A/cm2 after annealing at 62013. After an annealing at higher
temperatures than 65013, tunneling characteristics was lost. Therefore, persistence of tunnel diode in thermal
annealing should be improved or a material, which can be grown at lower temperature, such as InGaP for top-cell
should be adopted.
as grown
Ioeak = 1.8 A/cm2
Ioeak = 5.3 A/cm^

Ipeak =0.71 A/cm

150pm x 150pm

80 pm x 80 pm

E

0.0

Vf (V)

Fig. 1

Vf (V)

I-V characteristics of tunnel junction.

Fig. 2

Tunneling characteristics after annealing.

(2) Development of tandem solar cell consisting of lattice-mismatched material system
Thin-film GaAs cell were fabricated by ELO technique. N-on-pGaAs cells with InGaP-window layer were grown
by GSMBE and lifted-off by selective etching of AlAs-release layer (fig. 3 left). After thinning to a thickness of about
4pm including active layer, buffer and contact layers, Pt/Au was deposited as a back contact. Finally, thin-film cell
was fixed on a glass substrate by transparent adhesive(fig. 3 right).
surface electrode

cell size: 5mm X 5mm

n InGaP window 30 nm
fa InGaP window 3Q nm

n GaAs emitter 0.1 pm

n GaAs emitter 0.1 pm
p GaAs base
p AlGaAs BSF

p GaAs base
0.1 pm
p AlGaAs BSF

p+GaAs buffer/contact layer 0.2 pm

p+ GaAs

Buffer Layer

Q.5 urn

■AlAs release layer
0.01 pm

p+ GaAs buffer/contact layer 0.2 pm

glass substrate
p GaAs substrate

Fig. 3

electrode
— Pt/Au

Cross sectional schematics of GaAs cell before and after ELO process.

adhesive

Measurement of I-V characteristics was carried out on a same sample before ELO, after ELO and after AR-coating
(figs. 4, 5, 6). A GaAs cell with initial efficiency of 14.6% has decreased its performance after the ELO process to
an efficiency of 11.6%. Finally by coating AR-film, efficiency of 17.0% was obtained. The degradation in efficiency
after ELO should be attributed to a decrease in fill factor(FF) due to a contact resistance at a testing probe placed on
temporal electrode of backside contact, because FF recovered substantially after AR-coating by making reliable
electrode. Open circuit voltage Voc has not affected much and short circuit current density Jsc has slightly increased.
Figure 7 shows spectral responses for before and after ELO. Difference between the both cases is negligible. As a
result, the ELO process has proved not to bring serious damage on a thin-film cell.
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GaAs cell with anti-reflection(AR) coating.

Spectral responses of GaAs cell before and after
ELO process.

(3) Reduction of recombination loss in the bulk and at the surface
InGaP has been reported to form a high-quality heterointerface with GaAs compared to that AlGaAs does with
GaAs. Hence, photoluminescence of InGaP/GaAs/InGaP double-hetero(DH) structure as shown in fig. 8 was
investigated to measure the quality of heterointerface. In this DH structure, apeak has emerged at lower energy to the
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GaAs interband transition as shown in the upper figure in fig. 9. This should be caused by the formation of InGaAsP
interfacial layer with a smaller bandgap than GaAs. By introducing GaP layer to the heterointerface, the low-energy
peak disappeared(fig. 9). However, at low temperature of 2K, a broad peak was found at slightly lower energy to GaAs
exciton peak suggesting that imperfectness still remains at the interface(fig. 10).
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Fig. 9 PL spectra of InGaP/GaAs/InGaP

DH-structure.

Fig. 10

PL spectra of GaAs

DH structures (77K).

DH

structures

(2K).

Based on the PL characteristics of InGaP/GaAs/(InGaP or AlGaAs) DH structures, solar cell structures were
determined, and the growth of GaAs cell with InGaP-window layer was carried out by GSMBE. The cell structures
with InGaP or AlGaAs BSF layer and their performances of GaAs cells are summarized in table 1. Although the
AlGaAs-BSF cell shows somewhat larger spectral response in some wavelength band than InGaP-BSF cell, the
difference between samples is not so large. Voc has the largest value for the AlGaAs-BSF cell, and efficiency is the
highest for this structure. This result suggests that the imperfectness in the GaAs/InGaP interface should affect the
performance of GaAs cell. To clarify the effect of interface quality on the cell performance, further investigation is
required.

Table 1

I-V characteristics of GaAs cells with InGaP window layer grown by GSMBE.
structure
Jsc (mA)
Voc (V)
FF
(window/active/BSF)

n(%)

0)

InGaP/GaAs/InGaP

0.99

24.39

0.72

17.4

(II)

InGaP/GaAs/AlGaAs

1.02

24.56

0.78

19.4

1.03

24.61

0.80

20.3

(II)' InGaP/GaAs/AlGaAs//AlAs

Future Tasks
(1)

Development of thin-film tandem cell with 2-junction and 2-terminal by ELO technique.

(2)

Development of tandem cell by combining of the thin-film tandem cell and Si cell.
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Basic Research on Compound Semiconductor Solar Cell
Mineo TATSUTA
New Energy & Industrial Technology Development Organization (NEDO)
Objectives
The objectives of the present research are to develop fundamental technologies for
high-efficient single junction cells, antireflective coating, GaAs on Ge heteroepitaxial growth
and

to realize a super-high efficiency of 35% with an AlGaAs/GaAs/Ge multigap solar cell

by the end of FY 1996.
Work Program
1. Technology for high-efficient single junction solar cells
Epitaxial growth condition for high quality AlGaAs layer is studied in order to improve
solar cell performance for an AlGaAs solar cell.
2. Technology for surface treatment
Structure for a MgF%/ZnS double layer antireflective coating is optimized considering an
oxide layer on the surface of AlGaAs window layer.
3. Technology for multigap solar cell
Basic study on a buffer layer for high quality GaAs epitaxial layer on Ge substrate is
made, and solar cell performance for fabricated GaAs solar cell is evaluated.

Summary/1990-19951
1. Up to FY 1994
(1) Fundamental and conceptual design for a super-high efficient solar cell was performed.
Considering both cell fabricating process and future production cost, an AlGaAs/GaAs/Ge
multigap solar cell was proposed, and a calculated efficiency of 40.6% was obtained for the
cell.
(2) In order to improve the minority carrier lifetime of the emitter and base layers for AlGaAs
solar cell, a new type p-AlGaAs/p'-AlGaAs/n'-AJGaAs/n-AlGaAs structure was developed,
and a 1-sun, AMI.5 efficiency of 14.0% for Alo.3Gao.7As cell was obtained without
antireflective coating.
(3) Some experiments were made in order to select the most suitable p-type dopant for GaAs
tunnel junction from three elements which were C, Zn and Mg. The experimental results on IV characteristics and SIMS analysis suggested that C was the most suitable p-type dopant for
tunnel junction among the three elements. A tunnel peak current density of 2.4A/cm2 was
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obtained for fabricated p+n+ GaAs diode with 50nm in total thickness.
(4) Structural parameters for a MgF2/ZnS double layer antireflective coating were optimized

by calculation, and the formation technique for each layer was studied. From the experimental
result on the reflectivity measurement of the coating which was formed on AlGaAs layer, it
was confirmed that the reflectivity of the surface was less than 2% within the range of 450nm
to 800nm.
(5) The experimental results concerning AlGaAs solar cell, GaAs solar cell, tunnel junction
and antireflective coating were applied to an AlGaAs/GaAs multigap solar cell design, and the
cells were fabricated.

A

1-sun

AMI.5

efficiency

of 25.2%

for the

fabricated

Alo.36Gao.64As/GaAs multigap solar cell was obtained.
(6) A layer structure for GaAs heteroface solar cell was grown on Ge substrate, and solar cell
performance was evaluated. A 1-sun AMI.5 efficiency of 12% for fabricated cell was obtained
without antireflective coating.
(7) A structure for GaAs/Ge hetero junction solar cell was designed for the purpose of
applying it to the bottom cell for AlGaAs/GaAs/Ge multigap solar cell. A 1-sun AMI.5
efficiency of 2.97% was obtained for the fabricated solar cell without antireflective coating,
and a short circuit current density of 16.4mA/cm2 was obtained within the range of 900nm to
2000nm under AMI.5 condition. This value exceeded the calculated short circuit current
density of 14mA/cm2 for optimized AlGaAs/GaAs multigap solar cell.
2. For FY 1995
(1) AlGaAs solar cell
It is necessary to improve the solar cell performance of the AlGaAs solar cell for the
purpose of realizing a super high efficiency with the multigap solar cell. One of the problems
concerning the AlGaAs solar cell is poor external quantum efficiency at the absorption edge. It
is necessary for increment of the external quantum efficiency to improve the crystal quality of
n-type AlGaAs base layer and that of BSF layer that absorb the light at wavelength of this
region. Especially the n-type AlGaAs BSF layer, doped with Si of relatively high concentration,

had serious problem of poor minority carrier lifetime. This problem deduced to be caused by
deep level concerning doped impurity of Si.
Se, therefore, was selected as new dopant for improvement of the crystalline quality,
and Se-doped AlGaAs layer was evaluated comparing with Si-doped layer. Figure 1 (a) and
(b) show PL (photoluminescence) decay curves of n-type AlGaAs layer doped with Se and
that doped with Si. The doping density was 4X 1016cm"3 or 1 X 1017cm*'\ The former value
corresponds to that of base layer, and the later is almost the same value of BSF layer. No
obvious difference was observed in the PL decay curves for the Se doped layers, but PLdecay-time of the Si-doped layer with high concentration was much shorter than that of the
Si-doped layer with low concentration. This degradation of the PL-decay-time deduced to be
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caused by the increase of crystal point defects which act as hole trap. The role of BSF layer
should be to prevent exited hole at base layer from diffusing toward substrate, but in case of
BSF layer doped with Si of relatively high concentration, hole recombined at this layer or the
interface of BSF and base layers by large amount of crystal defects. Performance of AlGaAs
solar cell was expected to be improved with applying Se-doped layer to its BSF and base
layers.
An Alo.36Gao.64As solar cell was fabricated using Se-doped base and BSF layers, and
solar cell performance was compared with that of a cell using Si-doped base and BSF layers.
The solar cell parameters measured under AMI.5, 100mW/cm2 condition for these cells are
listed in table 1. The open-circuit voltage and the short-circuit current density for the cell using
Se-doped layers were dramatically improved, and about 1.15 times as large intrinsic
conversion efficiency was obtained. Figure 2 shows the external quantum efficiency of the
cells. The external quantum efficiency at the region near the absorption edge of the cell using
Se-doped layers was remarkably increased. Figure 3 shows a result of characterization for the
cell at Japan Quality Assurance Organization (JQA). A high conversion efficiency of 16.5%
was successfully obtained.

Se-doped

Si-doped

• 4x10 cm"
1x10 cm"

• 4x10 cm"
° 1x10 cm"

0

Time (ns)

Time (ns)
(a) Se doped Alo.36Gao.64As
Fig. 1

(b) Si doped Alo.36Gao.64As

PL decay curves of n-type Alo.36Gao.64As layers doped with Se or Si

Table 1. Solar cell parameters for
the Alo.3eGao.64As cells.
Item

Units

V
Jsc mA/cm'2

Voc
FF
T)

%

Se-doped Si-doped
1.37

1.30

14.2

12.8

0.850

0.858

16.5

14.3

Fig. 2.

External quantum efficiency for the Alo.3eGao.64As cells.
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Result of characterization for the Alo.3eGao.64As cell using Se-doped layers at JQA.

(2) GaAs solar cell on Ge substrate
The performance of GaAs solar cell is strongly influenced by crystal quality and
structure of the buffer layer. We selected an Al0.2Gao.gAs buffer layer whose lattice constant is
closer to that of Ge than GaAs, and have been tiying to optimize its growth condition and its
thickness. The performance of GaAs solar cell on this buffer layer has been evaluated, and the
influence of the buffer layer on minority carrier lifetime in base layer has been evaluated.
Table 2 shows the measured solar cell parameters for a GaAs solar cell on Ge substrate
and that on GaAs substrate under AMI.5 condition. A high intrinsic conversion efficiency of
23.51% was obtained for the cell fabricated on Ge substrate, but it was about 90% of that for

the cell on GaAs substrate. The short-circuit current density and fill factor should be improved
to obtain comparable conversion efficiency of the cell on GaAs substrate. Figure 4 shows the
external quantum efficiency of the two cells. A remarkable decrease of the external quantum
efficiency for the cell on Ge substrate was observed at the absorption edge. This decrease
suggested that the minority carrier lifetime was poor in the base layer of the cell on Ge
substrate. The causes of the poor minority carrier lifetime were deduced as follows.
(a) Increase of majority carrier concentration in the base layer for Ge auto doping from the
substrate.
(b) Influence of crystal defects caused by the mismatch of lattice constant or the inter diffusion
of the elements at the interface between the buffer layer and the substrate.
The item (a) was investigated by measuring the carrier concentration in the base layer, and no
evidence for Ge auto doping was obtained. The influence of the interface, then, was
investigated by measuring PL-decay-time for samples which are shown in Figure 5. A GaAs
layer was added between Al0.2Gao.gAs buffer layer and base layer, and the GaAs layers of the
samples varied in thickness from 0pm to 2pm. Figure 6 shows PL decay curves for the
samples. The PL-decay-time was dramatically improved by adding the GaAs layer more than
1 pm in thickness. Performance of GaAs solar cell is expected to be improved with applying
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this structure.
on-GaAs"
in-Ge-

Table 2. Solar cell parameters for
the GaAs solar cells.
Item Units
Voc
V
Jsc mA/cm'2
FF
%
P

on-Ge
1.04
28.37
0.797
23.51

on-GaAs
1.05
29.44
0.844
26.09
300 400 500 600 700 800 900 1000
Wave Length (nm)

Fig. 4.

n-AI0.2Ga0.gAs 5x1017cm"3
n-GaAs 2x1017cm'3

External quantum efficiency of the GaAs solar cells.

0.1 [im
2(im

n-AI0.2Ga0.sAs

5x1017cm"3

0.1 nm

n-GaAs (Buffer)

5x1017cm'3

0~2[j.m

n-AI0.2Ga0.gAs (Buffer)

n-Ge

0123456789 10

sub.

Time (ns)

Fig. 5

Fig.6

Structure of the samples for

PL decay curves of the samples
which are shown in fig. 5.

PL-decay-time measurement.
Future Tasks

(1) Based on both calculating and experimental results on solar cell performance for AlGaAs
and GaAs solar cells, structural parameters for a high efficient AlGaAs/GaAs multigap solar
cell will be optimized.
(2) A structure for AlGaAs/GaAs/Ge multigap solar cell will be studied by applying
fundamental technologies which are AlGaAs solar cell, GaAs solar cell, Ge solar cell, tunnel
junction and antireflective coating.
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Technical Research on Compound Semiconductor Solar Cells
Mineo Tatsuta
New Energy & Industrial Technology Development Organization (NEDO)
Objectives
Objectives of our research are to improve the conversion efficiency of solar cells up to 35% and to
determine problems that need to be solved to develop low-cost crystal growth technology.

Work Programs
According to our theoretical analysis, tandem solar cells with compound semiconductors, such as GaP
or AlGaAs system , and Si cells are expected to have super-high efficiency. We have been developing
epitaxial growth and device process technologies in terms of solar cells. In this report we set three

goals to attain higher efficiency in solar cells: 1) to improve efficiency in cells for HI-V compound
semiconductors, by optimizing epitaxial growth conditions in the safer Metal Organic Chemical Va
por Deposition (MOCVD) method using only organic sources, and by optimizing the cell structure
such as the carrier concentration and thickness of each layer; 2) to do preliminary research on the
mechanically stacking technique as one of the elemental technologies for the fabrication of tandem
solar cells; 3) to apply GalnAs and GaSb to the bottom cell, which has an advantage over Si in the
photo-electric conversion for the long wavelength region due to smaller forbidden gap energies.

Summary (1990-1995)
1. Up to FY1994
We have developed a two-dimensional simulation technique, the epitaxial growth technique to obtain
high quality crystals, the fabrication technique of a single junction cell, and the stacking method of
cells. By the last fiscal year, in the process of the single junction cells we had achieved high conver
sion efficiencies of 18.5% and 23..3% in the GaAsP cell and the GaAs cell, respectively. These results
are obtained through the all organic source MOCVD method. We also confirmed the possibility of a
low optical-loss in the preliminary research on the mechanically stacking technique.

2. For FY 1995
(1) Fabrication of single junction solar cells by the all organic source MOCVD method
(a) GaAs single junction cell
In the previous year, the conversion efficiency of GaAs solar cells fabricated with all organic source
MOCVD was improved up to 23.3% by adopting GalnP as an window layer. This is due to a lower
interface recombination velocity for GalnP than for AlGaAs. Therefore this year we made a target of
improving the characteristics of cells, by adding a BSF (Back Surface Field) layer made of GalnP.
Cell structures were epitaxially grown on GaAs substrates using a vertical low-pressure reactor
of the all organic MOCVD method. We used hydrogen as a carrier gas, triethylgallium (TEG) and
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trimethylaluminum (TMA) as group III materials,
tertiarybutylarsine (TB As) and tertiarybutylphosphine (TBP)

Au/Zn/Au contact

,p -GaAs contact layer
ZnS/MgFz
,/ antireflection coating

da

__p+-GalnP window layer

as group V materials, tetraethylsilane (TeESi) as an n-type

[0.03pm]

p+-GaAs

dopant, and diethylzinc (DEZ) as a p-type dopant. The growth

-[4x101scm"3,0.5pm]
• [2x1017cm"3,3.0pm]

n-GaAs

was carried out at 600°C, the V/m ratio of 4 except for growth

- n+-GainP BSF
[1x1018cm'3,0.1pm]

of Gain? which was 100, and the reactor pressure of 76Torr.

-[600pm]

n -GaAs substrate

The GaAs single junction cell shown in Fig. 1 was fabri

cell area :0.25cm2
contact coverage:7%

Au-Ge-Ni contact

cated with a conventional photo-lithography technique.

Fig. 1 GaAs cell structure.

InGaP employing window and BSF layers has a composi-

tion of 0.5, which is lattice-matched to GaAs. In Table 1 the characteristics of cells with and without
the BSF layer is compared. The cell without the BSF layer was fabricated last year. Though we can not
find out remarkable difference in the conversion efficiency, the open-circuit voltage has improved
with the BSF layer. Figure 2 shows spectral responses of these samples. While the response with the
BSF layer improves in the long wavelength range, the one in the short wavelength range deteriorates.
This probably originates from that a carrier concentration in the emitter of the p-GaAs layer is higher
than that of designed. Hence, it would be possible to
improve the conversion efficiency by optimizing the car
rier concentration in the emitter layer.
Table 1 Characteristics of GaAs cells.
Voc

Jsc

(V)

(mA/cm2)

without BSF

1.02

with BSF

1.04

FF

n
(%)

26.9

0.843

23.3

26.4

0.845

23.2

500

700

Wavelength (nm)
Fig. 2 Spectral responses of GaAs cells.

(b) GaP single junction cells
Preliminary we examined the formation of a pn junction by two non-MOCVD methods: One is
diffusing Zn atoms into an n-type GaP substrate and the other is processing an LPE (Liquid Phase
Epitaxy) single crystal for LED. At present, single junction cells have been formed using all organic
MOCVD method. The cell structure shown in Fig. 3 was epitaxially grown and processed as same as
the fabrication of GaAs cells above. Growth was carried out at temperature from 600°C to 650°C, the
V/IH ratio of 20, and the reactor pressure of 76Torr. In Table 2 the obtained characteristics for this
■ Au/Zn/Au contact

Table 2 Characteristics of GaP cells.
p+-GaP

------ [2-4x1016cm-3,0.5nm]

Voc (V)
n-GaP

— [1-3x1017cnr3,1.5pm]

all organic
MOCVD

n -GaP substrate

cell area :0.25cm2
contact coverage:7%

Au-Ge-Ni contact

Fig. 3 GaP cell structure.

Zn diffusion

Jsc
(mA/cm2)

FF

■n
(%)

diffusion length diffusion length
of player (pm)

of n layer (pm)

1.42

0.43

0.809

0.50

0.22

0.42

0.96

1.1

0.584

0.64

0.27

0.19

1.85

4.0

LPE

1.59

2.1

0.855

2.9

(with ARC)

(1.59)

(3.0)

(0.878)

(4.2)
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sample is compared with previous results of Zn-diffused and LPE methods. While the open-circuit
voltage and FF are fairly suitable values, the short-circuit current is very low; furthermore the conver
sion efficiency (without an window layer and an antireflection coating) is as low as 0.5%. Note that
the characteristics of this cell is independent of growth temperatures. As shown in Table 2 the diffu
sion length of a minority carrier was estimated from the EBIC (Electron Beam induced Current)
method performed with a scanning electron microscopy. The diffusion length by all organic source
MOCVD method is lower than that of LPE method by one order of magnitude. This seems to origi
nate from the imperfection of the GaP crystal.

(2) Development of the fabrication technique for tandem solar cells
(a) Development of the fabrication technique for GaAs/Si tandem solar cells by the mechani
cally stacking technique
We examined the basics of the mechanically stacking technique which was one of the important el
emental technologies for forming tandem solar cells. Last year the GaAs substrate which had a front
electrode and an antireflection coating (no back electrodes were formed; GaAs dummy cell) was
stacked on the Si cell, and the effect on the characteristics of the Si cell was examined. As a result, we
found that the optical transmission is 60 to 70% in longer wavelengths over 870nm in which the Si cell
should play a dominant role. This year we have examined the optical transmission dependence on the
carrier concentration of GaAs dummy cells. The Si cell was characterized as schematically shown in
Fig. 4. The short-circuit current(Jsc) of the Si bottom cell for the carrier concentration of the GaAs
dummy cell is plotted in Fig. 5. The thickness for all GaAs dummy cells used here is 350p.m. With
decreasing the carrier concentration, the current den
sity increases owing to the enhanced optical transmis
sion into the Si cell. Figure 6 shows characteristics of
spectral responses for the Si cell on which the GaAs
dummy cell with the lowest carrier concentration of

Fig. 4 Schematic diagram of mechanically
stacking experiments.

2.5xl017cm'3 was stacked. In the long wavelength range
optical transmission as high as 80% was obtained; how
ever, the conversion efficiency of Si cell under the GaAs
dummy cell is quite low as 1.5%. Thus, it is necessary
to improve the quantum efficiency in the long wave
length range for the Si cell.
For the tandem solar cell by the mechanically
stacking method, unlike conventional solar cells, it is
necessary to form "stripe and fingers" shaped electrodes
on both back surface and front surface, in order to in
crease the optical transmission to the bottom cell. For
clarifying the effect of the pattern for the back elec
trode of the top GaAs cell and the effect of the previ-

1x1017

1x1019

Carrier concentration of GaAs Sub. (cm-3)
Fig. 5 Short-circuit current of Si bottom cell as a
function of carrier concentration of GaAs dummy
cells.
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1x1018

ously mentioned low carrier concentration of the substrate, top GaAs cells with two types of back
electrodes were formed; a stripe and fingers electrode, and a conventional entire surface electrode.
The carrier concentration of the substrate formed the stripe
without GaAs Sub.

and fingers was set lower than that of the entire surface
electrode by one order of magnitude. As shown in Table

under GaAs Sub.

3, either cell has a similar property. In other words, nei
ther the stripe and fingers of the back electrode nor the
lower carrier concentration of the substrate causes degra
dation to cell properties.

0.2

-

Table 3 Characteristics of GaAs cells.
Voc

(V)
stripe and
1.02
fingers electrode
entire surface
electrode

1.02

Jsc
(mA/cm2)

FF

n
(%)

25.1

0.86

22.1

25.3

0.86

22.2

100

1000

1100

1200

Wavelength (nm)
Fig. 6 Spectral responses of the Si cell under
the GaAs dummy cell with the lowest carrier
concentration of 2.5xlOl7cnr3.

(b) Investigation on GaSb bottom cells
GaSb and GainAs, which excel Si in effectively absorb
ing the solar spectrum in the long wavelength range, are
major candidates for the bottom cell. This is the result of

Au/Zn/Au

p-GaSb emitter

-ZnS/MgFzAR-coat
—(Zn diffusion layer, -0.2pm)

TedopedGaSb -

-(n: 5x1017cm 3)

their smaller bandgap energies.
In order to fabricate GaSb cells, Zn as a p-type dopant
was thermally diffused into an n-type GaSb substrate
(5xl017cm"3) and thereby the pn junction was formed. After

Au-Ge-Ni

Fig. 7 GaSb cell structure.

Table 4 Characteristics of GaSb ceil.

the formation of electrodes followed by a mesa-etching,

Voc

the cell structure was optimized by adjusting the depth of

(V)

the pn junction with the etching. A cross section of GaSb
cell structure is shown in Fig. 7. Table 4 indicates charac

Jsc
(mA/cm2)

FF

Tl
(%)

36.7

0.51

6.3

18.0

0.50

2.3

without GaAs
0.34
dummy cell
under GaAs
0.26
dummy cell

teristics of two types of cells; the GaSb cell alone and the
GaSb cell on which the GaAs dummy cell is stacked. Since
the bandgap is narrow so that a leak current easily occurs,

without GaAs sub.

the open-circuit voltage is low. The conversion efficiency
of 2.3%, however, is larger than that of the Si cell under
the GaAs dummy cell (n-type of 2.5xl017cm3). Figure 8
shows spectral responses of the GaSb cell with and with

under GaAs sub.

out GaAs dummy cell on it. By and large, the external
quantum efficiency is not remarkably so high, but spec
tral responses in the long wavelength range are improved

1000

1400

1800

Wavelength (nm)

in comparison with Si cells.

Fig. 8 Spectral responses of GaSb cell.
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(c) Investigation on GalnAs bottom cells
A structure of fabricated GalnAs cell is shown in Fig. 9. Epitaxial thin films for cells were grown by
the conventional MOCVD method with arsine and phos-

ji/Pd/Au contact

GalnAs contact layer

phine as a group V source, but not with the all organic

/ ZnS/MgFz AR-coat

source MOCVD method. Cell characteristics are shown

n-lnP window

- [1x1018cm"3,O.OSjim]

in Table 5. While the open-circuit voltage is low, the short-

n-GalnAs emitter

- [1x1018cm"3,0.4nm]

circuit current density is high and the conversion effi

p-GalnAs base

- [4x1017cm"3,3.0nm]

ciency shows 10.0%. Even under the GaAs dummy cell

p-lnP BSF& buffer

the conversion efficiency attains 3.4% which is better

p-lnP sub.
-Au/Zn/Au contact

than that of GaSb. In Fig. 10 spectral responses of GalnAs

Fig. 9 GalnAs cell structure.

cells are shown with and without the stacking GaAs
dummy cell (n-type of 2.5xl017cm"3). Alow optical-loss

.without
GaAs sub.

sample is obtained by the mechanically stacking method.
We observed spectral responses up to the long wavelength

under
GaAs sub.

of 1700nm, which is superior to that of Si cells.
Table 5 Characteristics of GalnAs cell.
Voc
without GaAs
dummy cell
under GaAs
dummy cell

(V)

Jsc
(mA/cm2)

FF

0.37

43.6

0.62

10.0

0.32

19.8

0.54

3.4

n

0.2

(%)

-

1000

1400

1800

Wavelength (nm)
Fig. 10 Spectral responses of GalnAs cell.

(3) Future Tasks
We will make further efforts to improve the conversion efficiency through optimization of the struc
ture of each compound semiconductor cell constituting the tandem solar cells as well as by developing
the high-quality epitaxial growth technology using the all organic source MOCVD. Also, we will
further develop the elemental technologies such as mechanically stacking and metal interconnecting
techniques for tandem cell formation to provide super-high efficiency.
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High-Efficiency III-V Tandem Solar Cells

MineoTATSUTA
New Energy & Industrial Technology
Development Organization (NEDO)
Objectives
The objective of this research is to develop a super- high efficiency 2-junction or 3-junction tandem
solar cell by using

InGaP as the top-cell material. The target efficiency in FY (fiscal year) 1996 is

35 %.
Work Program
1. Development of InGaP cell
Top-cell is the most important issue for achievement of the target. Therefore at first the fabrication
process and the structure of InGaP solar cell were developed.
2. Development of inter-connects between sub-cells
Structures of tunnel junctions for interconnect between sub-cells are being examined. Mechanically
stack technique will be also developed.
3. Development of tandem cells
Integrating high efficiency sub-cells and high-performance interconnects, tandem cells are
developed. A monolithic InGaP/GaAs tandem cells are improved, which will be then mechnically
stacked on Si cells to achieve three-junction tandem cells with expected efficiency of over 35%.
Summary
1. Up to FY 1994
High efficiency InGaP solar-cells and GaAs tunnel junctions were developed on GaAs substrates,
which were integrated to develop the InGaP/GaAs tandem solar-cells. The best tandem cell showed
high efficiency of 27.3%. However, an abnormally large diffusion of zinc(Zn), which was used for
the p-dopants, was observed

in the back-surface-field layer of the top-cell. This Zn diffusion

significantly reduced the quantum efficiency of the top-cells. Because this abnormal diffusion of Zn
was not observed for the single junction InGaP cells, this phenomenon was considered to be related to
the existence of the GaAs tunnel junction.2
2. For FY 1995
(1) Study of the top-cell BSF layer structure
Various structures were examined for the top-cell BSF layer. It was found that insertion of a very
thin AllnP layer into tire p+ InGaP BSF layer worked as a stopper against the Zn diffusion. When this
structure was applied to the tandem cell, however, the fill-factor was unexpectedly reduced while the
short-circuit current was improved a little.
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(2) Study of the structure of GaAs bottom-cells
The carrier concentration and the thickness of the base-layer of GaAs cell were examined for the
purpose of improving the quantum efficiency of the bottom-cell. However as far as these experiments
were concerned no progresses in the quantum efficiency or the short-circuit current were observed.
Also there was no systematic correlations between the base-layer parameters and the open-circuit
voltage. The material of the BSF layer and the structure of the emitter must be also studied.
(3) Development of InGaP tunnel diodes
InGaP tunnel diodes were developed as the inter-connects for

tandem-cells. Sandwitching the

InGaP tunnel junction between two AllnP layers and increasing the doping concentrations, high peak
currents over 300 mA/cm2 were realized, as shown in Fig.l and Tab.l, which was thought to be
sufficient for the use of tandem solar-cells. Moreover this tunnel junction was found to be effective in
reducing the Zn diffusion.
Tab. 1

n++
(cm*3)

P++
(cm-3)

DH

annealing
temp. CC)

IP
(mA/cm2)

Rs
(Gem2)

InGaP

1 x 1019

5 x 10"

no

700

5

>3

'95

InGaP

1 x 1019

5 x 10"

AllnP

700

125

0.60

'95

InGaP

1 x 1019

AllnP

700

120-130

0.2-0.4

'95

InGaP

1 x 1019

8 x 10"

AllnP

700

300

0.05

o.

'94

00
X

year material

Structure and characteristics of InGaP tunnel junctions

300

VOLTAGE (V)

Fig.1 l-V characteristics of an InGaP tunnel junction
(4) Progress of GaAs tunnel diodes
The GaAs tunnel diodes were also re-examined for the alternative for the inter-connect of tandem
solar cells. Increasing the doping concentrations, very high tunnel peak currents over 10 A/cm2 were
obtained. However, because high temparature annealing reduced

the peak-current so rapidly,

it

might be not applicable to the inter-connect between the middle- and bottom-cells for triple-junction
tandem cells.
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(5) Improvement of InGaP/GaAs tandem cells
The InGaP tunnel diodes mentioned above was applied to InGaP/GaAs tandem cells. The growth
temparature of the top-cell was increased from 650 T) to 700%% In this new version of InGaP/GaAs
tandem cells, whose structure is shown in Fig.2, the abnormal diffusion of Zn in the base and BSF
layers of the top-cell was significantly supressed, and the quantum efficiency of the top-cell was
improved as shown in Fig.3. As the result the short-circuit current was enhanced. The open-circuit
voltage was also increased, possibly because the back-surface recombination rate of the minority
carrier was reduced for the top-cell. As shown in Tab.2, the conversion efficiency was increased up
to 29.7%, which was more than 2% higher than that obtained in the previous year.

n+Alinr
IT** InGaP
top-cell

window

emitter

0.05 pm

p InGaP base

0.5 - 0.7pm

$BSF layer ftp •nnGaP/p AllnP

^ Q.05 pm -g

|gr.,»nnellUnc,brloo5,m
lw.Wo.05 jun

n+AllnP

n *GaAs
p GaAs

emitter
base

0.1 pm
3jim

mumpmii

p+InGaP
P-GaAs
GaAs substrate

Fig.2 Structure of new InGaP/GaAs tandem cells

Fig.3 Improvement of quantum efficiency by InGaP
tunnel junction

Tab.2
year

1994

Improvement of InGaP/GaAs tandem cell
area
(cm2)

top-cell
tunnel
emitter

1

0.05 pm
1996

1

base

BSF

0.7 pm

InGaP
0.5 pm

0.5 pm
0.55 pm

GaAs

InGaP/AlInP
InGaP
0.05pm
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FF

eff

(V)

Isc
(mA/cm2)

(%)

(%)

JQA

2.418

13.16

85.8

27.3

JQA

2.459

13.69

87.0

29.3

NREL

2.458

13.97

85.7

29.7

J Energy

2.456

14.02

88.6

30.5

measure

Voc

(6) InGaP/GaAs tandem cells with GaAs tunnel diodes
InGaP/GaAs tandem cells were fabricated with the improved GaAs tunnel diodes. These cells
showed low fill-factor (FF)'s. The uniformity of FF was also poor. These phenomena were studied by
the dark-current measurement, observation of electro-luminescence distribution, computer simulation,

and so on. It was found that the reduction of FF was due to appearance of some kind of leakage
current paths in the top-cell. Such phenomena are not observed for InGaP/GaAs tandem cells with
InGaP tunnel diodes.
Future Tasks
In FY 1996, in order to achieve the final target, the efficiency of 35%, the InGaP/GaAs tandem cells
will be improved and the triple-junction InGaP/GaAs/Si tandem solar cells will be developed. For the
bottom-cell of the triple-junction cell, the Ge cell or the InGaAs cell, the band-gaps of which are
narrower than that of Si, will be also examined for alternatives.

- 126 -

Research on compound semiconductor solar cells
Mineo TATSUTA
New Energy and Industrial Technology Development Organization (NEDO)
Objectives
The objective of our research is to develop superlattice-type solar cell technology to fabricate
high conversion efficiency compound semiconductor solar cells on Si substrates. (>35% at the end
of FY1996)
Work Programs
(1) Solar cells embedded with microcrystallite or columnar-crystallite layers with the droplet epitaxy
technique, quantum barriers and quantum wells are to be fabricated in order to characterize the
effects of inserting these layers and to obtain a guiding principle to improve their conversion
efficiencies.
(2) The characteristics of cells using type-II system of InALAs/InP are to be improved.
(3) The quality of GaAs on Si cells are to be improved for the final fabrication of the

superlattice-type cells on the Si substrates.
Summary
1. Up to FY 1994
We started our research with the development of basic epitaxy technology for the growth of high
quality superlattice layers. As a next stage, a fundamental research of droplet epitaxy was started to
realize the columnar-crystallite embedded structures which is equivalent to the lateral superlattice
structure. This technology was proceeded and controlling the size of the crystallites and doping
impurities became possible. The research of the InAlAs/InP heterojuction cells have been also
promoted, and they proved to be superior to InP homojunction cells. As a basic research of the
GaAs on Si cells, the effect of thermal-cycle anneal (TCA) temperature was investigated.
2. For FY 1995
(1) Microcrystal-layer inserted cells
In order to investigate the effects of inserting quantum barriers into p-n junctions, we fabricated
GaAs and AlGaAs cells with multiple microcrystal layers in the i-layers. It was found that the
short-circuit current (JJ and open-circuit voltage (VJ decreased with increased numbers of the
microcrystal layer, particularly more than two layers for the GaAs cells as shown in Fig. 1. A
similar result was obtained for the AlGaAs cells. This decrease may be due to the degradation of the
crystallinity of regrown layers, but still needs to be investigated further.
(2) Effects of quantum-barriers and wells in GaAs cells
In expectation of increasing V^, we investigated the effects of inserting AlGaAs quantum barriers

into the p-n junctions. By optimizing the barrier thickness,
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proved to increase slightly without

decreasing

as shown in Fig. 2. On the other hand, in expectation of increasing JK, we

investigated the effects of inserting InGaAs multiple quantum wells (MQW) into the i layer of the
GaAs cells, it was found that

increases slightly while

and other characteristics degraded as

shown in Fig. 3.
(3) InAlAs/InP heteroface cells
When a type-II junction is applied to solar cells, improvement in the solar cell characteristics is
expected because of the decrease of leakage current due to the increase of the band gap of one
material and of the increase of V*,. We studied InAlAs/InP heterojunction cells last year, and
InAlAs/InP heteroface cells this year. Figure 4 shows the InAlAs/InP window thickness (dw)
dependence of the solar cell characteristics. The p+-InP emitter thickness (dj was fixed at 100 nm.
The quantities steeply increased when dw was increased from 10 to 30 nm while changed gradually
with further increase of dw. The

slightly decreased beyond dw=30 nm but as a result of slight

increase in V^, the conversion efficiency (tj) indicated a maximum value of 17.0% at dw=100 nm
which is larger than that of the InAlAs/InP heterojunction cells. Both 3X and VK of the InAlAs/InP
heteroface cells were larger than that of InP homojunction cells, indicating that the former is
superior to the latter. The InAlAs homojunction cell indicated the worst characteristics. The
characteristics of the fabricated cells are summarized in Table 1.
(4) GaAs cells on lattice-mismatchedsubstrates

We fabricated a n+p-GaAs homojunction control cell on a GaAs substrate and obtained a high t|
of 24.1%. On the other hand, a GaAs/Si cell fabricated with two cycles of thermal-cycle-anneal
indicated a ti of 14.9%. A cell which has the same structure fabricated on an InP substrate indicated
at] of 11.5%, which is near that of the GaAs/Si cell without TCA. In the growth of InP on GaAs
substrates, almost no difference was found between the morphology of GaAs layers grown directly
on the InP substrate and those grown by the two-step growth process.
(5) Carbon doping into GaAs using CBr4
Thermally stable tunnel junctions are necessary to establish stacked solar cells. We investigated
high concentration doping of carbon into GaAs layers using CBr4 as a dopant source. The C and
hole concentrations increased linearly with the CBr4 flow rate up to 2xl019 cm"3 and increased as
growth temperature was reduced. Although the hole concentration decreased by annealing, but as
shown in Fig. 5, a value of 2xl019 cm"3 was attained after an anneal of 800°Cx20 min. The C
profile by SIMS indicated almost no change even after the annealing. As a preliminary experiment
to obtain thermally stable cells after post-growth annealing (PGA), we investigated the effect of
PGA on the pTt-GaAs homojunction cell. It was found that the T| drastically decreased from 23.1 to
11.6% for the Zn-doped cell, while the change was small (21.6 to 19.8%) for the C-doped cell. We
are planning to characterize the thermal stability of tunnel junctions.
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Table 1 Summary of the cell characteristics
Cell structure

?(%)

Jsc(A/cm2)

V_(V)

FF

p+-InA!As/InP cell window lOOnm

16.957

24.052

0.863

0.817

p+-InAlAs/n-InP heterojunction cell

15.109

22.525

0.824

0.814

14.931

22.650

0.813

0.811

3.992

9.166

0.727

0.592
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Figure 5. Changes of the carrier (hole) density with annealing temperature for GaAs:C layers
grown at from 570 to 720 °C.
Future Tasks
It was found that inserting microcrystals into the cell deteriorates the cell characteristics. This
appears to be due to degradation of the quality of the regrown layer. Reconsideration of the
structure and fundamental research are necessary to improve the characteristics. The type-II system
(InAlAs/InP) proved to be efficient in improving the conversion efficiency. Optimization of the
cell structure is necessary. Further, development of long-wavelength cells is required to achieve
conversion efficiencies more than 30%. We will continue to characterizethe thermal stability of the
highly C-doped p+-n+ tunnel junctions and will apply to stacked cells.
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Survey on the Commercialization Analysis
Mineo TATSUTA
New Energy and Industrial Technology
Development Organization (NEDO)
Objectives
To collect and analyze the technological trends, both domestic and overseas, quickly and precisely of
the superhigh-efficiency solar cells, and to support the research and development of technology for
these solar cells.
Furthermore, to analyze the technological problems and to study measures for solving them to
efficiently pursue technological development of the superhigh-efficiency solar cells.
Work Program
1.

Survey of the Technological Trend of Commercialization of Superhigh-Efficiency Solar Cells

To support the technological development of the superhigh-efficiency solar cells, experts and
specialists are invited from industrial, governmental, and academic sectors to form the “Crystalline
Compound Survey Subcommittee” to survey technological trends concerning solar cells based on MV compounds.
(1)

Survey on solar cells based on crystalline compounds
• Trends and problems of technological trends for solar cells based on n-V compound
semiconductors
■ Construction of superhigh-efficiency solar cells aiming at 40% conversion efficiency
• Simulation studies of tandem-structured solar cells
• Properties of mixed crystal semiconductors and characteristics of solar cell structure
• Advanced technology of hetero-junction epitaxial growth
• Possibility of substitutive technology
• Measures to reduce cost
• Applications of compound semiconductor solar cell batteries2

(2) Survey on latest technological trends
• Survey on domestic and overseas technology
• Lectures by invited specialists
• Survey on industrial trends
2.

Research on Technology for Commercializing, Superhigh-Efficiency Solar Cells
To efficiently promote the technological development of the superhigh-efficiency solar cells,
experts and specialists are invited from industrial, governmental, and academic sectors to form
the "Crystalline Compound Engineering Subcommittee" to collect information about the
development status and to define and analyze technological problems and seek corrective
measures.
To promote the joint research, “Information Exchange Forum” is installed through the joint efforts
of the PVTEC and contract enterprises.

Summary
1.

Up to FY1994
The present survey project was initialized in FY 1990. First, the promotion plan for superhighefficiency solar cells was drafted, technological requirements for improving the efficiency were
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studied, and problems in research and development were extracted and defined. In FY1991, the
Survey Subcommittee was installed to start intensive surveys for commercializing technology, and
the Engineering Subcommittee was established to provide support to the commercializing.
Up to FY 1993, technological problems were summarized and factors for enhanced efficiency were
surveyed. In FY 1994 we scrutinized the technological tasks to be accomplished and conducted a
survey on measures to reduce manufacturing costs and on possible applications of the
technologies.
2.

For FY 1995
(1)

Survey on technological trend of commercialization of superhigh-efficiency solar cells

(a) Survey on crystalline compound solar cells
i)

Trends and problems in the technological development of H-V compound solar cells
Theoretically, 36% to 40% efficiency can be expected from two-junction cells and 38%
to 43% from three-junction cells. By now, various constructions of multijunction cells
and various combinations of materials have been studied, but the efficiencies of the
multijunction cells were generally lower than those of single-junction cells until recently.
However, Boeing Co. has recently developed a GaAs/GaSb mechanical stack-type
two-junction cell with 35.6% light-collecting efficiency. This is highly appreciated
because the efficiency has exceeded 30% to prove the potentiality of the multijunction
cell. Also, our superhigh-efficiency solar battery project has recently developed an
InGaP/GaAs two-junction cell with at least 30.5% efficiency, though the efficiency has
not been officially recognized, and it is not in terms of light-collecting efficiency.
These developments came about largely because of the progress of such
technologies as various epitaxial growth technologies, and it can be said that they
provide the bases for further progress of the existing technologies that aim at
development of the superhigh-efficiency solar cell battery.
In a H-V compound semiconductor solar cell battery, even the single-junction cell
still has room for further improvement. Moreover, to form a monolithic lamination of
H-V compound and Si, hetero epitaxial growth technology will be required, and such
attempts will be necessary to overcome problems arising from the occurrence of
displacement and stress caused by differences in the grating constant and coefficient
of thermal expansion between these materials. This attempt will also be confronted by
many other unsolved problems relating to the materials and construction of devices
that are essential for obtaining superhigh efficiency. Even if the superhigh efficiency
is realized, the compounds of the H-V family are expensive, and so the reduction of
material costs and need for the study of the light-collecting function will come up in
order to meet the economic requirement.

ii)

Superhigh-efficiency solar cell battery construction aiming at 40% efficiency
For the development of a solar cell battery aiming at 40% efficiency, a two-junction or
three-junction tandem solar cell battery comprising Si or Ge substrate and the H-V
compound heteroepitaxially grown on the substrate are considered promising. As the
materials of the top cell and bottom cell of a multijunction type of cell, AIGaAS, GalnP,
and GaAsP with a forbidden band width of 1.8 eV to 1.95 eV are considered as
potential materials for the top cell. Of these materials, AIGaAs and GalnP have
mainly been studied; however, as described in the following, it is reported that GalnP
is increasingly being studied as a potential material. The results of these studies
indicate that this material is more suitable, and the advantages of Galnp-base
materials over other materials have become apparent. On the other hand, as
described previously, Si and Ge are considered to be the most appropriate materials
of the bottom cell or substrate. To manufacture a GaAs on Si mechanical stack cell
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to get a superhigh-efficiency Si solar cell for use in the tandem cell, it is necessary to
bond the GaAs cell and the Si cell to each other by any possible means. Thus we
have studied the bonding structure by which loss can be minimized. According to the
reports received by the end of fiscal 1995, the bonding structures have been analyzed,
disregarding the condition of the bonding parts. In this study, however, the variation
of spectrum falling on the Si cell, depending on variation of refractive index of bonded
layer and thickness of the film, was calculated. Furthermore, the characteristic that
can be expected from the solar cell was calculated by means of a device simulator
designed for the solar cell. As a result, we found that
• Interference of the light and dependence on the thickness of the bonded layer will
disappear when the thickness of the layer is 2 m m;

" Refractive index of the bonding layer should be closer to the refractive indexes of
Si and GaAs; and
• Loss of light caused by the bonding layer can be eliminated by forming the
reflection-preventive films on the surface and back of the bonding layer.
iii)

Simulation of solar cell battery having tandem construction
The limit of efficiency was accurately estimated, and the possibility of obtaining
module efficiency of at least 35% was studied from various angles. Also, the
guideline for optimum construction was studied.

iv)

Physical properties of a mixed crystal semiconductor and the characteristics of a solar
cell battery
• Impurities, center of trap and the lives of small-number carriers and
characteristics of solar cell battery
Concerning the heteroepitaxial growth of GaAs-on-Ge, no detailed descriptions in
the reports were received in 1990 or since then, so we investigated the 1980s to
get related information. Primarily, this growth is considered to be similar to the
heteroepitaxial growth of GaAs-on-Si, and the common problems such as (1)
antiphase domain, (2) nonconformity of grating, and (3) differences in coefficient
of thermal expansion are anticipated. Concerning the H-V-on-Ge technology,
a large amount of information well within the category of know-how may be kept
secret. This technology, however, has advantages over the technology for HV-on-Si-base cells with respect to the conformity of grating and the conformity of
thermal expansion coefficient and is considered capable of providing high-quality
heteroepitaxial film with relative ease. The present HI - V -on-Si-base
heteroepitaxial growth technology still has many unsolved problems; thus it
seems necessary for us to enter into a full-scale study of HI-V-on-Ge
technology as a substitutive technology with the potentiality for us to develop a
superhigh-efficiency and low-cost solar ceil.

• Possibility of developing a high-efficiency solar cell battery with supergrating
construction
Concerning the possibility of developing a high-efficiency solar cell battery with
supergrating construction, we invited K. J. Bamham to participate in our survey.
Since the publication of the solar cell battery (QWSC) with supergrating
construction in 1990, various models have been devised for its analysis, and
various discussions have been undertaken concerning the effects of its
supergrating construction based on those models, but no definite conclusion has
yet been reached. According to reports we have received concerning the
QWSC, that the short-circuit current is confirmed larger than in a cell with only the
barrier layer. However, the increase in open-circuit voltage is not completely
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understood because of the quality control problem and difficulty in interpreting the
separation (A EF) of the pseudo-fermi level, for example. So for us to
understand this phenomenon, it is important to further our understanding of the
separation (A EF) of the pseudo-fermi level. We have studied the optimization of
QWSC of 50QW-class AIGaAS/GaAs. It has been reported that 22% efficiency
can be expected from (QWSC) at AM 1.5 if its crystal is equivalent to that of a
GaAs-base solar cell battery whose crystal now provides the highest efficiency.
v)

Sophistication of heteroepitaxial growth technology
• Sophistication of conventional technology

An ordinary method characterized by allowing GaAsto grow on Si substrate has a
two-stage growth process through which the thin film of GaAs made to grow at a
relatively low temperature, such as 400°C, constitutes a buffer layer. This twostage growth method is effective in allowing a flat single crystal GaAs layer to be
formed on the surface of Si substrate. In this method, however, the density of
displacement is in the range of 108cm"2, which is large, but the crystallizing ability
in this method can be improved by combining it with another method. For
instance, the density of displacement can actually be reduced to a level lower
than 106cm'2, which is required to manufacture a high-efficiency solar cell battery
by using a suitable crystal growth method. However, because more than one
method can be used to measure the density of displacement, care should be
taken to make sure the density of displacement is measured accurately.
It should also be noted that studies have scarcely been made in regard to the
minor defects of GaAs on Si substrate, such as pinhole defects, therefore it is
necessary for us to accurately measure and evaluate the effect of these defects
on the performance of a solar cell battery.
• Possibility of low-temperature growth technology
In the homogenized growth process based on the low-temperature MBE growth
method using the atomic hydrogen and hydrogen radical, the stage of research
and development has progressed to the trial manufacture of a solar cell battery.
It is believed that the application of this method to GaAs-on-Si will accelerate its
application to electronic and optical devices. The surface denaturing epitaxis
technology in a broad sense is an important subject for future research and
development activity as a new technology with the potential to create a

technological breakthrough.
The GaAs-on-Si is a combination of materials, the study of which is most
advanced among semiconductor materials within the category of nonconforming
grating. There are promising combinations of semiconductors besides this
combination, but the technology based on this combination is considered to have
the potential for application to the kinds of semiconductors having difficulty in
forming crystal on their substrates. This epitaxial growth tends to accompany
the problems of distortion of grating and thermal distortion, so the solution of the
problems will be an important task for us. We do find that the low-temperature
growth method is a very promising new technology in this area, and by now
attempts have been made for optimization through the thermal cycle processing
method, the development of a buffer layer, the selective growth method, the
reduction of displacement by high-concentration impurity doping, and the design
of crystal structure that includes atoms with a displacement pinning effect. The
low-temperature growth technology is capable of preventing thermal
displacement and can be applied directly as one of he most promising
approaches if high-quality crystal can be obtained.
Recently, for instance, it has become possible to grow a film in the range of
104cm"2 by low-temperature growth technology. From now on, not only the
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research and development of the growth method based on the MBE, but also the
MOCVD method suiting quantity production and low-temperature growth by the
CBE method are considered promotable.
vi)

Possibility of substitutive technology
In conducting the survey on the possibility of a solar cell battery on the Ge substrate,
we invited M.L.Timimons to participate in the study. The cost of Ge substrate is
lower than of Si substrate and single-crystal GaAs substrate, and Ge substrates of
optical grade with a size of 60 cm or so are commercially available. In the GaAs cell
on polycrystalline Ge substrate, conversion efficiency of 15.8% per square centimeter
was obtained. The MOVPE device applicable to Ge substrate of a larger size is also
commercially available; thus the technology is already in a stage applicable to a
growth device. If light-collecting ability is high enough, it is advantageous to increase
the voltage rather than the current by connecting the cells in series. If this is done,
however, the uniformity of current must be maintained to reduce current dispersion.
The GaAs cell on Ge substrate is sufficiently competitive with the cell on Si substrate
in terms of cost if it has sufficient light-collecting ability. The GalnAsP cell is most
promising as material of the top cell. This material has been found to permit the band
gap energy to be controlled, it has greater strength against damage caused by
radiation, and it is capable of conforming its current with those of an Si cell and a Ge

cell. Concerning the Epitaxial Lift-Off technology, it is considered that the transfer
process of ELO thin film accompanying the annealing at 40(TC or less includes the
factor causing the distortion, which is more influential than the difference in the
thermal expansion between the thin film and the substrate, and thermal hysteresis.
Thus the effects of the material to be used for bonding the thin film and the electrode
material need to be studied. On the other hand, the peak strength before and after
ELO will remain almost unchanged, and it was found that the quality of crystal will not
deteriorate after the transfer. According to the report on mechanical stack
technology in (1995), the concentration of the carrier of top GaAs substrate, the
bonding agent, and the structure of the antire flection film for the top cell were subjects
of the study. The weak point of the mechanical stack technology lies in the difficulty
of increasing the area and in the high cost resulting from the complexity of the
subsequent process. In the former, there is the possibility that when the light
collecting structure is adopted the module of higher efficiency and low cost can be
obtained with a small-area cell without requiring a large-area cell. But in regard to
cost, the absolute number of processes is larger than that of the monolithic type; thus
its higher cost to a certain extent is inevitable as long as the same epitaxial growth
method is employed. Thus the reduction of cost depends on how to devise a process
that enables us to assemble the cell of stack structure at the lowest possible cost.
vii) Cost-reduction measures
We have studied the polycrystal thin film forming method to obtain thin film on the
substrate. This method has the potential of being used to obtain low-cost and largesize, large-area substrate of solar cell batteries in the future, though the size of film
grain is now several n m, which is too small for the substrate of a solar cell battery.
Therefore, the problems to be solved for this method are to increase grain size and to
improve performance of the solar cell battery. On the other hand, the thin film
transfer technology designed for bonding the thin film of a compound semiconductor
with different kinds of substrates by combining the ELO and VDW bonding method by
using the Van der Waals forth has already been studied. The VDW method is
capable of forming a thin film on an amorphous substrate, such as a glass substrate,
and it thus has the potential to provide low-cost substrates for solar cell batteries.
The problem to be solved for this technology is the difficulty in obtaining thin film that
has a large area.
Concerning the development of the continuous processing system, we have studied
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the possibility of introducing large-capacity equipment and a quantity processing
system. The introduction of large-capacity equipment is essential for the effective
use of the material gas. However, introduction of the large-capacity equipment will
generate such problems as the requirement of high maintenance cost for vacuum
equipment, such as MBB and CBE, and difficulty in securing uniformity of quality.
Furthermore, it must be verified whether the introduction of large-capacity equipment
always promises the expected utilization efficiency of the gas. In regard to the
introduction of large-capacity equipment, the MOCVD method is ahead of other
methods, and some instances of the trial manufacture of quantity production
equipment have already been reported. In the present stage, it seems necessary for us
to study howto develop the effective use of the gas in parallel with efforts to increase
MOCVD equipment capacity.
We have been studying the development of a quantity production system and the
related problems to be solved, but many factors in solving these problems rest with
research and development by the equipment manufacturers and raw materials
producers. These problems appear highly difficult to overcome. To solve them, it
therefore seems necessary for us to propose the construction of new growth systems
and the like to the manufacturers so that joint research and development systems with
them may be established in the early stages of R&D.
viii) Applications of solar cells based on compound semiconductors
The system for obtaining solar cells comprises a high-temperature heat source that

generates heat by means of existing energy sources, such as natural gas or
radioisotope and the solar cells, each consisting of a semiconductor with a small band
gap that receives the light within a long wavelength region for photoelectric conversion
to generate electric power. Unlike gas turbine and diesel engine generators, this
power generating system has no moving members. Therefore it can provide not only
a low-noise, high-energy density electric power generating system, but also a power
generating system requiring no chemical reaction process such as that in the fuel
battery, thereby enabling the materials to have longer service lives. Furthermore,
this system is not designed to use sunlight with an ordinary spectrum spreading
throughout a wide range of wavelengths. It is designed to modify and adjust the light
falling on the cell into a light that is nearly a single color in the vicinity of the band gap
of the material constituting the semiconductor material; thus the photoelectric
conversion efficiency can be increased markedly. This system still has many
problems to be solved, but it has been found to have wide applications, such as the
power source of man-made satellites for distant missions, portable lightweight
generators, and large-scale power generating plants.
(b) Survey on the latest technological trends
i) Survey on domestic and overseas technological trends
To collect information concerning R&D topics on crystalline compound solar cells,
staff members were dispatched to academic conferences and such research
organizations as universities and laboratories at domestic and overseas locations.
• Domestic survey
•

Inspected PV system in Fitontsid Bath Health Center of Nakagawamachi

•

Inspected PV system in Ohita Prefectural Industrial Science and Technology
Center
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• Overseas survey
•
•
•
•
•
•
ii)

13th EC-PVSEC
13THNREL Meeting
International Conference on Advanced Materials
UNESCO Solar Summit
42nd AVS
MRS Autumn Meeting

Lectures by invited specialists
• Lectures by foreign specialists

iii)

•

D. Flood (NASA):

“Thermophotovoltaic Energy Conversion"

•
•

W. Bamham (Royal Science College): “Quantum Well Solar Cells"
M. Timmons (RTI): “IH-V Compound Solar Cells on Ge"

Survey on industrial trends
A survey was conducted on the condition of resources relating to compound solar cell
(H-V family).

(2) Technological Studies on the Commercialization of Superhigh-Efficiency Solar Cells
The recent trends at the contract partners for technological development of superhighefficiency solar cells were investigated to extract problems, analyze present status, and seek
measures to resolve the problems.
Moreover, the crystalline compound technology subgroup meeting was held according to
schedule to study technical problems arising in line with the contract study.
Also held was an information exchange meeting by the contract enterprises to promote joint
research projects.
(a) Crystalline compound engineering subcommittee meeting
First meeting
Friday, September 29
Second meeting Friday, January 12
(b) Information exchange forum
First meeting
Friday, June 16
Second meeting Thursday, September 7
Third meeting
Friday, December 8
(5)

Future Tasks

To widen the applications of H-V family compound semiconductor solar cells, the
immediate target of our R&D is the solar cell with H-V-on-Si and the same on Ge.
Furthermore, the pursuit of a high-efficiency limit should also be a target of our efforts. In a
two-junction cell, 36% to 39% efficiency can be expected theoretically. Especially, an
attempt to combine a H-V -family compound semiconductor solar cell having an advantage
in high efficiency with an Si solar cell having an advantage in cost and light collecting is
considered to have the potential to develop a high-efficiency low-cost solar cell. Moreover,
the three-junction cell is expected to be capable of providing 40% or more conversion
efficiency.
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However, the heteroepitaxial growth technology for the cell-on-Si still has many problems to
be solved, and thus it is necessary for us consider the development of the substitutive
technologies such as those for the cell-on-Ge, mechanical stack, and epitaxial lift-off. It is
also important for us to establish the heteroepitaxial growth technology for the cell-on-Si as a
technology usable for cell commercialization. In regard to cost estimates, the H-V-family
compound cell's light-collecting function is a contributing factor to low manufacturing cost.
We should thus realize that our R&D is now in a stage where we should reconsider the
advantages and disadvantages of light-collecting technology.
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Research on Low-Concentrator Photovoltaic Modules
T.Saitoh
Faculty of Technology
Tokyo University of Agriculture and Technology

Objectives
The Purposes of this research are to clarify the feasibility of a low concentrator module through
the fundamental design and optimization of a non-imaging lens and the trial fabrication of the
concentrator modules.

Work Programs
(1) Trial fabrication and evaluation of a low-concentration lens
Using two-dimensional lenses studied by us for the past several years, prototypes of
concentrator modules are fabricated and evaluated under a solar simulator and natural sunlight.
(2) Effect of concentration distribution on output characteristics of low-concentrator cell
Concentration distribution and effect of it on cell output are investigated by computer simulation
and experiments.

Progress up to FY 1994
(FY. 1994)
By transforming 2-Dimensional Compound Elliptic Lens (2D-CEL) developed in our previous
research, a new 2-dimensional lens with a concentration ratio of over 2.0 was developed.
In order to increase a concentration ratio more, a 3-dimensional lens for a photovoltaic static
concentrator was also developed. Its optical concentration ratio was about 2.1 at normal incidence.

Summary in FY 1995
(1) Trial fabrication and evaluation of a low-concentration lens
Using the 2D-CEL, two kinds of prototypes with different half-acceptance angle were fabricated
and evaluated under a solar simulator and natural sunlight. The prototype modules were fabricated
by putting solar cells on the substrate made of glass epoxy, and attaching the lens using silicone
resin. Both the modules were formed of the three lenses without gaps between the neighbor lenses
and nine cells attached underneath each lens.
Effect of the neighboring lenses on optical properties was investigated for the prototypes under
a solar simulator. We investigated about short-circuit current ratio for the module with a half
acceptance angle of 25°, where short-circuit current means the ratio of short-circuit current
between solar cells with and without the lens. The short-circuit current ratio was affected by
reflection rays from the neighbor lens and incoming rays from the end of the lens when rays
comes at inclined angles.
The two concentrator and a flat-plate modules were tested outdoors from the middle of January
to the middle of February. As a result, it was found that the concentrator modules with half
acceptance angle of 25° had better performance than that with 30° as for this period.
(2) Effect of concentration distribution on output characteristics of low-concentrator cell
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As for a low concentrator, concentration distribution is non-uniform on its exit aperture. But,
effect of concentration distribution on output characteristics of a solar cell has not been studied so
far. This research revealed that effect.
Firstly, concentration distribution was calculated at several light-incident angles for the
concentrator cells in order to determine simulation parameters for a concentrator cell. Based on
these results, as an example, the results for the concentrator cell with a half acceptance angle of 25°
were examined. The segment with the strongest light intensity is middle at normal incidence and it
shifts to the edge of the exit aperture with light-incident angle. In addition, non-unifonnity on the
concentration distribution increases with light-incident angle in the half acceptance angle. Based on
these, the fill factors for two kinds of concentrator cells with different series resistance (cell 1:
0.1420 cell 2: 0.005Q)were calculated at various light incidence angles. Moreover, the same
experimental models as simulation ones were measured under a solar simulator and discussed
between both. Good agreements were obtained between both for cell 1 and cell 2. As for cell 1,
the fill factor decreased with light incidence angle to half-acceptance angle because of increase of
non-uniform concentration distribution. As for cell 2, the fill factor was not affected by
concentration distribution. Thus, it is necessary to design cell structure suitable for this
concentrator.

Future Tasks
From the research mentioned above, the possibility of cost reduction for photovoltaic modules
was shown theoretically. Future tasks are shown as below.
(1) Development and optimization of a new three-dimensional lens with higher concentration
ratio.
(2) Trial fabrication and evaluation of prototype modules using the three-dimensional lens.
(3) Improvement of the lifetime for a plastic lens
(4) The development of a high reliable and low-cost concentrator module.
(5) Application of a concentrator module with construction materials.

Publications
(1) K. Yoshioka, K. Endoh, A. Suzuki, N. Ohe and T. Saitoh," A Study on a Tree-dimensional
Lens for Non-Tracking Concentrator Photovoltaic Modules “ Journal of JAPAN SOLAR
ENERGY SOCIETY, Vol.21, No4, 1995(p. 43-50)
(2) K. Yoshioka, K. Endoh, A. Suzuki, N. Ohe and T. Saitoh, Performance Simulation of a
Three-Dimensional Lens for a Photovoltaic Static Concentrator, to be published in the Proc. of
13th European Photovoltaic Solar Energy Conference, Nice, October, 1995.
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Research on Low-Concentrator Photovoltaic Modules
Mineo Tatsua
New Energy and Industrial Technology Development Organization

Objectives
The Purpose of this research is to clarify the potential of a low concentrator module through the
fundamental design and optimization of a non-imaging lens and the trial fabrication of concentrator
modules.

Work Programs
(1) Trial fabrication and evaluation of a low-concentration lens
Using two-dimensional lenses studied by us for the past several years, prototypes of concentrator
modules are fabricated and evaluated under a solar simulator and natural sunlight.
(2) Effect of concentration distribution on output characteristics of low-concentrator cell
Concentration distribution and effect of it on cell output are investigated by computer simulation and
experiments.

Progress up to FY 1994
(in FY. 1994)
By transforming 2-Dimensional Compound Elliptic Lens (2D-CEL) developed in our previous
research, a new 2-dimensional lens with a concentration ratio of over 2.0 was developed.
In order to increase a concentration ratio more, a 3-dimensional lens for a photovoltaic static
concentrator was also developed. Its optical concentration ratio was about 2.1 at normal incidence.

Summary in FY 1995
(1) Trial fabrication and evaluation of a low-concentration lens
Using the 2D-CEL, two kinds of prototypes with different half-acceptance angle were fabricated
and evaluated under a solar simulator and natural sunlight. Both were composed of the three lenses
without gaps between the neighbor lenses and nine cells attached underneath each lens. First of all,
pattern was made on a substrate made of glass epoxy so as to fit this structure. Next, twenty seven
solar cells were put on the substrate with conducting adhesive and all were connected in series. Last,
the lenses were attached to those using silicone resin.
Effect by the neighboring lenses on optical properties was investigated for the prototypes under a
solar simulator. As a result, it was found that some rays reflected and entered the other lenses in the
case of inclined rays.
The two concentrator and a flat-plate prototypes were tested outdoors from the middle of January
to the middle of February. As a result, it was found that the concentrator modules with half
acceptance angle of 25° had better performance than that with 30° as for this period.
(2) Effect of concentration distribution on output characteristics of low-concentrator cell
As for a low concentrator, concentration distribution is non-uniform on its exit aperture. But, effect
by concentration distribution on output characteristics of a solar cell has not been studied so far. This
research revealed that.
Firstly, simulation parameters for a concentrator cell was determined by calculation using the ray
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tracing method. Based on these, the fill factors for two kinds of concentrator cells with different
series resistance (cell 1: 0.142Q cell 2: 0.005Q)were calculated at various light incidence angles.
Moreover, the same experimental models as simulation ones were measured under a solar simulator
and discussed between both. Good agreements were obtained between both for cell 1 and cell 2. As
for cell 1, the fill factor decreased with light incidence angle to half-acceptance angle because of
increase of non-uniform concentration distribution. As for cell 2, the fill factor was not affected by
concentration distribution.

Future Tasks
From the research mentioned above, the possibility of cost reduction for photovoltaic modules was
shown theoretically. Future tasks are shown as below.
(1) Development and optimization of a new three-dimensional lens with higher concentration
ratio.
(2) Trial fabrication and evaluation of prototype modules using the three-dimensional lens.
(3) Improvement of the lifetime for a plastic lens
(4) The development of a high reliable and low-cost concentrator module.
(5) Application of a concentrator module with construction materials.
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Survey of future possibility of photoelectrochemical (PEC) cells
Mineo Tatsuta
New Energy and Industrial Technology Development Organization

Objectives
To scientifically evaluate the creation of a project for the study of PEC cells which might
become an important field in solar chemical studies.

Work Programs
PEC cells will be experimentally fabricated on the laboratory scale and data will be
collected. After the study, future possibilities will be examined on the basis of
discussion with specialists in the area.
Also, the general objectives of other much anticipated fields in the solar chemical studies
will be discussed.
A committee consisting of national research institutes, universities and industries related
to electrochemical fields will be convened and discussions held.

Previous developments
Introduction
The discovery that PEC cells in which Ti02 microparticles and sensitizing dye are
combined absorb 46% of available solar energy with more than 80% of the energy
converted to electric energy due to the increase of surface area caused by the
microparticle fabricated electrode surface was published in "Nature" in 1991 by
Gratzel et all. (Switzerland). This solar cell's potential attracted our attention.
•

1994
In 1994, the Gra}tzel device was test-fabricated and the survey was conducted on
related technologies. As a result, the fabrication of the device under the reported
preparation conditions well reproduced its performance in some of the cell
characteristics despite the level of about half reproduced in some other
characteristics. It was thus found necessary for the fabrication of high-performance
solar cells to separately control a variety of factors relating to cell characteristics
toward well-identified relations between the mechanism and materials properties of
PEC cells.

Summary

(1) Detailed progress
In 1995, various reviews were performed to develop a completely new solar cell based
on the results previously obtained. Survey was also conducted into many overseas
R&D achievements to understand the technology trend of PEC cells.
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1)
Higher-function dye-sensitizing PEC cells, control of cell
characteristics factors and survey of recent overseas technology trend.
(a) Study on Ti02 electrode
Although it is known that, P-25 shows high performance as Ti02 microparticle materials
on the market, in the study, other commercially available Ti02 products were evaluated
for their performance to review correlations between cell characteristics and analase
ratio/rf/particle size. It was found that the particle size should preferably be 30-40 nm
and the presence of rutile gave no adverse effect to the performance. It was also assured
that a linear increase in the flow of current could be obtained even at a large area and in a
range with strong light intensity if a comb electrode, etc.
(b) Study on high-performance semi-conductor electrode
The search for an oxide semi-conductor electrode alternative to the Ti02 found that
Nb205 showed excellent in terms of performance. Nb205 electrodes are hopeful in the
application to electric appliances requiring voltage above a certain level) such as
calculators since, in particular, their open voltage is higher than that of Ti02. Such
electrodes, even with their short-circuit current level remaining about half that of TiOVs
at present, are supposed to well compete with Ti02 counterparts with increment in if or
improvement of adsorption status, etc. It is recognized that further improvement of
Nb205 and search for another complex oxide-based semiconductor electrode, is
necessary as future works.
(c) Study on high-function dye
There is nothing so far known more excellent in terms of solar energy conversion
efficiency than the Ru dye as reported by Gra}tzel et al. However, some other dyes
have been found comparable in performance, possessing similar orders of IPCE, open
voltage, and ff. These dyes may possibly be applied in such devices as allow the light
having a certain wave-length range to be absorbed into a specific dye.
Successful realization of cell performance to any perceivable extent with complexes
abased on common transition metals such as Fe and Cu instead of Ru, Os, and other
precious metals would bring merits to many aspects including those of costs" and
resources. In fact, photoelectric current has been obtained using a Cu-metallic complex
although its efficiency is low. These novel dyes are expected to become more efficient if
ingenious improvement efforts are poured onto how they should be purified, adsorbed
to semiconductors, and pretreated because such methods for any of such dyes are still
unestablished.
Furthermore, it could be shown that not only metallic complex-based dyes but also
organic pigments were useful to dye-sensitizing solar cells. The previous notion was
that organic pigment showed rapid deterioration. However, it was proved that absence
of oxygen and water could prevent organic pigments from being deteriorated.
Therefore, the range of search for dyes is significantly broaden. The energy conversion
efficiency of these pigments is still very low due to their quite sharp absorption but
many of them possess a high extinction coefficient. Ingenious anchor coating for a
larger amount of dye adsorption, concurrent utilization of dyes having different
absorption waves, and/or a well-established antenna structure will possibly provide
reasonably high energy conversion efficiency.
(d) Survey of overseas PEC cell technology trend
A survey was performed on R&D trends of various institutions including the Lausanne
Institute of Technology (Switzerland) to which Prof. Gratzel belongs.
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2) Application of porous Ti02 films to Ti02 solar cells
A Gratzel-type Ti02 solar cell generates electricity as the sensitizing dye absorbs light
and pours electrons into the Ti02 film. Whether or not a Ti02 solar cell will successfully
be improved in terms of photoelectric conversion efficiency is largely dependent upon
how densely a sensitizing dye can be coated on the Ti02 films.
We have developed a porous Ti02 film whose surface has uniform-size pores. The
material solution prepared from titanium alkoxide and polyethylene glycol is coated on a
glass substrate and then dried and sintered. This process is repeated to fabricate a Ti02
film while giving rise to pores on its surface when ethylene glycol gradually disappears
as sintering advances. The size of these pores can be controlled by altering the amount
added and molecular weight of polyethylene glycol, allowing the pore size of fabricated
porous Ti02 films to be reduced as low as to 1 nm - 10 /nn at will. Thus, the use of a
porous Ti02 film having appropriate-size pores enabled a sensitizing dye to be densely
coated on a Ti02 film and, therefore, the Ti02 solar cells to be improved in terms of
photoelectric conversion efficiency.

3) Technological summary of dye-sensitized photochemical solar cells
(a) Dye
At present, RuL,(NCS)2 used at the trial fabrication is the most excellent in both
quantum efficiency and durability.
This is considered due to the following
characteristics of this dye:
•

Its carboxyl part is strongly combined with Ti atoms on the surface of Ti02, thereby
achieving a very high transition probability for electron transfer from the agitating
dye to Ti02.

•

After the electron removal from the dye, positive holes locally exist on Ru3+ and
spatially separated from the Ti02 surface, hampering electron transfer back from
Ti02 electrodes to the dye.

•

Electrons very quickly (7 psec or less) transfer from the light-agitated dye to Ti02
electrodes, thereby substantially reducing the time of dye molecules remaining
agitated and, therefore, chemically unstable. It increases the durability of the dye.

(b) Light utilization
•

Electrode porosity increase
To take out the current amounting to nearly 18 mA/m2 form the light of 1,000
W/m2, some 1.5 xlO"7 mol/cm2 of dye must be coated. For the dye coated as much,
the porous material used is required to actually possess an area nearly 1,000 times
that of the substrate with the area occupied by a dye molecule for adsorption
assumed as 1 nm2.

•

Dye absorption spectrum
Light absorption by RuL2(NCS)2 peaks at 400 nm and 540 nm. This has led to a
present practice of effectively using the light with its wavelength shorter than 600
nm in terms of solar spectrum but leaving that of 700 nm or longer wavelength
almost unused.

•

Reduction in optical losses
It is necessary to minimize optical losses of a solar cells itself such as through
prevented reflection on the cell surface, less hazing of porous electrodes, slower
absorption by an electrolyte, and mirror-surfacing of opposite electrodes.
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(c) Election transfer from dye to Ti02 electrode
•

Bonding of Ti02 surface and dye molecule
The transition probability for electron transfer from the light-agitated dye to
electrodes depends upon the strength of the dye molecule-electrode surface
bonding. Infrared spectroscopy-based review has found carbonyl groups of the
dye and Ti atoms on the Ti02 surface to form a strong ester-like bonding. Such
formation maximizes the transition probability of electrons injection from the dye.

•

Ti02 electrode surface control, reform operation
The surface of a porous Ti02 electrode easily allows atmospheric moisture as well
as organic and other substances to absorb there, interfere!ng with dye adsorption. It
is, therefore, necessary to remove such contamination by heating immediately
before adsorption treatment. Surface reform by means of electrolytic deposition
from Ti3"1" and soaking in water solution of TiCl4 is effective in realizing an ester-like
adsorption bonding of the dye. Such operation enables several atomic layers of
Ti02 highly active to the dye adsorption to be formed on the surface of a porous
electrode.

(d) Electric load transport within a porous electrode
If electrons are prevented in the presence of grain boundaries from being diffused within
a porous electrode or allowed to recombine with oxides in an electrolyte solution via
wrongly coordinated sequences, electron diffusion fails to far reach within the porous
electrode. If the range reached by diffusion is shorter than the porous electrode
thickness, the electrons generated in the porous electrode on the opposite side of a
transparent substrate electrode scarcely contribute to current formation. Toward a goal
of conversion efficiency above 10%, it is necessary to exercise ingenious efforts for
extending the reach of diffusion several times (lens of piin) the electrode thickness or
more.
(e) Reduction in internal resistance
Since the test-fabricated cell has its internal resistance of some 140 Wcm2, an increase of
light intensity from 100 W/m2 to 1,000 W/m2 reduces the fill factor from 0.71 to 0.53.
aggravating energy conversion efficiency. An attempt to remedy this requires the effort
to reduce the series resistance contained in the porous electrode, porous
electrode/transparent electrode, electrolyte solution, and transparent electrode:
(f) Higher purification of organic materials
•

Higher purification of dye and electrolyte solution

•

Exclusion of H20 and 02
The presence of water spoils the stability of dye adsorption. Oxygen also
deteriorates the dye and organic solvent through oxidation. They must, therefore, be
excluded as much as possible.

4) Development of a dye/Ti02 photoelectric conversion system with an
electroconductive polymer as the hole transfer layer
It has been considered that conventional PEC solar cells are very low in terms of
conversion efficiency and can scarcely be commercialized. The reason is intrinsically
small light-absorption cross-sectional areas of the single-molecular dye layer serving to
actualize the light absorption-electric loading separation function and the semiconductor
surface carrying electrons. This adversely effect the stability against light reflection,
making molecular orientation much more random.
Consequently, electrons less
— 146 —

efficiently transfer between the semi-conductor and dye or the dye and hole. Moreover,
the process of electron transfer at unequal boundaries in much greatly influenced by the
state of molecular adsorption and orientation. Other problems arising because the
system contains a liquid phase include electrode corrosion and electrolyte solution
spillage/volatilization. For the solution of these problems, it is important to design/build
a molecule-based sensitizer-solid hole transport layer on the semi-conductor surface and
study the conditions required for an efficient electron relay system.
A method of solidifying a hole transfer layer was studied here for the system with a
porous semiconductor having quite high photoelectric conversion efficiency used as the
dye carrier. An attempt was made to form a hole transfer layer by coating the porous
Ti02 surface with a Ru2(NCS)2 complex as the light sensitizer and allowing pyrrole to
be electrolytically polymerized under the visible light irradiation and porous conditions.
It was found that a light-sensitizing dry-type solar cell could be developed using the hole
transfer layer made of such poly-pyrrole obtained by electrolytic polymerization, with
effective injection of electrons from poly-pyrrole to dye available by pertinent control of
the pyrrole polymerization potential. It was also shown that the addition of perchlorate
to the polymerized film substantially improved the cell characteristics.

5) Peptide-based simulation of photosynthesis and its application to
solar cells
The photoelectron generation in the system of plant photosynthesis now attracts our
attention as an extremely precise and highly efficient process. This has resulted in recent
trial efforts to simulate the phenomenon of light-induced electron transfer to identify a
means for spatial transfer of electrons and apply the findings to molecular devices. For
those studies, it is necessary to exactly understand the "manner in which the dynamic
process of electron transfer develops." The understanding of factors governing the
electron transfer in such a molecular system is of key importance to the knowledge about
molecular engineering on functions of the pholoeleclron device. The investigations of
this field are highly expected.
The consideration that the sophisticated electron transfer in a system of living organisms
is attributable to the well-organized dynamic behavior of collective molecules allows us
to expect the possibility of these efforts resulting in the development a more efficient and
rapid system of electron transfer surpassing the area of natural functions. For the design
of light-induced electron transfer, however, it is necessary to take into account there
processes of photoelectron generation, electron acceptance from an electron donor, and
electron reception by an electron acceptor. Furthermore, the transfer of electrons and
holes within a molecule or among molecules is a continual process. Since .this process
of electron transfer is to shift at a specified speed under the Markas's theory, facile
modeling will require an experimental system where each individual factor can be
independently converted.
We propose the peptide engineering to be used for such a system, but there are many
problems left unsolved before the realization of this process on the strength of peptide
engineering. A first problem lies in the possibility to develop a structure stable enough
for this process to be realized. In addition, it is imperative to artificially design a triad
for high-efficiency electron transfer for more expeditious implementation. At present,
the studies in this field are being proceeded with mainly by our group under the tittle of
"de novo peptide design" as described as follows:
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Research and Development of Evaluation Systems
for Photovoltaic Cells and Modules

Mineo TATSUTA

New Energy and Industrial Technology

Development Organization (EDO)
Objectives

To establish reasonable performance evaluation method by solar simulation technique and
reliability evaluation method by accelerated aging test technique, for proper and fair
evaluation of photovoltaic cells and modules.

Work Programs
(1) Development of Performance Evaluation Method
To improve the measurement accuracy of multi-junction solar cells, experimental research on
the controlling method of solar simulator for multi-junction solar cells (MJSS) and the
investigation on the output characteristic measurement technique of multi-junction solar
modules are performed. The measurement method of the output characteristics of the compound
solar cells are also investigated. The investigation on the amount of power generation of
various solar modules in actual use is performed.
(2) Development of Reliability Evaluation Method

To develop the weathering test method at each sites which are different in meteorological
conditions, long-term exposure test is performed continuously. The data obtained by the
exposure test are stored as basic data, and the analyses of the degradation mode of the
solar modules are performed. The experimental research on the improvement of the test
accuracy of the accelerated aging test method correspondsing to long period is performed.
Summary(1980-1995)
1. UP to FY 1994
(1) Development of Performance Evaluation Method

The indoor calibration method for single junction crystalline and amorphous silicon (a-Si)
solar cells has been established. In the round robin measurement,held among major labora
tories of the Summit Group countries, the good accuracy of our calibration was confirmed.
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The output characteristic measurement method of solar modules with the reference solar cell
was established. In the process of this research, long pulse solar simulator (LPSS) was
developed. Parallel to the development of indoor measurement method by using this pulsed
1ight, the outdoor measurement method was also developed.
On the other hand, to establish the measurement method for multi-junction solar cells, MJSS

was developed by using the supplementary light method. The comparison of measurement values
between outdoor method and indoor method was performed on the same modules, and the good
agreement was obtained. The experimental research on the characteristic evaluation of CIS
solar cells was performed. In addition, the investigation on the amount of power generation
of various types of solar modules in actual use was performed.
(2) Development of Reliability Evaluation Method

The outdoor exposure test apparatus and accelerated aging test chambers have been developed.
The experimental research on weathering and endurance test methods of solar modules have
been performed, and many degradation data on a-Si solar modules were obtained. The outdoor
exposure test has been performed on varies kinds of solar modules (c-Si, p-Si, a-Si,
Cds/ CdTe, multi-junction) at Setagaya, Kitami, Tosu, and Miyakojima sites. The data obtain
ed at these sites have been stored and utilized as the basic data for determination of the
test conditions of the accelerated aging test method, especially for the evaluation of the
first year degradation rate of a-Si solar modules. To confirm the degradation behavior of
a-Si solar modules depending on the start season of the exposure test, a set of solar
modules was succesively exposed at each month with same interval. Almost one year has been
passed on the first set of modules.
The experiments on thermal annealing of a-Si solar modules were performed, and several
parameters in the experimental equation (streched exponential) of thermal annealing were
derived with the data obtained. The equation enabled to estimate the amount of annealing
when they are kept at any temperature.
The investigation on the accelerated aging test method for the degradation of various
modules equivalent to twenty years was conducted.
2. For FY 1995
(1) Development of Performance Evaluation Method'
1) Experimental research on the controlling method of MJSS
The indoor measurement of multi-junction solar cells has been performed by the supplementary
light method under MJSS. In the improvement of measurement accuracy, the light controlling
technique is important, for example, stabilizing of the light source, the improvement of the
spectral distribution of the light source, and so on. In addition, the design technique of
pseudo component reference cell whose spectral response is similar to that of each layer and
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the adjustment technique of supplementary light with bandpass filters which make the spec
tral distribution of light source equivalent to the standard sunlight at sensitive band of

sample solar cell are necessary.
In this year, technical development on the improvement of pseudo component reference cells
was made. Various types of pseudo component reference cel Is were designed so that the spec
tral response became more similar to that of sample solar cell.
2) Experimental research on the evaluation method of the output characteristic for
multi-junction solar modules
To develop the evaluation method of the output characteristics of multi-junction solar
modules, outdoor measurement was performed. It is important to select the day which is
similar to the standard sunlight conditions, such as in precipitable water and turbidity.
By using three kinds of irradiance monitor (a-Si reference cell, c-Si reference cell, and
pyranometer), the output characteristics of the same module were measured. As the result, it
is confirmed that the deviation of measured values obtained with each irradiance monitor in
near state of the standard spectrum condition is within 1%, and which is very difference.
In the indoor measurement of multi-junction modules, it is necessary that nonuniformity of
irradiance is small and the spectral distribution of solar simulator is similar to that of
the standard sunlight.
3) Experimental research on the evaluation method of output characteristics for compound
solar cells
In five kinds of CIS cells; CIS cells with CdS or ZnO added as buffer, Cu(In,Ga)Sez cells

with different amount of Ga, the experimental research on the characteristic evaluation on
spectral response and the relation between Jsc and irradiance were performed. As the result,
it is confirmed that the spectral distribution needs to be similar to the standard sunlight
in the wavelength region from 300nm to 1300nm for light source used in the measurement.
Because CIS cell is single-junction, the measurement method with the reference solar cell is
feasible. Therefore, the calculation of mismatch error under various light sources were
conducted, and it is confirmed that the measurement accuracy is whithin ±2% under the light
sources similar to the standard sunlight. In addition, irradiance and temperature dependence
of each sample were measured and evaluated. The linearity of those samples were similar to
that of crystalline silicon cell.
4) The investigation on power generation of various solar modules

For the purpose of making it clear that the power generation of the various modules which
are different in material and structure in actual use, the investigation on the power
generation of solar modules were performed. The accumlated power generation per area,
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average power generation efficiency per month, the use rate of solar modules and so on were
anal ized by using monthly accumlated global irradiance as basic data. The measurement was
performed at Hamamatsu site from sunrise to sunset as follows:
The angle of inclined plane on which modules are installed: 30 degrees
Installed direction:due south, The interval of I-V characteristic measurement: 1 minute
Measurement of irradiance on inclined plane and the module temperature were monitored
The obtained data were arranged by using each definition of power generation, and the module
power generation efficiency and the use rate of modules were evaluated. As the result, the
average power generation efficiency per month of crystalline solar modules was small in
summer and large in winter. On the other hand, average power generation efficiency per month
of a-Si modules showed opposite behavior. The annual average (1994/10—-1995/9) of the use
rate of modules were 17~18% on crystalline silicon, 16% on a-Si (single),and 14% (tandem).
Annual accumulated power generation per area is 155~165kffh on crystalline silicon, 69kWh on
a-Si (single), 103kWh (tandem).

(2) Development of Reliability Evaluation Method
1) Collection and analysis of basic degradation data obtained by long-term exposure test

The data of varies modules which are exposed at Kitami, Setagaya, Tosu, and Miyakojima sites
have been collected, and they were analized and evaluated. The change of each parameters was
small on crystalline and CdS/CdTe modules, but the change depending on the season was
observed on a-Si solar modules.
2) Outdoor exposure test relating to the dependence on the start season of exposure test

Monthly exposure test has been performed to confirm whether the initial and long-term
degradation are depending on the start time of the exposure test on a-Si solar modules.
In this year, nearly one year and half have passed on the latest start group of exposure
test. According to the result of analysis of the data obtained, initial degradation data
showed some dependence on the start time of the exposure test. But long-term degradation
data did not show the dependence. The efficiency of the module was high in September, and
low in March. It is confirmed that the efficiency decreased about 20% in one month after the
start of exposure test. But, there was little decrease after that.
3) Experiment on degradation and temperature coefficient

I-V characteristics of the modules exposed at each test sites were measured one time in a
day. Temperature coefficients (a, @) which are used for correction of I-V characteristics
are obtained from indoor measurement. The output of a-Si solar modules have the influences
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of initial degradation and the change depending on the season and so on. We checked the
change of temperature coefficients which may be caused on a—Si solar cells when they are
degraded with accelerated conditions. The evaluation test method for first year degradation
and accelerated aging test method corresponding to long period were utilized as the degrada
tion method for a-Si modules. According to the results of two methods above, big change was
not found on the temperature coefficients. The value of Pmax which was measured at module
temperature of 65°C was corrected to the value at 25°C by using the coefficients measured
before and after the degradation test. The difference between them was about 1.555, which is
negligible.
4) Collecting data and evaluation experiment on the accelerated aging test method using
light-dark cycles
It is necessary to establish the accelerated aging test method considering the state in
actual use to fairly evaluate the rate of degradation caused by light. In order to solve
this theme, the accelerated aging test method corresponding to long period was proposed, and
a series of experimental research was performed to determine the test conditions.

When a-Si

solar modules are used in outdoor, the change of the output depending on the season is found.
In the accelerated aging test method corresponding to long period, the test conditions
considering the change depending on the season was investigated. At first, to emphasize the
influence of the accelerated degradation by light,the light source was set at irradiance of
8SUN, and many experiments were performed by changing the folowing conditions, such as
irradiation time, dark time and the temperature of the sample. The data obtained through
these experiments were compared with the data obtained by the evaluation test method of
first year degradation rate and with the data obtained by the monthly exposure test at
Setagaya site. As the result, following conditions were determined:
One cycle of the following conditions corresponds to a day outdoors
Irradiance: 8SUN,

Irradiation time: 4minutes,

Dark time: 2minutes

Maximum temperature of cells are changed in the region from 57X3 to 87X3
Temperature in the test apparatus is changed per 30 cycles coresponding to a month
outdoors
With this conditions mentioned above, the following possibility was found. One year outdoor
exposure equals 36.5 hours (accelerated multipiier:240 times ), and 730 hours equals 20 year
outdoor exposure.

Future Tasks
(1) Development of perfomance evaluation method

The development aiming at the establishment of the perfomance evaluation technique will be
promoted for new type multi-junction solar cells composed of compound semiconductor which
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has more wide spectral response. The research on the technique to simulate spectral distri
bution of the solar simulator with that of the standard sunlight will be performed conti
nuously.

(2) Development of the reliability evaluation method

1) Storage of the data obtained by outdoor exposure test
Including new sites at Australia which will be opened in 1996,outdoor exposure test at each
domestic site will be continued, and the exposure test data indispensable to the research of
the accelerated aging test method will be stored.
2) Establishment of the accelerated aging test method corresponding to long period

In addition to the intercomparison of outdoor exposure test of solar modules, the evaluation
tests for each material composing solar cell and the investigation of the test method on the
components other than solar cells will be peformed actively, and the research aiming at the
early establishment of accelerated aging test method will be promoted.
3) Performance of reliability evaluation test for solar cells and modules manufactured with
new technology
As the result of the development of the current production technology for solar cells, the
ones with new materials and structures will be actually used. Various tests of reliability
evaluation for new type solar cells will be performed, and the verification of long-term
perfomance of those cells will be promoted.
The presantation of the results of study

Place

Date
Dec. 95

Contents

Japan solar energy

Degradation and recovery of

society

a-Si solar cells and modules
and the thermal characteristics
of I-V curve
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Speaker

Sanekazu Igari

SURVEY ON THE RESEARCH AND DEVELOPMENT OF
THE SOLAR CELL EVALUATING SYSTEM
Mineo TATSUTA
New Energy and Industrial Technology
Development Organization (NEDO)
Objectives
To conduct survey and research for the purpose of collecting and analyzing the
information on the current technological trends of the solar cell evaluating
system quickly and exactly, utilizing it effectively in research and
development, and establishing standardized, appropriate and objective methods
of evaluating the solar cell performance and reliability.

Work Programs
In order to achieve the objective efficiently, a subcommittee is instituted by
inviting specialists and experts on the solar cell evaluating system from
industrial, governmental and academic sectors, to conduct the survey and
research for establishing standardized, appropriate and objective methods of
evaluating the solar cell performance and reliability. Specifically, the
Subcommittee for Evaluation of Performance and Reliability was instituted to
analyze and discuss technological issues for promoting the technological
development of appropriate and impartial evaluation of solar cells.
Additionally, information required for the survey/research was collected
through the inspection of related plants in Japan and survey of overseas
technological trends.

Summary (1993-1995)
l.Up to FY 1994
The Solar Cell Evaluation Technical Committee, which had been organized and
operated by the Japan Quality Association (JQA) up to fiscal 1992, was
abolished in fiscal 1993, to be replaced by the Subcommittee for Evaluation of
Performance and Reliability which was established by the fusion of the
Performance Evaluation Working Group with the Reliability Evaluation
Working Group. The research/survey work was started as a part of the
Contract Service of the Research Association for Photovoltaic Technology
(PVTEC).
In FY 1993, analysis and discussion were made on the spectral approximation
of multi-junction solar simulator and evaluation of broadband cells related to
the measurement accuracy of tandem cells, and on the aging characteristics,
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evaluation of first-year aging factor and accelerated photo-aging test
equivalent to 10-year exposure for various modules installed at four sites of
different weather conditions: Kitami (Hokkaido), Setagaya (Tokyo), Tosu
(Kyushu) and Miyako-jima (Okinawa).
In FY 1994, the study concerned the atmospheric conditions involved in the
outdoor measurement error of tandem cells, mutual comparison of outdoor
and indoor measurements, aging characteristics of various kinds of module in
the long-term exposure test, and the recovery of performance at elevated
temperatures in the accelerated photo-aging of amorphous PV modules.

2.For FY 1995
(1) Subcommittee for Evaluation of Performance and Reliability
Continued from the previous fiscal year, the Subcommittee for Evaluation of
Performance and Reliability has made, analysis and discussion with Dr. Hiroaki
Okamoto, Assistant Professor, Department of Electrical Engineering, Faculty
of Basic Engineering, Osaka University, as the chairman, and members listed
elsewhere. The Subcommittee studied the way of analyzing and resolving
technological issues for the purpose of efficiently advancing the development
of "Evaluation of Solar Cell Performance" and "Evaluation of Reliability"
which constituted subthemes of the "R&D of Solar Cell Evaluation System"
which had been commissioned to the Japan Quality Assurance Foundation
(JQA). In fiscal 1995, four meetings were held as shown in Table 1.
Table 1. Meetings of the Subcommittee for Evaluation of Performance and
Reliability in FY 1995
1st Mtg

2nd Mtg

3rd Mtg

4th Mtg

Date

Jun. 30, '95

Sep. 21, '95

Dec. 5, '95

Feb. 29, '96

Place

PVTEC

JQA (Hamamatsu)

PVTEC

PVTEC

At the time of the second meeting, the Subcommittee members visited the
experimental facilities at the Solar Cell Testing Lab. of JQA, to examine the
progress of the experiment. The following topics were covered in the four
meetings of the Subcommittee in FY 1995.

(2) Development of Performance Evaluation Method
For the development of the performance evaluation method, it is necessary to
study the spectral distribution of multi-junction solar simulator (MJSS),
management of solar irradiance and optical standards, setting of dummy
component cell used for the auxiliary source method, and adjustment of
auxiliary light, for improving the measurement accuracy with tandem solar
cells. In order to implement the best measurement accuracy for tandem solar
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cells, therefore, it is essential to provide bandpass filters for measuring each of
component cells and dummy component cells of which spectral sensitivity is
similar to that of actual component cells, and to carry out basic calibration for
them. For measuring the I-V characteristics of tandem cells, combinations of
calibrated component cell with bandpass filter are placed below MJSS, the
spectral distribution is adjusted for each layer, and finally, the output of the
auxiliary source is adjusted so as to conform with the calibration value of
dummy component cells in each layer. In this way, the optical characteristics
of MJSS should be maintained throughout the measurement.
Securing the measurement accuracy for tandem cells by the auxiliary source
method constitutes a key point for controlling the measurement methodology,
involving comparison of spectral sensitivity between test and reference tandem
cells, provision of dummy component cells matched with actual cells, seeking
optimum conditions by use of bandpass filters.
As a part of the evaluation for output characteristics of tandem modules, the
outdoor measurement with natural solar light was executed. In the outdoor
measurement, it is important to ensure that the turbidity and humidity of the
atmosphere are compliant with the reference solar light. In this measurement
three types of devices: a-Si reference cell, c-Si reference cell and Kipp &
Zonen pyranometer were used as reference monitors to determine the current
output of tandem modules of corresponding type. Consequently, it was
confirmed that all three monitors provide identical values so long as the
spectral distribution is close to that of the reference solar spectrum. The data
and evaluation scores in the outdoor measurements for tandem modules are
shown in Table 2-1.
Table 2-1. Deviations for different reference cells
Sample
Tandem

Comparison

Ref. Cell

AM

WA)

\cM

PmaxM

F.F.

(c) c-Si
(a) a-Si
(d) Pyrano
(a)/(c)
(d)/(c)

1.50
1.49
1.51

1.110
1.108
1.118
0.998
1.007

54.07
54.09
54.08
1.000
1.007

43.71
43.64
44.17
0.998
1.011

0.727
0.727
0.729
1.000
1.003

0.99
1.01

In case of single junction modules, certain mismatch in spectral irradiance can
be compensated so long as the unevenness of irradiance on the irradiated
surface is small enough. Since, for the tandem modules, errors due to spectral
distribution are difficult to correct, the source is strictly required to be
adequately even in irradiance distribution and in spectral distribution.
In collaboration with two firms affiliated with the New Energy and Industrial
Technology Development Organization (NEDO), five types of cells including
CIS cells with CdS or ZnO added to buffer layer and
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Cu(In,Ga)Se2 cells with Ga content altered were tested for characterizing
spectral sensitivity, Jgc-vs-irradiance relationship, and others.
First, the requirements of the source system needed for evaluation were
studied. In case of cells with or without a small amount of Ga, the spectral
response is available up to 1,400 nm or so, requiring to secure the spectral
similarity of the source system over a broader band. However, since the
output at 1,400 nm is much smaller than that for the entire band, the similarity
is to be held at least up to 1,300 nm. CIS call can be calibrated, as a rule, by
using a reference cell. For those cells, of which characteristics may be
affected by the application of bias voltage or light soaking, it is difficult to
provide a reference cell. It is necessary, moreover, to define the dependence
of electrical output on irradiance and temperature. From such a point of view,
the irradiance- and temperature-dependence of various samples were measured
And evaluated, to verify linearity just like the crystalline cells.
With six samples of solar cell modules provided by 5 firms in 4 types, output
power and integrated power per unit area were determined on the basis of
monthly integrated global solar radiation. Based on these data, maximum,
minimum and average of monthly mean generation efficiency and module
utilization factor were derived.
The measurement was carried out at Hamamatsu (35.2 °N, 137.7 °E) with
modules inclined to 30 0 and oriented exactly southward. From the sunrise to
the sunset, the I-V characteristics, amount of solar radiation on tilted face and
module temperature were recorded every minute, and the collected data were
converted to generation efficiency and utilization factor of module for the
subsequent evaluation.
As a result of these studies, it was found that monthly mean generation
efficiency and monthly mean utilization factor of test modules were nearly
proportional to STC (standard test condition) efficiency and overall average of
monthly mean generation efficiency, respectively, throughout the measurement
period. The monthly mean utilization factors in the measurement period were
in close correlation with the amount of solar radiation, just like the generation
efficiency.

(3) Development of Reliability Evaluation Method
The long-term exposure test for various samples of solar cell module was
conducted at Kitami, Setagaya, Tosu and Miyako-jima to collect data
continuously for analysis and evaluation. The exposure test data indicated at
all the four sites that parameters of crystalline modules had only small
variations of minute amplitude. In some of a-Si modules, variations of
considerable size occurred, which might be attributed to the temperature
dependence of cells, and in lesser extent to the cell construction. In the
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exposure test at Kitami, Setagaya and Tosu which have lasted for 3 years or
longer, little aging was ascertained in a-Si modules.
The monthly exposure tests were carried out in order to identify the difference
in aging depending upon the timing of starting exposure for a-Si modules. In
the fiscal 1995, when 1.5 years or longer have passed, the analysis of aging
deviation in the monthly exposure proved to be slightly greater than the
deviation in the initial value (11.7 %), and it was confirmed that no significant
difference occurred in aging data depending upon the timing of exposure start.
With modules used for the long-term exposure test, I-V characteristics was
measured everyday, which was corrected by using temperature coefficients (a,
b) obtained by the indoor measurement before exposure. For the purpose of
clarifying whether or not aging of a-Si module is accompanied with change in
temperature coefficient, samples of a-Si cell were subjected to accelerated
aging to follow changes in temperature coefficients.
For the aging test of sample cells, the evaluation method for first-year aging
factor and the cycled photo-aging test method are used. As a result, it was
found that the temperature coefficient took different course of aging, and
changed very little while the cell aged. With cells giving the greatest change in
temperature coefficient for Pmov,
max the difference aproved to be 1.5 % if PrY10V
max
measured at cell temperature 65 °C was corrected to that for 25 °C.
In order to evaluate the photo-aging factor of a-Si solar cell modules correctly,
it is necessary to establish an accelerated test method taking into consideration
the actually operating environment. As one of these methods, the cyclic
accelerated photo-aging test was proposed, and a series of experiments were
performed to decide the test conditions. When a-Si modules were operated
outdoor, their output varied depending upon the seasonal variations.
In the experiment to determine the schedule for light/dark cycle accelerated
aging test, the following conditions were adopted in consideration of seasonal
variations:
1.
2.
3.
4.

Intensity of light illumination: 8 SUN,
Illumination time fixed at 4 minutes (including rise and fall),
Temperatures for 3-month periods held constant,
Pattern #1 for summer and winter, varying by 10°C each month, with
overall temperature difference40°C (Fig. 3.1 (a) Pattern 1).
5. Pattern #2, varying by 5°C each month, with overall temperature difference
30°C (Fig. 2.1 (b) Pattern 2).
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Accelerated photo-aging test pattern

The Results of accelerated photo-aging test were compared with the outdoor
exposure test data. In the comparison of aging pattern between the test results
for pattern 2 and the September data of exposure test, the initial aging seemed
to proceed somewhat faster than in the outdoor exposure, r (tan) for the
light/dark cycle was twice as long as that for the outdoor exposure.

Future Tasks
(1) Development of Performance Evaluation Method
(a) In order to realize ±2% accuracy with the tandem solar cells, the precision
adjustment of spectral response of the multi-junction solar simulator is to be
studied, and the provision of dummy component cells as well as the
management of measurement are to be established. In order to improve the
accuracy for indoor and outdoor measurements, it is necessary to compare
indoor and outdoor measurements through calibration, and to analyze errors
related to the calibration accuracy.
(b) In order to improve the measurement accuracy for single-layer and tandem
modules, it is necessary to collect basic data for indoor and outdoor
measurements using long-pulse solar simulator, for comparison, error
evaluation and defining accuracy.
(c) The methods for calibration and output characterization of solar cells of new
type such as CIS are to be developed.
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(2) Development of Reliability Evaluation Method
(a) The long-term exposure tests of various types of solar cell modules are to be
continued at five sites: Kitami, Setagaya, Tosu, Miyako-jima and Hamana-ko,
to accumulate basic data concerning the relation between weather environment
and aging, and to analyze the aging mode.

(b) Experimental research for improving the accuracy of accelerated photo-aging
test for thin film cells to cover the longer service life.
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Research & Survey on Test and Evaluation Method
for BOS Component Devices
Mineo Tatsuta
New Energy and Industrial Technology
Development Organization
Objectives
To establish the unified test and evaluation method of BOS component
devices through clarifying the required specifications for PV systems.
Work Program
(1) Study on specifications for BOS component devices
To conduct investigation on basic functions required for improvement
of added values to grid connected system with storage batteries, that is
expected for the cost effective application, for example, stabilization
of output, peak load shaving and control of harmonics and reactive power.
To find the direction of new technology development of BOS devices
through the investigation on PV systems in the world.
(2) Study of unified test and evaluation methods
To continue the long term PSOC and life cycle tests for advanced
type storage batteries developed by NEDO for PV application.
To investigate the testing method of electromagnetic interference by
PCS which is pending in the performance testing methods.
(3) Cost evaluation of BOS components
To deepen investigations of the simulation analysis for evaluation on
reliability of various islanding prevention methods within the framework
of evaluation for BOS components.
Summary (1985—1995)
1. Up to FY 1994
The performance testing facility of PCS and storage battery for PV
application was developed in 1988, and the test and evaluation for PCSs
and storage batteries developed by NEDO was initiated. Which has led to
finding that those PCSs are superior over products of overseas.
A survey was completed by 1994 on the degradation of lead acid
storage batteries in various systems developed by NEDO in order to
establish the practical measures for extension of battery life. It was
found that those degradation are caused by operation in PSOC condition
for a long period in PV system.
The performance tests of second phase for advanced type of storage
batteries developed by NEDO was initiated since 1993. In paralleling
those, the performance tests on various PCSs on the market to identify
the problems and promote the technology transfer developed by NEDO.
In addition, progress was made in the simulation analysis of cost

evaluation of BOS components in a view point of power generation cost.
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An investigation focussed on the ways for cost reduction by optimization
of BOS components and the direction of technical development to the
future have been conducted.
2. For FY 1995
(1) Study on specifications for BOS component devices
a) Study on improvement of added values for PV system
Basic investigation was made on the cost effective utilization of
storage battery in PV system. As a result, it was cleared that the
system which has built-in storage battery within a backup capacity
of only 5 to 10 min, can be effectively utilized for improvement of
output stability and reduction of peak load shaving for utility grid.
It has a good compatibility to small UPS application especially in
the aspect of a disaster.
In addition to the above, it was cleared that the PCS in PV system
has a great potentiality for improvement of controlling the harmonics
and reactive power in utility grid.
b) Survey on PV systems in the world
A survey was conducted on PV systems in the world in order to
clear the status of various application fields that are valuable
information for technical development of new PV application areas
in Japan.

As a result, the total amount of 1,460 cases in 105 countries were
covered in this year. Using the data, the database was constructed
and statistical analysis on the system types and application forms
were conducted .
(2) Study of unified test and evaluation methods
a) Performance test of advanced type storage battery
The Long term cycle tests for 4 advanced types of storage battery
developed by NEDO (two advanced lead add batteries and two
nickel—hydrogen batteries) as a continuation of basic characteristics
tests such as the capadty and PSOC effiriency. Table 1 shows
specifications of tested products.
The performance test was started with the basic characteristic test
such as the capacity, effidency and I—V characteristics and advanced
to the long term cycle tests including PSOC cycle and accelerated
life cycle tests as shown in Fig.l.
Table 2 shows testing conditions, except the redox—flow battery for
which the values are given only for information since the actual test
is still not scheduled.
Fig.2 shows the patterns of long term cycle tests. The PSOC and
accelerated life cycle tests are conducted in parallel on all types of
storage battery under the test. The PSOC cycle test patterns are to
find the long term operational performance in PV systems, whereas
the accelerated life cycle tests are for testing pattern to investigate

the performance which is the objective to develop the storage battery.
Table 3 shows results of basic characteristics tests. Table 4 shows
the progress of cycle tests on each type of batteries. At present,
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Table 1. Specifications of Advanced Strage Batteries for PV Application Develped by NEDO
\
Items \

Battery Types

Small Shield Lead Acid Battrey
High Current Bate
Deep Discharging

Redox Flow Battery
Nickel-Hydrogen Battery
Iron / Chrome
Long Life
High Current Rate

1. Model of Manufacturer

GRE—100—12

PSC-500

For Experiment

MH-S100

MH-H100

2. Form of Installation

Fixed

Fixed

Fixed

Fixed

Fixed

3. Structure of Electrode

Grained Silica
Paste

Gel Tubular

Grained Silica
Paste

Gel Tubular

4. Ratings
a) Nominal Voltage
b) Nominal Capacity

12 V (6 Cells)
100 Ah (10HR)

2 V
500 Ah (10HR)

1.2 V
100 Ah (10HR)

12 V (10 Cells)
100 Ah (10HR)

5. Discharging Capacity
a) 20 Hours Rate
b) 10 Hours Rate
c) 5 Hours Rate
d) 3 Hours Rate
e) 1 Hours Rate

110
100
85
80
65

530
500
460
400
285

104
104
102
97
90

100
100
100
95
91

6. Efficiency
a) Ah Efficiency
b) Wh Efficiency

Ah/11.1
Ah/10.8
Ah/10.5
Ah/ 9.9
Ah/ 9.6

V
V
V
V
V

Ah/1.85
Ah/1.80
Ah/1.75
Ah/1.65
Ah/1.60

—

V
V
V
V
V

94 X / 1.0 C
85 X / 1.0 C

92 % / 1.0 C
82 * / 1.0 C

6. Life Cycle

2,000 Cycles
at 1.0C, 40%/DOD

2,000 Cycles
at 0.3C, 80%/DOD

7. Self Discharging Rate

0.1 % / Day
at 25 degree C

0.1 % / Day
at 25 Degree C

8. Maintenance Cycle

No Maintenance

9. Range of Operating
Temperature
10. Size & Weight
a) Size
b) Weight

52 V (49 Cells)
600 Ah (10HR)

600 Ah/46.4 V

84 % / 0.1 C
74 % / 1.0 C

Ah/1.
Ah/1.
Ah/1.
Ah/1.
Ah/1.

00
00
00
00
00

Y
V
V
V
V

Ah/10.0
Ah/10.0
Ah/10.0
Ah/10.0
Ah/10.0

V
V
V
V
V

98 X / 1.0 C
84 X / 1.0 C

95 % / 2.0 C
68 % / 2.0 C

6, 000 Cycles
at 1. OC, 80%/DOD

3,000 Cycles
at 2. 0C, 80%/DOD

2.0 % / Month
at 25 Degree C

0. 5 % / Day
at 25 degree C

1.0 % / Day
at 25 Degree C

No Maintenance

Once

Once / Year

Once

0 -40 degree C

0 -45 degree C

15-60 degree C

10-30 degree C

10-30 degree C

407Wxl73Dx233H
40 kg 16.4 liters

160Wx306Dx321H
40 kg 15.9 liters

2800Wxl800Dx2400H
300 kg 2700 liters

140Wx532Dxl80H
30 kg 13. 0 liters

304Wx312Dxl58H
30 kg 15. 0 liters

15 Years

/ Year

/ Year

Items and Classification of Battery Test
Short Term

Test Items
1. Basic Characteristics
(1) Capacity
(2) PSOC Efficiency
(3) I-V Characteristics
(4) Self Discharging Bate*
(5) Over Load Durability
© Over Charging
© Over Discharging

O
O
O
O
O
o

2. Operating Characteristics
(1) Standard PSOC Cycle Test
© Low Current Bate(20HR)
© High Current Bate( SHE)
(2) Accelerated Life Cycle Test
© High Current Bate
© Deep Discharging Rate

1. Basic Characteristics Test

(1)
(2)
(3)
(4)

Capacity
PSOC Efficiency
I-V Characteristics
Self Discharging Bate

Seasonable?

Long Term

(O) *
(O) *

o
o
o
o

2. Operating Characteristics Test

(6) Standard PSOC Cycle Test
© Low Current Bate (20HB)
© High Current Bate ( 5HR)

(7) Accelerated Life Cycle Test
(D High Current Bate
© Deep Discharging Bate

(Deteriorated)

(Rejected)
(5) Over Load Durability
(D Over Charge
© Over Discharge

(Capacity &
efficiency Test)

(Note) All tests will be conducted under the condition of ambient
air temperature within 25± 3 dgree centigrade.
*: According to the feature of battery.
#: With periodic monitoring of capacity and PSOC efficiency.
Fig. 1. Test Procedure of Storage Batteries for PV Application.
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Table 2. Testing conditions of Advanced Batteries for PY application.

(1/2)

Basic Characteristics Test
Test Items
Basic Test Condition

Seald
Hydrogen

Redox Flow

Nickel

Lead Acid

Battery
Model

Capacity Test

Ambient
Current
Temperature Rate

Limit of
Limit of
Temperature Voltage

Terminate Maximum
Voltage Current

Index of
SOC

(1) High Current
rate Type

25± 3°C

0.2 Cg

45
n
(Surface)

3.00 V
/Cell

1.75 V
/Cell

0.5 Cg

100

%

0.1 Cg

(2) Deep Discahrging
Type

25± 3"C

0.1

45
°C
(Surface)

2.50 V
/Cell

1.80 V
/Cell

0.3 C1Q

100

%

(3) Long Life Type

25± 3r

0.2 Cg

50
V
(Surface)

1.55 V
/Cell

1.00 V
/Cell

0.5 Cg

0

%

60
°C
(Surface)

1.60 V
/Cell

1.00 V
/Cell

0.5 Cg

0

60
°C
(Surface)

1.20 V
/Cell

0.80 V
/Cell

-

0

c10

(4) High Current Rate 25± 3°C
Type

0.2 Cg

(5) Redox Flow Type

o.i c10

25 ± 3°C

Method of Charging

PSOC Efficiency Test

Totlal
Charging

Discharging Range of
Current
SOC

Current
Rate

135

%

®

0.1 C1Q x 12H

120

%

0.1C..S
0. 05 C" x

8H +
8H

120

%

%

0.1C..X
0.05Cj“ x

8H +
8H

120

%

%

0.1 C 1Q x 10H

100

%

x 13. 5H

c1n

30-90%

0. 2 Cg

0.! C1()

30-90%

o.i c10

10-70%

0.2 Cg

c1fl

10-70%

0.2 Cg

0.! C1Q

0 ~
100 %

0.! C1Q

0.1

©0.2 CjjU

®

0.1

cin

©0.2 CjT

®

0.1

©0.2 C*u

Basic Characteristics Test
Test Items
I-V Characteristics

Redox Flow!

Seald
Hydrogen

Nickel

Lead Acid

Battery
Model

Self Discharging Rate

Over Load Durability

SOC
Range

Current
Rate

Total
Charging

(1) High Current
rate Type

30-90 %

0. 051.0 Cg

135
%
180
(O.lCg )

(2) Deep Discahrging
Type

30-90 %

0. 05—
0.5 Cg

120

%

180

Days O.i c10

O.i C10

40 Hours

(3) Long Life Type

10-70 %

0. 05—
1.0 Cg

120

%

120

Days 0.2 Cg

0.2 Cg

(4) High Current Rate 10-70 %
Type

0. 051.0 Cg

120

%

120

Days 0.2 Cg

0.2 Cg

(5) Redox Flow Type

0. 05—
0.5 Cg

100

%

180

Days 0.1 C10

-

10-70 %

Days on
Keeping

Remaining Charging Charging
Capacity Current Hours

Days 0.2 Cg

0.2 Cg

Over Discharging Durability
Discharging Terminate
Current
Voltage

40 Hours 0.2 Cg

Method of Recovery Charging
Procedure of Charging
Charging

1.00 V
/Cell

2.50

1.00 V
/Cell

2.50

48 Hours 0.2 Cg

0.40 V
/Cell

0.5 C,
0.1 C“

48 Hours 0.2 Cg

0.40 V
/Cell

0.5 C.
0.1 C“

-

o.i c1Q

-

-

V/Cell x 6H
( 0. 5 C g

max. )

V/Cell x 10H
( 0. 3 C ig max.)

115140 %
120

%

x 1H t 0.2 C, x 3H +
x 1H
(1.55 W max.)

120

%

x 1H + 0. 2 C,, x 3H +
x 1H
(1.60 V/tA max.)

120

%

-

-

Table 2.
N\.

Testing conditions of Advanced Batteries for PV application.
PSOC Cycle Test

Test Items
Basic Test Condition

Hydrogen

Redox Flow

Nickel

Lead Acid
Sea Id

Battery
Model

Capacity Test

Ambient
Current
Temperature Rate

Limit of
Limit of
Temperature Voltage

Terminate Maximum
Voltage Current

Index of
SOC

(1) High Current
rate Type

25± 3°C

0.2 Cg

45
°C
(Surface)

3.00 V
/Cell

1.75 V
/Cell

0.5 Cg

100

%

0.1 Cg

(2) Deep Discahrging
Type

25± 3°C

0.! C10

45
°C
(Surface)

2.50 V
/Cell

1.80 V
/Cell

0.3 C10

100

%

(3) Long Life Type

25 ± 3°C

0.2 Cg

50
°C
(Surface)

1.55 V
/Cell

1.00 V
/Cell

0.5 Cg

0

(4) High Current Rate 25± 3°C
Type

0.2 Cg

60
°C
(Surface)

1.60 V
/Cell

1.00 V
/Cell

0.5 Cg

0

(5) Redox Flow Type

(2/2)

-

-

-

-

-

-

Method of Charging
x 13. 5H

PSOC Efficiency Test

Totlal
Charging

Discharging Range of
Current
SOC

Current
Rate

135

%

0.2 Cg

30-90%

0.2 Cg

0.1 C1Q x 12H

120

%

0.1 C10

30-90%

O.i c10

%

0.1C..X
0.05C
x

8H +
8H

120

%

0.2 Cg

10-70%

0.2 Cg

%

0.1C..X
0. 05 C^ x

8H +
8E

120

%

0.2 Cg

10-70%

0.2 Cg

-

-

-

-

-

-

Accelerated Life Cycle Test
Test Items
Basic Test Condition

|
C*.
1
Dd

Seald
Hydrogen

Nickel

Lead Acid

Battery
Model

Ambient
Current
Temperature Rate

Capacity Test

Limit of
Limit of
Temperature Voltage

Terminate Maximum
Voltage Current

Index of
SOC

Method of Charging

(1) High Current
rate Type

25+ 3°C

L0 C1()

45
°C
(Surface)

3.00 V
/Cell

1.60 V
/Cell

LO C1Q

100

%

0.1 Cg

(2) Deep Discahrging
Type

25 ± 3°C

0.3 C1()

45
°C
(Surface)

2.50 V
/Cell

1.65 V
/Cell

0.3 C10

100

%

0.1 C1Q x 12H

(3) Long Life Type

25 ± 3°C

L0 C1()

50
°C
(Surface)

1.55 V
/Cell

1.00 V
/Cell

1.0 c1Q

0

%

0.1C..X

60
°C
(Surface)

1.60 V
/Cell

1.00 V
/Cell

L0 C1Q

(4) High Current Rate 25 ± 3°C
Type
(5) Redox Flow Type

-

i.o c10

-

-

-

-

-

-

%

Totlal
Charging

Discharging Range of
Current
SOC

Current
Rate

135

%

L0 C1()

30-90%

L0 C1Q

120

%

0.3 C1Q

30-90%

0.3

8H +
8H

120

%

1.0 c1Q

10-70%

1.0 c10

x

0.1 C..x
0. 05C
x

8H +
8H

120

%

L0 C1Q

10-70%

L0 C10

0.05C
0

x 13. 5H

PSOC Efficiency Test

-

-

-

-

-

(% )
C

s 0

The PSOC Cycle Test Pattern for Advanced Storage Batteries
(Standard High Current Kate: 5 HE for Lead Acid Battery)

s
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Fig. 2-a.
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Fig. 2-b.

The PSOC Cycle Test Pattern for Advanced Storage Batteries
(Modified High Current Bate: 5 HE for Nickel Hydrogen Battery)
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The PSOC Cycle Test Pattern for Advanced Storage Batteries
(Modified Low Current Rate: 10HR for Lead Acid Battery of Deep DOD)
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Table 3.

Results of Basic Characteristics tests for advanced storage batteries.

Current Rate

O.IC10

0.2C 3

Model
Test Sample
Capacity(Ah)
(l)GRE-lOO
lOOAh

PSOC Eff(X)
Capacity(Ah)

(2)PSC-500
500Ah

PSOC Eff(K)
Capacity(Ah)

(3)MH-S100
lOOAh

PSOC Eff(%)
Capacity(Ah)

(4)MH-H100
lOOAh

PSOC Eff(X)

#1

#2

#,3

#1

#2

0.3 C10
#3

#1

#2

1.0Ci
#3

#1

110.7 110.1 11 L. 2 103.9 101.4 102.7
99.7

98.7

9!1.0

94.8

95.6

93.8

88.8

98.5

96.5

101.9

102.7

99.6 101.7

98.0

92.8

98.4

105.4

110.9

95.0

94.0

94.8

105.1 104.5
96.0

95.1

#2

#3

489.3 529.0 532.4

9'1.9

9<1.8

#1
69.0

98.0

98.8

95.9

105.2 102.3 10 L. 0 103.2 102.5 101.6
93.5

#3

78.4

561.0 557. 1 55 7.5
92.7

#2

I.OC10

94.6

99.9

96.2

96.0

Table 4. Testing Items and the Progress of Long Term Cycle Tests for Advanced storage batteries.
Battery.
Testing Items
Current
Tested Total
Capacity(Ah) PSOC Eff. (%)
Model
Rate
Basic Test
Cycle Test
Cycles Ah (C) Current Value/Initial Value
GRE-100 (lOOAh)
High Current Bate Cycle Test 2,000
#1 1.0 C
37. 0/ 69.0
600
- / 88.8
High Current
Capacity.
Rate Lead Acid
# 2
#2 0.2 C PSOC effi- PSOC Cycle Test
67.9/101.4
132
587
92.2/ 94.0
PSC-500 (500Ah)
Deep Discharging Cycle Test
# 3
#1 0.3 C ciency.
513.3/489.3
672
566
94.3/ 98.0
Deep Discharging
I-V chara
Rate Lead Acid
513.6/557.1
# 4
#2 0.1 C cteristics. PSOC Cycle Test
144
429
82.4/ 94.8
High Current Rate Cycle Test
MH-S100 (lOOAh)
#1 1.0 C etc.
Nickel Hydrogen
Long Life
PSOC Cycle Test
#2 0.2 C
MH-H100 (lOOAh)
High Current Rate Cycle Test 4,100
# 5
#1 1.0 C
1,230
68.3/ 92.8
116. 3/110. 9
Nickel Hydrogen
High Current Rate #2 0.2 C
PSOC Cycle Test
# 6
108
427
73.0/101.7
97.2/ 98.4
Common Testing Bed #3 For Self Discharging Rate, Over Load Durability, and other Complementary Tests.
# 9
Notes: GRE-100 and MH-H100 are the assembled batteries. PSC-500 and MH-S100 are the single cell batteries.
The values of MH-S100 are re-examined after make up the electrolyte and pressure valve.
The values of lead acid batteries are compensated on temperature at 25 °C.
The values of Nickel hydrogen batteries are not compensated on temperature condition.

Testing
Lot
# 1

—

—

—

—

—

—

The advanced type lead add storage battery: model GRE—lOO expired
the life (80% of rating capadty) with about 1,200 cycles, 360C.
The nickel—hydrogen storage battery: model MH—H100 expired the
life after operation of about 3,800 cycles, 1,100C.
Fig.3 shows the history of those tests. The model GRE—lOO showed a
sharp drop in capacity in the PSOC cycle test with 0.2C, whereas a
rapid reduction of capadty was caused to the model MH—H100 by
failure of a single cell in 12V module. The test was resumed after
replacement of the defective cell.
No evidence of significant drop of capadty is shown by the advanced
type lead storage battery for deep discharging of model PSC—500 in
the accelerated life cycle test with deep discharging. The battery
subjected to the PSOC cycle test showed a rapid drop of capadty,
therefore, the cycle test is continued with a replaced new battery.
The history of test is shown in Fig.4.
Of the batteries tested above, those which have expired their life,
i.e. the model GRE—lOO and the MH—H100 were disassembled to
investigate the causes of deterioration.
A cycle test was initiated with the nickel—hydrogen storage battery:
model MH—S100, which had been in wait for available testing circuit.
b) Performance test of commerdally available storage battery
The commerdally available storage battery: model SLB—200 was
subjected to about 330 cycles, or 1,650 C of total equivalent
discharging ampere hours of 5—hour rate (125Ah) of PSOC cycle test
with the NEDOZDPIE revised profile for Australia.
Although drop of active substance and the deposition on the bottom
was remarkable, it still maintains suffident capadty about 90% of
rating value, indicating that it will take further long time until the
expiration of its life as shown by low reducing rate of discharging
capadty.
Therefore, the cycle test was discontinued on the judgment that the
capadty was reduced to the 80% of initial capadty and the storage
battery was disassembled to find cause of performance deterioration.
c) Performance test of PCSs on the market
Six types of commerdally available PCSs were tested for those
performance with aims at knowing the state—of—the—art of commerdal
technology and reflecting the research results of NEDO. As a result,
it was found that the performances in normal operation mode of those
products were fairly good as shown in Table 5, although the
conversion effidencies were slightly lower than those specified values.
Some of those products, however, have shown low reliability as the
commerdal products, for example: The core temperature of insulation
transformer of Sample A reached 120 degree C under the urgent
pursuit of compactness, and; The sample A, C, and F had almost
ineffective passive or active islanding protection.
It was indicated from those cases that the research results of NEDO
should be fully reflected.
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Fig. 3-a.

A Progress of Capacity under Accelerated Life Cycle test with
the High Current Bate Cycle Pattern.
(MI-100: Nickel Hydrogen, High Current Rate Type )

Capacity
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65Ah (iHR>!

feting Capacity
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Fig. 3-b.

A Progress of Capacity under Accelerated Life Cycle test with
the High Current Bate Cycle Pattern.
(GBE-100: Lead Acid, High Current Bate Type)
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A Progress of Capacity under PSOC Cycle Test with the Standard
High Current Bate Pattern.
(GEE-100: Lead Acid High Current Bate Type )
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Fig. 4-b.

A Progress of Capacity under Accelerated Life Cycle test with
the Deep Discharging Cycle Pattern.
(PSC-500: Lead Acid, Deep Discharging Type )

Capacity
(Ah)

Sample Htidel
:
Rating Capacity: 125Ah (SHE)

"InitialrValue! 141.8Aih S.G 1.236 dull Changed)
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Current Value
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Fig. 5. A Progress of Capacity under the PSOC Cycle Test with Revised NEDO/DPIE
Profile.
(SLB-200: Lead Acid, a Product on the Market for PV Application)
Table 5 Steady State Characteristics of PCD on the Market
Basic Performances (Measured Valye/Specific Value)
Sample
THD©

P.F

V cv©

1.1/<5.0

1.00/M). 95

89.6/>90.0

1.4/<5.0

1.00/>0.95

(3)Sample C
JH-31A
[3.3kVA]

2.4/<5.0

©Sample D
PVL-D0040

[4kf]

(5)Sample E
NPV-3000S

[3kVA]

(6)Sample F
LBS-3-S3

[3kf]

(7)Sample G
2200

[1.6kW]

(l)Sample A
KP-300

[3kl]

©Sample B
SSI-L33-1

C3kVA]

i? cvm©

v pt©

Irp©

Ltr©

Lwt©

91.3
(50%Load)

100.0

4.5<10.0

19.4

0.0

88.8/>90.0

90.2
(70%Load)

100.0

7.2<10.0

47.2

3.4

1.00/>0.95

87.9/>90.0

87.9
(lOOXLoad)

100.0

1.6<10.0

37.9

27.0

0.6/<5.0

1.00/M). 95

90.9/>93.0

91.5
(SOXLoad)

100.0

4.2<10.0

23.3

0.0

1.4/<5.0

1.00/>0.95

90.0/>90.0

91.0
(60%Load)

99.2

8. K10.0

54.9

0.0

1.1/<5.0

1.00/>0.95

90.2/>90.0

91.2
(70%Load)

100.0

2.2<10.0

37.9

0.0

18.7/<5.0

0.98/M). 98

89.4/>94. Op

89.4
(lOOXLoad)

96.8

- < 5.0

76.9

18.7

Notes)®Symbol

: THD : Total Harmonic Distortion
?cv : Conversion Efficiency
jjpt: HPTEfficiency
Ltr : Tare Loss
P.F: Power Factor
itcvm : Maximum Value of
I rp : DC Ripple Current
Lwt: Stand by Power
©Tare Loss : DC Power Consumption at Zero Power Exchange with Utility Grid.
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7]cv

d) Study on testing method for electromagnetic interference
In addition to the survey on testing and evaluation methods and
related standards in domestic and foreign affairs, demonstration tests
were conducted on electromagnetic interference of PCS on the market
at present.
As a result, it was found that the high frequency noise generated from
the most part of PCSs in Japan is not acceptable at all, at the
viewpoint of radio interference to the broadcasting band. Which is
scattered through the PV array and the distribution line of utility
grid.
(3) Cost evaluation of BOS components
Simulation study was carried out on the parallel operation of more
than one inverters using the electromagnetic transient analysis program
(EMTP) in order to find ways of cost reduction, simplify the function to
islanding protection which is important to the grid connected operation,
and improve the reliability.
As a result, it was found that: Of the active methods, the asynchronous
power variation method has a problem; the frequency shift method is
promising, and; the islanding operation can be effectively prevented by
a passive protection combined with different methods, which has a simple
circuit.

Future tasks
The long term cycle tests for advanced type storage batteries will be
continued to next year, and the performance evaluation will be completed.
In addition, Testing method should be refined on the high current rate
and deep discharging rate for advanced type storage batteries.
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Research and development of technology for evaluating
photovoltaic power systems

Mineo TATSUTA

New Energy and Industrial Technology
Development Organization (NEDO)

Objectives

The objectives of this study are as follows :
O

Development of the system evaluation technology for improvement of efficiency

O

Establishment of the optimum design and operation methods of various
photovoltaic power systems

Work Program

(1) System Evaluation Technology

(a) Data collection and analysis
We will measure characteristics in each plant section under various conditions to
collect data for various test facilities. Also, we will analyze the energy flow of a photovoltaic
power system based on the collected data, thereby calculating losses, etc. in each part of
photovoltaic power system circuit to calculate and analyze design parameters.

(b) Establishment of on—site measuring technology
We will improve an array output measurement instrument (I—V curve tracer) to
measure the output of a photovoltaic array at the site. In order to verify performance of trial
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product I—V curve tracer developed in 1994 and measurement method at the site , we
measure I—V curve characteristics at the site timely and improve in detail on the following :
O Versatility capable of handling various array capacity, voltage, and current ranks
O Reduction of errors due to initial vibration at start of measurement (improvement in
Isc measurement error)
O Directly measurement of Voc to improve measurement accuracy in the vicinity of
current "0" (improvement in Voc measurement error)
O Introduction of approximation curves to eliminate noise in the vicinity of Pmax
(improvement in Pmax measurement error)
O Improvement of expression for conversion into standard test condition

(2) Establishment of Database
We plan to collectively integrate data about photovoltaic power system NEDO plant,
etc. implemented in the past into a single storehouse to make it availavle as a database. We
will continue integrating data obtained from photovoltaic plants of Field Test Project into a
database and analyze data in the database in 1995.

(3) Simulation Technology

(a) Development of simulation program and execution of simuration
Using data deriving from system evaluation technology and the NEDO plant database,
we will conduct computerized simulations to keep track of system operating conditions as a
method to quantify design parameters.
In 1995 , We will try to make progress of accuracy for simulation of utility connected
photovoltaic power system and evaluate regional differences.

In addition we will analyze

the response for capacity of system and operational method, and investigate the most suitable
value.
For stand— alone photovoltaic power system, “battery voltage— ampere calculation” will be
verified and accuracy of simulation and tried to make progress.

In addition optimizing

capacity of the photovoltaic array and the storage battery will be simulated and investigated
matching combination of the two which makes same reliance.

(b) Database analysis
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Collecting data from each plant and analyzing energy flow, we will estimate design
parameters for the equivalent plant.

(c) Test using PV simulator
Through demonstration run using a PV simulator, we will collect data of centering on
units with strong nonlinearity, such as storage battery, inverter, and evaluate as compared
with the actual data.

(4) Overall Evaluation

We will analyze the efficiency of each equipment constituting a photovoltaic power
system and various causes of output reduction to quantify them as design parameters to
make the analysis results available for the sizing design of system.

(a) Calculation of design parameters
In addition to data from the Hamamatsu site , we will analyze data from other districts
to obtain more elaboratery calculated values to increase the accuracy of design parameters by
consideing regional differences, and upgrade them as the secondary estimated values.

(5) Survey

We will survey and study photovoltaic power systems in countries abroad with regard
to the latest technologies in designing and constructing photovoltaic power systems, methods
for reflecting analysis of photovoltaic characteristics and plant operation data back into design.

(6) Committee

We will inaugurate a committee and a sub—committee organized by men of learning
and experience and related engineers in order to receive techical supports for system
evaluation technology (design parameters, test facilities, mesurement equipment, array I-V
curve tracer), establishment of database and simulation techniques.
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Summarv(1990—1995)

1. Up to FY 1994

(1) Fiscal 1990

In an effort to conduct overall evaluation about the efficiency, causes of output
reduction, etc. of a photovoltaic power system constructed with such fundamental equipment
as photovoltaic module, storage battery, and inverter, we classified and defined the
parameters required for system design.
Also, we installed three medium— capacity stand— alone PV systems as system— level
test facilities and a part of measurement system.

(2) Fiscal 1991

In addition to classifying design parameters, we defined those parameters in detail and
examined the methods for testing and calculating each design parameter.
Also, we continued constructing system— level test facilities from the preceding fiscal
year. As a result, we installed two grid— connected PV systems, two water pump PV
systems, and two small—capacity stand-alone PV systems.

(3) Fiscal 1992

We continued constructing system—level test facilities from the preceding fiscal year.
As a result, we constructed a total of six single— phase utility connected PV systems
consisting of three 2 kW—capacity systems and three 3 lcW— capacity systems.
Furthermore, in order to evaluate various factors related to dirt, degradation, spectrum,
dependency on solar irradiance etc., we introduced photovoltaic modules from manufactures
primarily in Japan and the U.S. to construct a module—level test facility.
We began to integrate data from the NEDO project photovoltaic power systems
implemented in the past into a database.

(4) Fiscal 1993

Based on the “Technical Guideline for the Grid Interconnection of Dispersed Power
Generation Systems” revised on March 31,1993, we reconstructed the interconnection
system without reverse power flowinto a flow—reversible interconnection system, thereby
commencing power transmission (reverse power flow) into low—voltage distribution lines.
Regarding rooftop module—level test facilities, we introduced seven types of photovoltaic
modules from Europe to additionally install module- level test facilities. As a result, the
total capacity of rooftop module-level test facilities has been increased to 5.1 kW. Other
activities included designing and manufacturing a d.c. power supply (PV simulator) to
simulate the photovoltaic characteristics of a array as part of our simulation tests. We have
finished constructing various test facilities in fiscal 1993. Table 1 shows the capacity and
system configuration of test facilities.
Furthermore, based on the data hitherto collected from test facilities, we continued
with our endeavor to analyze design parameters one after another. We summed up the
results and announced as the primary estimated values of design parameters in fiscal 1993.

(5) Fiscal 1994

By using the data collected fromthe test facilities and the operational data from the past
NEDO projects, demonstration run using a PV simulator and computer simulation, two or
three undefined design parameters were calculated. In addition, the accuracy of
already—defined parameters was improved. Employing the estimated values of these design
parameters a simple design manual was prepared. In addition, we developed an array output
measurement instrument^— V curve tracer) to establish on—site measurement technology
about array capacity.
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2. For FY 1995

(1) System Evaluation Technology

In 1995, continued from 1994, various design parameters were calculated based on the

data collected from the test facilities and the operational data from the past NEDO projects.
Table 1

shows test facility equipment capacity and system configuration for system

evaluation technology.
In order to establish a technology for on—site measurement of array capacity, which
formerly was evaluated only by adding module measurement data taken at the time of
shipping from manufacturers, technical development was continued from 1994.

(D Preparation of test facilities and measuring equipment
To calculate the soil factor

Kpds,

soil evaluation was performed at JQA Hamamatsu.

The effect of soil is found to be as small as 0.2 % there.

We have concluded, therefore,

that the soil factor should be calculated by taking up some particularly heavy polluted areas,
and prepared compact evaluation measuring equipement to collect data.
The analysis program was improved to make better the efficiency of the monthly and
annual report work.

(a) Soil evaluation tester
To evaluate the soil factor

Kpds

considering location, we have prepared a compact soil

evaluation equipment to collect data.
This equipment, which may be located where continuous surveillance is not available,
is designed with a built— in power source for measurement and cleaning as well as a built— in
water supply for cleaning.

(b) Improvement of energy flow monthly and annual report analysis program
In 1995, in order to improve the efficiency of monthly and annual report tabulation and
analysis, we used operation data collected from the evaluation system test facilities and
improved the monthly and annual report analysis program which is used to analyze various
characteristics.
(b— 1) Addition of function to prepare annual report using collected data
Annual report prepared by the current monthly and annual report analysis program
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used to be calculated from collected data with input of line resistance, and the annual energy
flow was prepared and output for cumulative electric energy, loss, and loss factor of the
systems No. 1 through No. 15.
From now on, however, additional function is given so that the annual report can be
prepared with system operation data (PV voltage, PV current, PV cell temperature) and
meteorological data (ambient temperature, wind direction, wind velocity) which process
cumulative and average figures.
Items according to the process flag of Sn format are selected and output.
(b— 2) Preparation of program to check collected data in the file
To prevent unfinished analysis and handling of monthly and annual reports due to lack
of measurements or missing collected data, this program checks for such imperfections, and
restore a file with a space for any missing data.
(b-3) Addition of program to prepare charts
As a graph preparation function of the analysis program, a bar graph is output in units
of years to show monthly changes of loss factors related mainly to energy flow. A new
function will be added so annual averages of each system can be output as well. This
function will facilitate easy comparison of annual data such as loss factors and generated
electric energy, and improve efficiency of annual report analysis.
(b—4) Improvement of program to insert comments to monthly report chart
A system operation completion file is currently prepared, and comments can be entered
in the comment column of the monthly report chart. The format of this system operation
completion file will be simplified to reduce input time. Simultaneously, the monthly and
annual report analysis program will be improved.

(2) Data collection and analysis
For period from April, 1995, through March, 1996, various operation data of 3 kinds and
total of 15 systems such as utility connected PV systems (No. 1, No. 2, No. 10 — No. 15),
stand- alone PV systems (No. 3, No. 4, No. 5, No. 8, No. 9) and water pump PV systems
(No. 6, No. 7) were collected.
Energy flow, aging of amorphous photovoltaic modules and the array circuit correction
factor (a) of each system, as well as spectral response deviation factor (Kpdrs) for central
Tokyo were analyzed.
Location for installing the prepared soil evaluation testers was examined.

For selecting the location, we gave several candidates according to the type of system
utilization. The first selection was made for "area along main road (high way wall surface),
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and industrial area", and then JQA South Kanto Test Center and JQA ICansai Test Center
were finally selected as appropriate locations. Evaluation testers were located then, and
began measuring.

(a) Energy flow of utility connected PV system
According to annual averages, the following facts can be said.
(a-1) The ratio of the array electric energy to the total basic electric energy ([total
irradiation J x [array capacity at standard test condition]) which expresses the array
performance ratio is 0.847 for the medium sized system No. 2, 0.862 - 0.912, which is
relatively large, for small systems No. 11, No. 13 — No. 15, while it is 0.619 — 0.685, which
is relatively small, for the intermediate system No. 1 and small systems No. 10 and No. 12.
Compared with the data in 1994, the same tendency is observable even though the
individual values are little different. The array circuit loss factor included in various factors
obtained showed 0.981 — 0.990, which was applicable to all the intermediate and small
systems.

(a— 2) For the power conditioner circuit factor, the systems 1, 2, 10 — 14 showed 0.906
and greater, while the system No. 15 showed a small value 0.848. It is considered that the
inverter rated efficiency, which was 6% lower than that of other systems, lowered the power
conditioner circuit factor.
(a—3) The ratio of load electric energy to total basic electric energy which expresses the
system performance ratio was the largest for the system No. 13, which was 0.829, and the
smallest for the system No. 12, which was 0.558.
The ratio of the array output electric energy of the systems No. 1, 10, 12 to the total
basic electric energy, and the ratio of the load electric energy to the total basic electric
energy were particularly small.
Since the system No. 1 consists of modules (monocrystal and polycrystal) made by
three different manufacturers that were transferred from another NEDO project system, the
array circuit unbalance is considered to have given an influence. Judging from the fact that
the modules were manufactured approx. 10 yeas ago and cell surfaces were discolored, the
output drop may have affected also.
The systems No. 10 and 12, which consist of amorphous modules, showed nearly same
values as those from previous year, the degradation rate drop has become small and they
may already be in the stabilized phase.
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(b) Energy flow of stand-alone PV system
According to the annual averages, the following fact can be said.
(b-1) The ratio of the array output electric energy to the total basic electric energy was
the largest for the irradiation following system No. 5, which was 0.820, and that of No. 8 and
9 was 0.512 and 0.555 respectively, which were both small.
The system No. 8, with deteriorated storage batteries, was suffering from frequent
troubles of DC low voltage stop (over discharge), and its array output electric energy
dropped by 33% on the annual average compared with that of 1994.

(b— 2) The array circuit loss factor was the largest for the system No. 3, which was
0.989, and the smallest for the system No. 9, which was 0.973. Since the rated DC loss rate
was designed within 3%, no remarkable difference was observed.
(b—3) The power conditioner circuit factor was the largest for the irradiation following
system No. 5, which was 0.822, and the smallest for the stand-alone system No. 9, which
was 0.452.
(b—4) The battery circuit factor including over charging was the largest for the system
No. 5, which was 0.916, and the smallest for the system No. 3, which was 0.598.
(b- 5) The ratio of load electric energy to total basic electric energy to express the
system performance ratio was the largest for the irradiation following system No. 5, which
was 0.6, and the smallest for the small systems No. 8 and 9, which was 0.180 — 0.185.
The low value of the system No. 8 was attributable to the frequent system stop due to
the battery deterioration as mentioned above.

(c) Energy flow of the water pump PV system
According to annual averages, the following fact can be said.
(c-1) The ratio of the array output electric energy to the total basic electric energy was
large for the system No. 7, which was 0.831, and small for the system No. 6, which was
0.815.
(c— 2) The array circuit loss factor was large for the system No. 6, which was 0.988, and
small for the system No. 7, which was 0.986.
(c—3) The power conditioner circuit factor was large for the system No. 7, which was
0.859, and small for the system No. 6, which was 0.854.
(c— 4) The water pump efficiency 2 (pressure head) was large for the system No. 7,
which was 0.303, and small for the system No. 6, which was 0.275.
(c- 5) The ratio of the pump driving electric energy to the total basic energy was large
for the system No. 7, which was 0.212, and small for the system No.6, which was 0.187.
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Compared with the data in 1994, all figures in 1995 show the same tendency, although
individual values are little different.
The system No. 7 shows a little larger values than those of the system No. 6.
From the viewpoint of the inverter power control system, the system No. 6 is of a
maximum power point tracking control system, while the system No. 7 is of a fixed voltage
operation control system. According to the original design, the system No. 6 should show

larger values.
In practice, however, a reverse result was observed.

The reason may be

attributable to the maximum power point tracking performance and a slow starting— up at
sunrise for the system No. 6.

(d) Degradation of amorphous modules (Kpdd)
It is said that lower costs for amorphous (a—Si) solar cell can be achieved easily, and
research and development works are carried out by many organizations. Due to the fact that
the energy pay—back period, which is one of the factors used to evaluate solar cell
performance, of amorphous modules is much shorter and more advantageous than that of
monocrystal and polycrystal modules, amorphous modules are very promising for power
supply applications. For these reasons, amorphous modules are employed for the test
facilities in this research and development project. For the system test facilities, three kinds
(six kinds as simple module) of amorphous modules (a—Si) are installed.
Compared with crystal solar cell, a—Si solar cell are said to show secular changes such
as degradation of output and the recovery of efficiency by annealing effects due to cell
temperature rise in the summertime. Owing to complex conditions, however, effects on
long-term system operation have not been clarified yet.

The degradation factor

Kpdd

is to

correct for the loss due to degradation of amorphous modules. Exposure tests are being
made to pursue such secular changes.
Single a- Si modules by Sanyo Electric and tandem a—Si modules (specially developed
for the NEDO project) by General Research Institute of Fuji Electric exposed on the roof of
our laboratory were measured by an I—V curve tracer. An exponential function is applied to
the obtained Pmax data, and degradation factor

Kpdd

was calculated using the least square

method.
O In the case of the a—Si module, from
f(t) = 0.910-exp (~0.102t)
dVP = 1 - exp (-0.102)
= 0.097
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where dVP is approx. 0.1,

therefore,

Kpdd = 1 — dtp

= 0.90

has been obtained.
O In the case of the tandem a—Si module, no remarkable change was observed,
except seasonal changes in the behavior after initial degradation. In addition, the
two-year data collection period was too short. Due to such reasons, accurate
evaluation could not be obtained.

(e) Array circuit loss factor (correction factor a)
Due to changes in sunlight (including changes between sunrise and sunset), the
photovoltaic power system cannot be operated continuously at rated power, so the array
circuit loss during operation becomes smaller than the design loss.

Since the array circuit

loss factor is to correct the array circuit loss during operation, it is not possible to use the
rated (design) loss rate itself to calculate the loss factor.
Therefore, to reflect the effect of the rated (design) loss rate in the array circuit loss
factor, the data from the system evaluation technology test facility (JQA Hamamatsu) was
used to analyze each DC circuit loss rate during operation, and to show the relationship
between the rated (design) value and DC circuit loss rate by means of a certain factor
(correction factor a). This correction factor a is introduced to the formula expressing the
array circuit loss factor.

Kpa i — 1—{a x x each DC circuit loss rate at rated power + a o x (Vo/rated
voltage)}

a x = each DC circuit loss rate at operation / each DC circuit loss rate at rated
power

Here, a x is the correction factor for each DC circuit, a a is the array correction
factor, a / is the inverter circuit correction factor, an is the battery circuit correction
factor, and a d is the blocking diode correction factor. [ a x X each DC circuit loss rate at
rated power ] is the total value of each DC circuit loss rate decreased by each correction

factor.
This year, because the array current is nearly directly proportional to the irradiance,
we used radiation data to evaluate the correction factor a every month for the photovoltaic
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power system under the NEDO project, which is being conducted as a demonstration
research project at Miyakojima, in Okinawa Prefecture. Monthly irradiation and correction
factors a are analyzed, and the results are shown in Fig. 1 as the relationship between
correction factors and daily averages of the irradiation.
The array circuit correction factor, which is affected by the irradiation (irradiance), is
considered to have regional differences.

Fig. 1 shows an example based on data collected

at Miyakojima. It should be mentioned that the calculations based on the data collected at
Hamamatsu shows nearly the same value (tendency).
By expressing the correction factor a using a formula for the irradiation, the
correction factor a can be easily calculated.

(f) Spectral response deviation factor

Kpdrs

The spectral response deviation factor

for the central area of Tokyo(Shinjuku)

Kpdrs

is a factor to correct the influence of

spectral distribution deviation of the natural sunlight. The

Kpdrs

of the Hamamatsu area is

already reported. Here, using the data of the irradiance of the 6— wavelength band spectral
measured in the central area of Tokyo (by equipment located on the roof of the No. 9
building of Science University of Tokyo, Shinjuku), the

Kpdrs

of this area was studied using

the same methods as in Hamamatsu. Comparisons were also made with the
the Hamamatsu area.

In case of the crystal type, the

Kpdrs

constant throughout the year, and the annual average is 1.03.

Kpdrs

from

of central Tokyo is nearly
In the case of the amorphous

type, on the other hand, the annual average is 1.12. But the sensitive zone is found on the
shorter wavelength side, and it is subject to spectral deviation, which will cause great
seasonal changes.
Due to different conditions for measuring the spectral radiation , it is difficult to
compare the results obtained at the central Tokyo and Hamamatsu locations, and we cannot
judge at this stage whether such differences in calculation results at the two locations are
attributable to regional differences.
We are planning to use a spectroradiometer (MSR—7000) to measure the natural
sunlight spectrum at the central Tokyo location in the future, and study regional differences
depending on daily

Kpdrs.

(g) Study of the soil evaluation test method
To select the location for installing our soil evaluation equipment, we classified areas
by use (residential area, commercial area, industrial area, etc.) according to the Town

Planning and Zoning Act. We surveyed sedimented dust quantity15 at various areas and
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found that there were no significant differences by area.
Based on the report that areas along main roads and where volcanic ash sediments
were found were seriously affected, we took up areas along main roads and various
pollutants, etc as our major evaluation items.
In addition, considering the type of use of photovoltaic power system, we picked up
typical examples as follows :
O Areas along main roads (highway wall surface)
O Roofs of building in central Tokyo
0 Industrial areas

O Residential areas in the suburbs
O Schools (ground)
O Isolated islands

Of the above, we selected "areas along main roads (highway wall surface) and industrial
areas".

For adequate spots in such areas, we selected JQA South Kanto Test Center

(Shinagawa—ku, Tokyo) and JQA Kansai Test Center (Higashi Osaka, Osaka Prefecture), and
we installed evaluation equipment and started measurement.
The JQA South Kanto Test Center is located adjacent to a main road with heavy traffic
in the Keihin industrial area.

The JQA Kansai Test Center is located adjacent to a garbage

incineration plant in the Hanshin industrial area.
According to the report of the reference document1), the annual average of 40
measuring stations which have continued measurement for 20 years is 0.0040 mg/m2. On
the other hand, the value obtained at a station near the JQA South Kanto test Center is
0.0060 mg/m2, while the value at a station in Higashi Osaka where the JQA Kansai Test
Center is located is 0.0045 mg/m2 on average. Both of these values are above the said
average of 0.0040 mg/m2. In particular, the value obtained from the area where the JQA
South Kanto Test Center is located is higher than those obtained at other stations.
Based on this information, both centers were selected for installing the measuring
equipment.

Reference document
1) Air Pollution in Japan
Supervised by Atmospheric Air Regulation Section Atmospheric Air
Preservation Bureau, Environmental Agency,
Published by Gyosei Co., Ltd. on February 20, 1993
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(D Establishment of on— site measuring technology
A study is being conducted on the repeated measuring iterative accuracy of the I—V
curve tracer, which we have been developing since 1994.

(a) Measurement accuracy by the same condenser capacity and same sampling pitch
The accuracy was found to be within ± 1% for each item, including Pmax, Isq Voq Ipm,
and Vpm

(b) Check of measurement accuracy in relation to condenser capacity variation
(compared with measurement at the recommended value, with the sampling pitch fixed to
the recommended value)
In the case of a condenser with a larger-than-recommended capacity, measurement
error is found to be within ± 1%. If a condenser with a smaller-than-recommended
capacity is selected (e.g. 60 f± F), the measurement error increases. Selection of a small
condenser capacity will make the time constant of the array circuit small, which will cause a
large di/dt at the initial stage of charging. Since the short circuit current Isc is found
through an approximate linear calculation based on the data found near Isc, the error of the
estimated value referred to the measured value is considered to grow larger as the di/dt
grows larger.

(c) Check of measurement accuracy in relation to sampling pitch variation (compared
with the measurement using estimated value, with the condenser capacity fixed to the
recommended value)
In case a smaller—than—recommended sampling pitch is selected, the measurement
error is within ± 1%. If a larger— than— recommended sampling pitch is selected (e.g. 500
p sec or more), the measurement error will grow larger. A larger sampling pitch will make
the nominal time constant of the array circuit smaller, and, as mentioned above, the error of

the estimated value referred to the measured value is considered to grow larger as the di/dt
grows larger.

@ Characteristic test of component equipment of test facilities
In order to grasp the storage battery deterioration, battery capacity test which used to
be conducted since the first year of installation was again conducted n 1995. Storage battery
discharge efficiency test (Ah efficiency test) was also conducted, and the Ah efficiency was
shown with experimental value.
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The pyranometers, which were used as reference for system measurement, were
calibrated in 1995, and the sensitivity factor was corrected. Deterioration by the type of use
was also analyzed.

(a) Storage battery capacity test
Capacity test of storage batteries used for the stand-alone PV systems was performed.
For the storage battery capacity of the systems No. 3, 4 and 5 (4 years after installation),
the ratio to the initial value was —6.9 to —8.3%, and the ratio to the previous year's value
was -0.8 to —4.1.
For the system No. 8 (3 years after installation, open type), the ratio to the initial value
was —9%, and the ratio to the previous year’s value was —29%. For the system No. 9
(closed type), the ratio to the initial value was —41%, and the battery was replaced.
The battery storage capacity for PV simulator test kept a nearly same level as that of
the previous year. Fig. 2 shows the progress of storage battery capacity.

(b) Storage battery charging/discharging efficiency test (Ah efficiency test)
In order to calculate the storage battery stack test efficiency

7)

bts

using the Ah

efficiency, storage battery charging/discharging efficiency test (Ah efficiency test) was
performed. Tab I e 2

shows the charging/discharging efficiency test result.

The charging/discharging Ah efficiency was 94.0% on the average (94.1% in 1994).
The charging/discharging Wh efficiency was 81.9% on the average (79.7% in 1994).
All figures exclude the result of PV simulator storage battery.

(c) Calibration and aging of pyranometer
Since measurement of the irradiation is the most important point in the energy flow
used to evaluate the photovoltaic power system, we make it a rule to make periodical
calibration of pyranometers used for measurement to maintain a 2% accuracy for them. In
doing so, the sensitivity constant of the pyranometer is updated.
All 17 of pyranometers (MS—801) were calibrated in July, 1995. By tracing the
calibration history for the sensitivity constant over the period since the pyranometers were
installed in 1990, we were able to study how these pyranometers aged.
Since data were available from several pyranometers installed both on slopes and
horizontal planes, an annual average degradation rate was linearly approximated by the least
square method to calculate the average degradation rate according to our measuring
application. Annual average degradation rates of —1.3, —0.9 and —3.1 (%/year) were
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obtained for pyranometers installed on slopes, on horizontal planes, and for tracking
pyranometers, respectively.

(2) Establishment of Database

Under the leadership of the NEDO Application Promotion Department, the new energy
power generation field test project (for fuel battery systems and photovoltaic power systems)
was started in 1992. Out of these field test project items, a database has been prepared for
operation data for photovoltaic power systems.
Forty— two (42) systems at 41 sites installed from 1992 through 1994 have been taken
into the database. All the systems but one are grid—connected PV systems.
O Installation in 1992 : 11 sites (totally 12 systems, 1 of them is a water—pump PV
system)

O Installation in 1993 : 19 sites
O Installation in 1994 : 11 sites
O Installation in 1995 : 33 sites

(3) Simulation Technology

Computer simulations were made for both utility connected and stand-alone PV
systems. In the simulation of the utility connected PV system, NEDO project operation data
were used for simulation calculations, and the optimum ratio of the inverter capacity to the
array capacity was studied. In the simulation of the stand-alone PV system, data time pitch
was varied to study calculation errors, and an investigation was made regarding the
relationship between the array capacity and the storage battery capacity using power
shortage rate as the parameter.
In the database analysis, NEDO project data taken for the database is used to calculate
design parameters. As for the cell temperature factor in particular, a detailed study of
regional differences (generalization) was made. Other parameters were analyzed and
evaluated based on the regional differences.
In the test using the PV simulator, meteorological data as well as operation data
(one— minute value) collected from the test facilities were used to prepare average data of
10, 30, and 60 minutes. Such data were used to execute tests of the utility connected PV
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system and the stand-alone PV system. Then, system operation data (measured values)
and test data of PV simulator were evaluated in comparison, and accuracy was checked.

(D Development of simulation program and execution of simulation
In the simuration of utility connected PV system,using the operation data from the
NEDO project, simulation calculation was conducted and the optimum ratio of the inverter
capacity to the array capacity was investigated.

Various loss factors were calculated to

study their effect on the ratio of the inverter capacity to the array capacity ratio.
In the simulation of the stand— alone PV system, data time pitch was varied to check
the calculation error which might be caused by the capacities of the solar cells and storage
batteries. A formula for storage battery characteristics was verified for the system furnished
with storage batteries, and the accuracy of the system operational simulation was checked
against actual operation data. Using the result of such studies and the power shortage rate
as parameters, the relationship between the array capacity and the storage battery capacity
was investigated by considering the cost.

(a) Analysis of optimum capacity for utility connected PV system
In the design calculations for the utility connected PV system, the inverter capacity is
calculated by multiplying the array capacity by a certain factor, usually 0.8 - 0.9.

The

optimum ratio of the inverter capacity to the array capacity must be employed as this value.
Data from Hamamatsu were used for these simulation calculations to check the

optimum ratio of the inverter to the array capacity. Then, various loss factors were
calculated and checked to see how they would change relative to the ratio of the inverter
capacity to the array capacity.
Furthermore, to check the change of optimum ratio according to the change of
meteorological conditions, past data from 3 sources of the NEDO project were also used in
our study.
Our analysis produced the following results.
O The range of the ratio of the inverter capacity to the array capacity where the
system performance ratio drops by 1% of its maximum has a certain margin.
O The optimum ratio of the inverter capacity to the array capacity fluctuates
depending on meteorological conditions.

The maximum point of the system performance ratio is defined as the optimum ratio of
the inverter capacity to the array capacity for this analysis. However, the area near this
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point is flat, and there is a certain margin available for the ratio of the inverter capacity to
the array capacity. It is therefore necessary in the future to optimize the inverter capacity
to the array capacity, by considering the cost of equipment.

(b) Comparative study on fixed voltage operation control and maximum power point
tracking control (MPPT)
By simulation, several input voltages of fixed voltage operation control were input.
Calculation result of each input and that of MPPT control were studied.
In case of the fixed voltage operation control, there is a point of maximum system
performance ratio near 210 V from the energy’s stand point, and the system performance
ratio was 0.755. The voltage of the point of the maximum system performance ratio in the
fixed voltage operation control was approx. 0.9 of the PV array maximum power voltage at
the standard test condition of the system No.14 that was 231 V (17.78 V X 13 in series).
The system performance ratio in the MPPT control was 0.762.
(c) Method of optimum design for array and storage battery capacities
Photovoltaic power systems can be roughly classified into utility connected system and
stand-alone PV system. A stand-alone PV system will often suffer from power shortages
if the adequate solar cell and storage battery capacities are not determined. To moderate
power shortages, the conditions of sunlight and load at the location of the system should be
considered, and the solar cell and storage battery capacities should be determined. From
this point of view, we assessed two factors in relation to the stand-alone PV system: the
power outage rate at a certain given load condition, and the cost ratios of the solar cell and
storage battery. We then studied the method of optimum design for solar cell and storage
battery capacities.
The power outage rate is a ratio of power outage per total supply period, and indicates
the reliability of a system to satisfy its load. One typical power outage rate is the power
shortage rate LLP{%), defined as follows.

ZPlb

LLP =---------ZPl

• 100 (%)

where, Plb (kW) denotes insufficient power, and Pi (kW) denotes load power (Pl is
annual or monthly cumulation). Usually, an annual cumulation is determined unless
otherwise specified.
The cost ratio of the solar cell and storage battery is defined as follows.

Rc —------------

Cb/Yb

where, Ca is for solar cell cost (yen/W), and Cb for storage battery cost (yen/Wh), Ya
for service life of solar cell (year), and Yb is for service life of storage battery (year).
This simulation program is prepared for a system construction such as that shown in
Fig.

3 , and is used to find the installation capacities of the solar cell and storage battery,

using the power outage rate and cost ratio as parameters. Fig. 4 shows the relationship
between the rated solar cell capacity rate RPPR and the storage battery capacity rate Bd
using the power shortage rate LLP and the cost ratio Rc from simulation result as
parameters.
From the intersection of the continuous line LLP and the broken line Rq it is possible
to find the rated solar cell capacity rate RPPR and the storage battery capacity rate Bd in
various combinations.
Take solar cell and storage battery cost ratio Rc=10, for example, Bd=7, RPPR^ 0.65
for a case where no power outages are allowed. That is, the storage battery capacity should
be 10 times the solar cell capacity. Conversely, if Bd =2.7is taken, LLP=5%, namely, 5%
of power outage may take place.

(d) Survey on MPPT control of the inverter
For the load matching factor Kpm, one of various parameters for photovoltaic power
system , we are planning to check it not only by actual measurement but also through
simulation.
This load matching factor denotes the energy deviation from the array maximum power
point, and is determined mainly by MPPT control of the inverter. To make a simulation,
therefore, we surveyed the MPPT control methods used by various companies.
After a survey, we determined that it was necessary for the simulation to clarify the
following items.

O Solar radiation level, DC voltage and current for starting and stopping the inverter.
O Voltage for shifting from fixed voltage operation control to MPPT control.
O Conditions of inverter output limit
O Inverter’s efficiency characteristics including use of high-frequency or
low—frequency insulation transformer.
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(2) Database analysis
Using the database from the NEDO project data, design parameters were calculated,
and regional differences (generalization) study was conducted, in particular, as to the cell
temperature factor.

(a) Generalization of cell temperature factor Kpt
To calculate the cell temperature factor Kpt, weighted average temperature Tcr is
first calculated from the photovoltaic module temperature at operation of photovoltaic power
system by weighting it with irradiance.

Then, from its result, Kpt is calculated through

the formula (a-1).
Since a strong correlation is found between Tcr and average ambient temperature Ta,
Tcr can be expressed in a simple linear formula (a—2) using Ta.

Kpt = 1 + a Pma x(Tcr —

Ts)

Tcr = annual average temperature Ta + temperature rise 4 Tcr

(a— 1)

(a—2)

where, zf Tcr: weighted average temperature rise
Ts:

standard cell temperature [°C] (=25°C)

a Pma £ maximum output temperature coefficient [%/°C] , a pm ax varies

depending on the type of photovoltaic module, and it is — 0.0041 in
case of the crystal type.

In 1995, Hamamatsu data were used to study how to determine the module
temperature.

Then, from the past operation data obtained from the NEDO project,

weighted average temperature Tcr and average temperature Ta were calculated for each
area. By comparing the difference 4 Tcr, regional differences and generalization were
examined.
As the result, weighted average temperature rise 4 Tcr is found as follows.

z? Tcr = 18.7 °Cavg

: Free type of back

4Tcr =27.7 °Cavg

: Airtight type of back

(b) Study on design parameters based on NEDO project operation data
Using the database from the NEDO project, annual electric energy consumption and
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design parameters were calculated, and the regional differences of various design parameters
was checked.
As described in the above 3.2.1, Tcr can be discussed for two different closed and
open groups for generalization.
The cell temperature factor Kpt calculated with weighted average temperature Tcr
remains nearly the same at any site, and no problems are involved in calculating Kpt by
making A Tcr constant if at least in the same climate zone.
In the relationship between the correction factor a and the array circuit loss factor
Kpal, Kpal is found to almost no change compared to the nonuniformity of a.
It was not possible to judge whether the nonuniformity of the photovoltaic conversion
efficiency modification factor Kp was caused by variables other than Kpt and Kpal or by
any other problems with the data used to calculate Kp.
It was difficult in the last study to generalize Kp, energy storage efficiency 7] da, and
the power conditioner circuit factor Kc. Another approach should be devised for such
factors.

(3) Test using PV simulator
Based on the meteorological and operation (one—minute value) data obtained from the
test facilities, 10, 30 and 60-minute average data were prepared. These data were used for
a PV simulator to test the utility connected PV system and the stand— alone PV simulator.
System operation data (actually measured) and PV simulation test data were compared and
evaluated to verify accuracies.

(a) Utility connected PV system
According to the test results, the error rate of array output electric energy between the
actual data and PV simulator test data in one month is 2.3 to 2.7%, which is relatively
uniform. The error rate of inverter output electric energy between the actual data and PV
simulator test data is — 0.3% to 1.8%.
In both cases, the error rate was found to be within 3%, indicating good agreement
between the actual data and PV simulator test data.
In terms of one- day values, for cases using 1, 10 and 30— minute average data,
inverter output electric energy error rate of —0.8 to —1.6% were obtained on the clear day
and —2.1 to —2.7% on the cloudy day. Error rates were thus within 2% on the clear day,
and within 3% on the cloudy day.
From the above, in the utility connected PV system using the sample inverter, it is
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found that the PV simulator can be tested within 3% accuracy even if input data for the test
is varied to a 30—minute average.

(b) Stand— alone PV system
Looking at the error rate of the array output electric energy between the actual data
and PV simulator test data, more than a 20% difference was found on both clear and cloudy

days. PV simulation test data results were low.
This was due to the inverter stopping operation because of a drop in storage battery
terminal voltage around 19:00, when the heaviest load is charged in the load pattern covering
the operation hours fromT3:00 through 21:00.
The storage battery capacity of the actual system is 400 Ah, while that of the PV
simulator test facility is 100 Ah. Discharge characteristics may vary depending on the
changing internal resistance of the storage battery, and such a change presumably affected
the terminal voltage drop.

(4) Overall Evaluation

Various design parameters calculated according to analysis of the collected data, and
simulation are tabulated. The design manual was revised to reflect the newly generalized
design parameters.

(D Calculation of design parameters
Based on the results obtained so far, parameters are tabulated in Tab I e 3.

These

parameters are calculated and tabulated according to the classification and definition by
"Research and Development of System Evaluation Technology". Part of it, however, is still
in the process of research and development, and needs further study. We plan to make it
ready by 1996.

In 1995, regional differences were evaluated as to its relationship with the cell
temperature factor Kpt, and Kpt was generalized.

(D Preparation of the design manual
As the interim target in 1993, primary estimated values of the design parameters were
calculated. In 1994, a simple design manual was prepared using the said estimated values
and design parameters whose accuracy were improved.
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In 1995, continuous efforts were made to improve the design parameter accuracy and
evaluate regional differences (generalization). The cell temperature factor

average temperature

Tcr)

I(pt

(weighted

was studied in detail, and a general formula applicable to other

areas was found.
Based on the above, the cell temperature factor Kp t was revised in the manual.

(5) Survey

To contribute to the research and development of the future system evaluation
techniques, we participated in the 13th European Photovoltaic Solar Energy Conference, and
surveyed technical trends in Europe related to photovoltaic power system evaluations. We
visited JRC, Ispra to make technical studies of photovoltaic power system.

(D Survey of system evaluation technology in Europe
We participated in the 13th European Photovoltaic Solar Energy Conference and
surveyed the technical trends in Europe related to photovoltaic power system evaluation.

(a) Soil of glass surfaces
A loss smaller than 3% is generated when glasses are inclined, and 4% when they
are held horizontally. The photovoltaic module output increased by 3.5% after the surface
was cleaned.

(b) Reflection loss on module glass surface
The annual reflection loss is 2% to 4% when the array inclination is held at the
same latitude and it is 3% to 5% if it is held vertically, although it depends on the
latitude. The monthly reflection loss is 1% to 4% when the array inclination is held at the
same latitude and it is 2% to 10% if it is held vertically. It is 3% to 22% at lower latitude
positions.

(c) On—site array measurement technology
We are studying the formula proposed by G.Blaesser to convert at standard test
condition. By using of this conversion formula, however, conversion loss may be created at
the stage of calculating the module temperature

Tsim

using the ambient temperature. If the

module back surface temperature is used, however, such trouble can be avoided and the

- 197-

accuracy of Voc.

stc

after conversion will improve.

(D Technical survey of photovoltaic power system at JRC, Ispra
At Ispra we surveyed a system installed on a building surface. The system is a hybrid
type using both heat and radiation. The scale of the photovoltaic power system is 21 kWp.
The array consists of amorphous photovoltaic modules with 52 parallel connected line with 8
series connected module in one line. Four inverters with a capacity of 5 kW are connected.
JRC is analyzing the data obtained from this system.

(6) Committee

The committee "Photovoltaic power system System Evaluation Technology Study
Committee" consists of scholars and engineers in related fields. This committee held 4
meetings in 1995. "Photovoltaic power System Evaluation Technology Working Committee"
was established as a sub—committee.
We received technical support from this sub-committee regarding system evaluation
technology (design parameters, test facilities, measuring equipment), establishment of
database, and simulation techniques. The sub—committee held 4 meetings in 1995.

Future Tasks

(1) System evaluation technology

(a) Data collection and analysis
We will measure characteristics in each plant section under various conditions to
collect data for various test facilities.
Also, we will calculate the losses of photovoltaic power system circuit based on the collected
data, thereby analyzing the energy flow in each part of photovoltaic power system to
calculate and analyze design parameters.

(b) Establishment of on—site measuring technology
In order to establish technology for the output of a photovoltaic array at the site , we
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will meajure I—V curve characteristics by using the trial product I—V curve tracer
reconstructed in 1995, and verify its performance to improve.
We will make the array output measurement instrument improved and verify its
performance and measurement method at the site.

(2) Establishment of database

We will continue integrating data obtained from the demonstration res each test facility
in Miyko Island. Also, we will analyze the data from past NEDO project and Field Test
Project in the database and make use of increasing accuracy of design parameters.

(3) Simulation technology
O Development of simulation program and exeution of simulation

Using data obtained from system evaluation technology and NEDO plant database,
simulations will be conducted in order to calculate values of design parameters by computer.
In 1996, simulation accuracy of water pump system will be improved. Regional
differences of photovoltaic power system will be evaluated. In addition, through analyzing
the response of photovoltaic power system for capacity of each component and operational
method, oputimum design will be investigated.

(a) Database analysis
Collecting data from each plant and analyzing energy flow, design parameters will be
estimated for the equivalent plant.

(b) Test using PV simulator
Through demonstration run using a PV simulator, mainly data of water pump system
with strong non-linearity will be collected and the characteristics of water pump system will
be evaluated.
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(4) Overall evaluation

O Preparation of the design manual
Final design manual will be made on the basis of second estimated design parameters
and a simple design manual which was made in 1995.
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Table 1
Type

Stand
alone

System
No.

Test Facility Equipment Capacity (Nominal) and System Configuration

Array

Inverter

[kff]
Single crystal

4

Single crystal

5

Polycrystal

8

Single crystal

9

Amorphous

6

Single crystal

7

Polycrystal

1

Single crystal

10.4

11.2
11.8
3.5
3.1
12.5

11.8

8kVA 30

106.0

12.8

8kVA 30

117.5

14.3

8kVA 30

78.0

Irradiation
following

3kVA 10

21.1

3 2
8-hour powered on

3kVA 10

23.6

o u
3.8
J
8-hour powered on

8kVA 30

Rated motor capacity

8kVA 30

Rated motor capacity

lOkVA 30

Polycrystal
Utility J
connected

Single crystal

10

Amorphous

11

Polycrystal

12

Amorphous

2.9

2.6

Polycrystal

14

Single crystal

15

Single crystal

17

ingle and
Imorphous

11.1
2.5

13

16

. Average
l°ad.Ifc^acjty

System Block Diagram

[kWh]

3

2

Battery

3.5
3.7
3.7

Polycrystal
m
,
Total 6.4

Single and Polycrystal
Total 1.3

Total quantity of solar modules :

lOkVA 30

5.5 kW
5.5 kW

Grid-connected
60 Hz, 30 220 V
Utility connected

It IWnm

2kVA 10
2kVA 10
2kVA 10

Utility connected
60 Hz, 10 100/200 V

Array

Inverter

3kVA 10
3kVA 10
3kVA 10
Measure the electrical,properties of
each photovoltaic module.

Measure the maximum potyer, short-circuit
current and open-circuit voltage for
every module.

Evaluate the effect of contaminated ,
glass surface by comparing cleaned and
non-cleaned glass surfaces.

Measure the short-circuit current and
open-circuit voltage for every module.

110.7 [kW]

Table

2

Charging/discharging efficiency test result

System No.
Charging time

Discharging
time
Charging
electric energy
Discharging
electric energy

No.3

(h)

(h)

No.4

No.5

No.8

for
PV Simulator

9.4
(10.4)

10.6
(10.47)

11.0
(12.27)

10.6
(14.82)

13.5
(12.67)

9.2
(9.6)

9.7
(9.33)

10.3
(10.53)

10.0
(14.2)

12.4
(12.32)

(Ah)

394.6
(436.8)

. 425.2
(418.8)

309.3
(343.56)

411.7
(575.02)

135.2
(126.7)

(Ah)

385.3
(403.2)

387.4
(373.2)

287.8
(294.84)

388.3
(550.96)

124.4
(123.2)

(53.0)
47.4
(47.6)

Average charging
voltage (V)

277.2

280.7

278.0

(276.6)

(280.3)

(278.1)

53.7
(53.4)

Average discharging
voltage (V)

244.9
(244.2)

246.6
(247.1)

244.0
(243.9)

45.4
(46.5)

Charging energy
(Wh)

109382.1
(120818.9)

119338.0
(117389.6)

85973.7
(95544.0)

22123.4
(30705.9)

7207.1
(6715.1)

Discharging
energy (Wh)

94349.6
(98461.4)

95522.8
(92217.7)

70202.7
(71911.5)

17610.6
(25619.6)

5894.6
(5864.3)

Charging Ah
efficiency ( % )

97.6 '
(92.3)

91.1
(94.9)

93.0
(93.5)

94.3
(95.8)

92.0
(97.2)

Discharging Ah
efficiency ( % )

86.3
(81.5)

80.0
(78.6)

81.7
(75.3)

79.6
(83.4)

81.8
(87.3)

Remark: Values in () are results from 1994 for reference.
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53.3

Table 3

Values of Design Parameters
Values of Design Parameters

Design Parameters
(Incident irradiation
modification factor)
(annual deviation)

Kh

Kiid

(shadowing)
(contribution for tracking)
(normal direct irr.)

Kns
Khc
Kiicd

(flat plate tracking)

Kiict

(PV conversion effeciency
modification factor)
(efficiency deviation by aging)
(soil)
(degradation)

Kp

Kpo
Kpds
Kpdd

Kpdr
Kpdrs

(PV response deviation)
(spectral response)

= Kiid ‘Kns ‘Kite

Kn

0.94-—0.97 (yearly)
0.81—0.96(monthly)

read from Fig 5 , Fig 6
Khc

Khcd'Khct

-

1.0
1.0
0.66
1.0

flat plate fixed
flat plate tracking
focus, tracking
flat plate fixed

1.22

flat plate tracking

1.0

focus, tracking

Kp

Kpd’Kpt’Kpa’Kpu

-

Kpd = Kpds’Kpdo’Kpor

Kpdrn

(nonlinear response)
(cell temperature)

(array circuit)
(unbalance)
(DC circuit loss)
(load matching)

Kpa
Kpau
Kpal
Kpm

(Battery circuit factor)
(battery contribution)

Kr
Tra

at Hamamatsu test site
Crystalline type
Amorphous type

0.98 ~ 0.99
i.o

_

(l-d7?p)n

=

Kpdr

Kpdrs’Kpdrn

= 0. 97

Crystalline type
Amorphous type
Crystalline type (yearly)
Kpdrn
1+ aPm.x• (Tcr-Ts) Crystalline type 0.98 Amorphous type
0.99
aP*.x= -0.0041 (Crystalline type), aPm.x=-Q. 0020(Amorphous type)
7cr=AVG. temperature +x4Tcr, a4Tcr=18. 7T?*vx(free type of the back)
4Tcr=27. 7T7,v,(airtigt type of the back)
Kpdrs
Kpdrs

Kpt

155 sites in Japan

-

Kpa

— 1. 02
= 0. 97

Kpau*Kpal

1- 0.127x(STD.deviation ct/average) 0.997 (when <7= 0.02)
1- (azxrated wiring loss rate + adXrated diode loss rate)
0.94
Grid connected
0.91
standalone,stable power supply (except overcharging)
0.89
standalone,controlled load by irr. (except overcharging)
- (1~ Tba) ’ 7) BB + 7" BA’ 7} BA

Kb

stable power supply
controlled load by irrdiance
without bypass converter

0.8

0.37
77 bd

I) BA
Kb, op
Kb, ad
Kb, ur

Kb,

au

77 bc

77 BTS

Kc
TBC

Kbd
Kbcc

7} BOO
Kin
Kacc
Kinau
Kactr
Kacpt
Kacui
Kacsa

(efficiency of bypass circuit)
(energy storage eff.)
(battery operation eff.)
(self discharge)
(rebalancing)
(auxiliary power)
(charge controller)
(battery units eff.)
(Power con. circuit factor)
(DC extraction ratio)
(DC/DC com
(DC/DC circuit factor)
(DC/DC CONV. energy eff.)
(INV. circuit)
(1NV. AC circuit)
(aux. circuit energy eff.)
(transformer)
(filter)
(AC line loss)
(aux. power)

1.0
77 BA = Kb. a, • 77 BTS
Kb, o p~ Kb, *u*Kb, ut*Kb, mu* 7} bc

l-(self discharge/total discharge) 0.99 (self discharge 0.1%/day)
l-(rcbalancing/total discharge)
1.0
rebalancing by overcharging
l-(electro!yte stirrer/total discharge)
0.99 with stirrer
1.0
without stirrer
1.0
without charging controller,
efficiency with charging controller
0.84 ~ 0.87

Kc = 7'oc‘Kdd+(1-7'dc)’Kin

0.0
Kdd

without DC load

=

Kacc’ 77ddo

without DC load
without DC load

1.0
1.0
Kin - Kacc’ 77

ino

Kacc= Kinau’Kactr’Kacpt’Kacln ’Kacsa

Including in Inv. Effeciency
Including in Inv. Effeciency
Including in Inv. Effeciency

1.0
1.0
1.0

1-(AC line loss/output power)
1-(aux.power/output power)
without auxiliary power supply

1.0
7)

INO

(INV. energy eff.)

7?ino

77
a

inr

- 7}inr*{a/(0.016 + 0.957a + 0.027a )}
: rated Inv. Effeciency

: Load factor /I00

when Power factor=0.8, Calculating value-0.02 in range of a>0.15
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C orrection factor

a=0.051Ha+0.388

average daily irradiation
— Approximation
Fig. 1

[kWh*m 2 day 1 ]

+ correction factor a

Relationship between correction factor a and
average daily irradiation of month (in Miyako I.)

130

0

1992

Fig. 2

^

System No.
1993 ^ 1994

0

1995

storage battery capacity of each system
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Irradiance Ha[kW/m2]
Temperature Ta[°C]
PV array

Inverter

Loss f^,[kW]

Rb,Rin : Wiring resistance

Battery

Residual capacity 6"[Ah ]
Rated capacity 50[Ah ]

Fig. 3

System of simulation.

LLP = 10[%]

cost ratio= Rc

[D ay]

= 15 [%]

LLP = 0 [%]

RPPR
Fig . 4

Relationship between BD and RPPR.
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(1992.4-1993.3)

Shadowing Factor

North latitude

Angle of elevation

Fig.

5

Shadowing Factor,

kHs„

Object array

Front array
Side view

Simulating model.

Shadowing

Factor,

K

hs

o Ix

■*— 70

Distance

Fig. 6
Shadowing factor KHsa
(Shadow of front array support structure)
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Research and development of photovoltaic modules integrated with roofing materials
(Exchangeable PV shingle method)
MineoTATSUTA
New Energy and Industrial Technology Development Organization (NEDO)

Objectives
This research is aimed at developing highly reliable modules integrate with roofing materials
(exchangeable PV shingle method) that are produced at a practical low cost for private
residential and other buildings. The research is part of ongoing efforts to develop systems and
peripheral technologies for solar power generation in order to promote the popularization of
solar power generating systems.
Targets for FY 1995:
Development of final-specification PV modules integrated with roofing materials that uses
close to final specifications.Improvement of performance for a PV module waterproofing
and workability. Installation of the final-specification PV modules on a model house roof.

Work program
In the area of modular technology development in 1995, we will not only determine materials
and structures that cost less and offer higher reliability, but we will also include demonstration
tests, such as acceleration tests, conducted in order to establish final specifications. Meanwhile
in the area of module connection and installation method development, we will establish final
installation methods using a full-scale cutout model, and we will conduct studies on module
connecting methods in order to determine array configurations. Prior to an overall evaluation,
we will determine specifications for the model house used for demonstration purposes, and we
will perform all aspects of module installation from design to construction based on knowledge
gained from demonstration and other tests on the full-scale cutout model.
1.Development of technologies for producing modules
(1) Studies on module materials and structures
(a)Determine less expensive, more reliable materials suitable for modules used as roofing
material.
(b)Develop and trial test modules that are easily installed and removed in order to evaluate
workability.
(c)Improve and trial test modules with superior waterproofing structures (JFC and EWC
structures) that will prevent rain water from seeping in through interlocking sections between
the modules.
(d)Improve and trial test moisture and weather-resistant modules integrated with a rear panel
made of metal or other materials (BM structures) so that the integrated structure will be fully
capable of withstanding outdoor exposure for at least twenty years.
(e)Determine final specifications for a terminal box that will enable one person alone to install
and remove modules.
(2) Reliability evaluation
(a)Test the reliability of various prototype modules used for roofing materials both as a solar
cell and as a roofing material, and then improve the prototypes based on the test results in
order to determine final specifications. This will then be followed by a final check on
electrical characteristics as well as other performance levels, such as reliability.

2.Development of module construction and installation methods
(1) Studies on installation methods
(a)Study less expensive, more reliable installation methods using slide holders and other
devices to provide roofing PV modules that are easily installed and removed.
(2) Studies directed toward industrialization
(a)Study less expensive, more reliable module connecting methods using PV modules
integrated with roofing materials that are formed into arrays, and then determine the optimum
means of assembling the modules.
(b)Study practical and reliable roofing array configurations that conform to roofing standards
for general homes.
(c)Conduct demonstration tests on a full-scale cutout model.
(3) Testing with cutout models and other simulations
(a)Conduct final installation studies prior to an overall evaluation on the model house using
improved installation methods on a full-scale cutout model to identify any problem areas or
other issues associated with actual installation.
S.Overall evaluation
(^Demonstration tests using a model house
(a)Determine data that needs to be collected in order to demonstrate the high level of reliability
and economy.
(b)Determine efficient overall evaluation methods using the model house.
(c)Construct a model house for demonstration purposes and install the modules based on final
specifications.

Summary (1993-1995)
1. Up to FY 1994
The first year (1993), we implemented feasibility studies and established basic specifications
(vertical rail-type modules) based not only on the fundamental concept, but on cost, reliability,
design and maintenance.
Last year (1994), we focused primarily on modules using poly-crystal solar cells. In the
first half of the year, we studied vertical rail-type modules which were improved based on the
results of work from the year before, and we conducted studies on new horizontal rail-type
modules in order to provide more flexibility in module applications. In the latter half of the
year, we made further improvements based on comparison studies for the two module types
studied in the first half of the year, and we conducted studies on close-to-final-specification PV
modules integrated with roofing materials. We used the horizontal rail method for fixed rail
systems, and for securing methods, we used an insertion method on the upstream side and a
snap-in method on the downstream side. Finally close-to-final-specification PV modules
integrated with roofing materials were trial tested and evaluated, and found no problems.
2. For FY 1995
(l)Development of technologies for producing modules
(a)Studies on module materials and structures
Early this year we looked at different ways to improve the workability and waterproofing
characteristics of the modules developed last year, and we built modules with better shapes
and dimensions that were subjected to workability and waterproofing testing. Further
improvements were applied based on knowledge gained from the testing in order to improve
the workability and waterproofing characteristics of the modules, the modules were
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integrated with rear metal plates and mounting brackets in order to reduce cost, and studies
were conducted on passivation techniques used with the rear metal plates in order to
determine final-specification PV modules integrated with roofing materials (Fig.l). We also
determined final specifications for the connector-type terminal box that improved the
workability and reliability of the box, and we used the terminal box on the module. Figure 1
shows the developmental flow for the PV modules integrated with roofing materials. Figure
2 shows final specification PV modules integrated with roofing materials.

/

Improved vertical rail type|

Overall evaluation

including waterproofing,4
workability and reliability

Close-to-final specification
Improved close-to-flnal specification

Final specification
Fig. 1 Developmental flow for PV modules integrated with roofing materials

Module
Connector-type terminal box

Pull-out method

Waterproofing metal drain

New just fit connection structure

Horizontal rail type

Rear metal plate
(Back metal structure)

Fig. 2 Final specification PV modules integrated with roofing materials
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(b)Reliability evaluation
This year we conducted solar cell reliability tests conforming to JIS first on single-crystal
solar cells and found as a result that there were no problems. We then subjected finalspecification PV modules integrated with roofing materials to reliability testing in accordance
with JIS, and found as a result no problems with the module either as a solar cell or as a
roofing material. Finally we conducted combined freezing and thawing tests on improved
close-to-final-specifications PV modules, and here again found no problems.
Table 1 Reliability evaluation results for final-specification PV
modules integrated with roofing materials
Test item
Torsion strength

Rainfall
Terminal strength
Wing resistance

Results

Test item

.Passed Saltwater spray resistance
Passed
Moisture resistance
Passed
Temperature cycle
Passed Temperature/humidity cycle
Freezing and thawing

Results
Passed

Passed
Passed
Passed
Passed

(2)Development of module construction and installation methods
(a)Studies on installation methods
We conducted studies on advancements made to improve the workability and
waterproofing characteristics of the close-to-final-specification installation methods
established last year. Based on the results, we incorporated a pull-out method for easy
installation and removal, and we determined low-cost final basic specifications.
i. Studies on improved close-to-final-specification installation methods
Improvements were made to the mounting bracket in order to ensure better waterproofing
characteristics. The mounting bracket installed so that it overlapped the drain ledge bracket
was extended because waterproofing performance declined with strong winds in the close-tofinal-specification method from last year. In addition to this improvement, the end of the
drain ledge bracket was reshaped for better workability. Ultimately, these improvements
resulted in better waterproofing characteristics.

ii. Studies on final specification methods
In the improved close-to-final-specification installation method, the mounting bracket and
rear metal plate were secured and removed with screws. In an effort to reduce cost, the
mounting bracket and rear metal plate were integrated in the final specifications, while some
dimensions were modified to make mounting easier. At the same time, we conducted studies
on maintenance procedures in line with those modifications, and we conducted studies on a
pull-out system that facilitates module removal. The studies indicated no problems in
installation or removal.
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(b)Studies directed toward practical use
i. Design studies
This year in studies undertaken to provide more design variations in terms of roofing
material applications, we looked at single-crystal solar cells inaddition to the poly-crystal solar
cells studied through the end of last year. A darker black was selected this year in addition to
the black pearl color used on the rear metal plate last year because single-crystal solar cells are
nearly black, and then the module was evaluated in terms of design. At the same time, color
scheme studies using different color groups were conducted on cutout samples and modules
(Figs. 3 and 4).
As a result, we determined that black pearl and black are equally good color schemes for
modules, but that a black color closer to that of the single-crystal solar cells improved the
design characteristics. We also determined that the dark brown and moss green color groups
were fairly pleasant color schemes.

Fig. 4 Module design studies

ii. Studies on ventilation and cooling structures

Because it was determined in experiments last year that ventilation layer outlet resistance
had a tremendous effect on ventilation and cooling, we undertook more in-depth studies at
individual ventilation heights on the effect that the ventilation layer outlet area of finalspecification PV modules integrated with roofing materials had in areas such as the rear
surface temperature of the module, the amount of ventilated heat, and the amount of heat
flowing into the rear of the attic,
where
The ratio of ventilation layer outlet area to module area (Rvm) =
aperture rate of the ventilation layer outlet X the area of the ventilation layer outlet
the area over which modules are installed
X 100(%)
Aperture rate of the ventilation layer outlet: Aperture rate of the punching metal covering
the ventilation layer outlet
Temperature rise: Difference between the rear surface temperature of the module and the
external temperature in summer at a sunlight intensity of 1 kW/m2
We determined the following as a result:
• As the ventilation layer height increased from 45 to 135 mm, the temperature rise of the
module decreased, and the cooling effect increased.
•Module temperature rise depends on Rvm.
•The decline in temperature rise tends to be stabilized beyond Rvm of 1 to 2%, so we
expect that an aperture over 1 to 2% should be effective for ventilation layers.

Ventilation
layer height
"■

13mm

A

4 5 mm

.O

65mm .

□ 13 5 mm-

The ratio of ventilation layer outlet area to module area (%)
Fig. 5 Module rear surface temperature rise (Sunlight intensity of 1 kW/m2)
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(c)Experiments using cutout models and other simulations
i. Construction verification
This year we conducted installation tests on gabled and hip roofs using full-scale cutout
models (Fig. 6). The final-specification PV modules integrated with roofing materials were
installed by actual roofers, and it was determined that two roofers could perform the
installation work on a roughly 3-kWp generating system in a day, including work on the
surrounding roofing materials.

Fig. 6 Mounting work by roofers
ii. Waterproofing demonstration
• Short-term waterproofing test
The final-specification PV modules integrated with roofing materials were subjected to
waterproofing tests. As a result of the tests, we were able to cut the amount of water leakage
at a wind velocity of 30 m/s to less than half (6.0 cc/m2/min) that of conventional levels
(13.5 cc/m2/min in 1994), which is on par with levels for New Colonial roofing materials.
Table. 2 Waterproofing test data
Test conditions: Slope: 6/10, water spray
_______________volume: 5i/m/min (Epuivalent to rainfall of 165 mm/h)
Amount of water leakage (cc/m2/min)
Final
Improved Close-to-final- Vertical
Wind specification
specification
ledge
New
model
velocity
model
method
method Colonial
(m/s)
Last half of
First half of

Clay tiles ^

1993

4/10

10/10

2.5

7.5

6.1

15

28.3

24.0

11.0

20

53.8

0.1

241.0

62.0

1995

1995

1994

(1)

10

25

0.6

0.7

3.3

1.7

305.0 239.0

30

6.0

15.3

13.5

2.0

946.0 392.0

Reference: Test results from the 1977 General Technical Development Project
sponsored by the Ministry of Construction
(1) No leakage
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• Long-term waterproofing test
Long-term waterproofing tests were conducted using muddy water spray in order to
check long-term waterproofing performance levels. Improved final-specification PV
modules integrated with roofing materials were installed on a roof frame with a 4/10 slope,
and the surface of the modules was sprayed with muddy water to see how much dirt
adhered to the drain ledge bracket
As a result, we determined that none of the muddy water overflowed, and that there were
no problems with the shape and collection work of the drain ledge bracket
iii. Wind resistance test
• Peel test
Wind pressure resistance tests were conducted by air blasting last year, but this year we
conducted repetitive load tests using a bending tester in order to grasp wind resistance
performance levels with a mechanical load.
As a result, we found no problems in either the external appearance or the output
characteristics of the module (rate of output variation: within ± 1%).
• Air blast test
An air blast test conducted at a maximum wind velocity of 58 m/s on installed PV
modules integrated with roofing materials indicated no problems.
(3)Overall evaluation
(a)Demonstration tests on a model house
In the present research and development project, we plan at the next year to conduct
demonstration tests related to various performance levels of the solar power generating

system both as a solar cell system and a roofing material. And this year, we installed the
final- specification PV modules integrated with roofing materials on a model house roof.
Table 3 shows the basic specifications and evaluation items in the demonstration tests on
the model house that will be implemented at the end of this year, while Fig. 7 shows an
external view of the model house.
Table 3 Basic specifications and evaluation items

Solar power
generating system

Model house

Item

Specifications, etc.

Maximum output

About 2.6 kWp

System interconnection

Interconnection

Structure

2-story house

Roof configuration

Hip roof

Roof slope

4.5 /10

Roof area

37.5m2
Measure power generating
capacity and efficiency

Operating performance
Evaluation method

Ventilation and cooling
performance
Economics
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Measure module temperature
and thermal effects
in the rear of the attic
Calculate initial and
running costs

Fig. 7 An external view of the model house
Future tasks
The topics for future research are as follows:
(1) Development of modularizing technology
(a)Examination of module materials and structures
• Selection of module materials for higher module efficiency, and improvement of the working
area efficiency
• Selection of module materials aimed at developing a superb module design (appearance)
(b)Reliability evaluation
• Confirmation of the long-term reliability of a module integrated with building material for use
in final specifications2 3
(2)Development of module construction and installation methods
(a)Examination of construction and installation methods
• Development of construction and installation methods that are adaptable to top light
(skylight), curved roofs, and ferroconcrete and steel-frame structures
(b)Tests using cut-away models
• Adaptation to different roof gradients
(3)Overall evaluation
(a)Verification test using a model house
• Visual evaluation of design (appearance), water-proofness, wind resistance and durability
• Collection and analysis to fate related to operating performance, ventilation/cooling
performance and maintenance
• Overall evaluation with consideration of performance and economy
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Research reports, lectures, literature, patents, etc.
(l)Research reports and lectures
Year
and
month

Holding place

Topic

Presenters

7 • 6

The 12th
Photovoltaic
System Symposium

Development of photovoltaic
modules integrated with building
materials

Kubota Corporation

7 - 10

Electronics Show
'95

Module integrated with a building
material

Sanyo Electric Co.,Ltd

(2)Literature
Year and
month

Holding place

Topic

Presenters

7 • 9

Japan Industrial Newspaper
(Nihon Kogyo Shinbun)

Development of photovoltaic
modules integrated with
building materials

Kubota Corporation

(3)Patents and other rights
The applications and approvals of patents, utility models and design rights in 1995 are as
follows.
Classification

Applications in process
(number of cases)

Applications approved
(number of cases)

Patent

2

0

Utility model

0

0

Design

0

0

Total

2

0

- 217 -

Research and Development

of Photovoltaic Modules

Integrated with Roofing Materials
(Prefabricated PV Roof Panel Method)
Mineo TATSUTA
New Energy and

Industrial

Technology

Development Organization

(NEDO)

Object ives
1.

To provide photovoltaic roof panel modules
which have

the same dimensions as

composed of conventional
the same manner as
2.

flat

the conventional

prefabricated roof panel

tiles and are capable of being installed in

the conventional

roof panels.

To provide photovoltaic cells which can be combined with the roofing material
(roof sheathings and rafters) and have sufficient water resistance and wind
resistance as required for

3.

integrated with roofing materials

To fabricate
of

the roofing member.

the photovoltaic roof panel module at a price of 25,000 yen/mz

less.

Work Program
The requisite configuration of a photovoltaic power generation system calls
for

the development of photovoltaic modules

that provide for
roof surface,
work into
to be

the harmonious

as well

the home.

as for

integrated with roofing materials

incorporation of photovoltaic cells

the simplification of

The following issues apply

1.

the roof members.

Ensuring water resistance, wind resistance and durability.
(stepping on and cracking the photovoltaic cells) preventive

Damage

measures
3.

the

to photovoltaic cells destined

integrated with building materials and used as part of

2.

into

the electrical-line hook-up

to members during construction.

Connections between

the photovoltaic cells and

the wiring method

to

the

junction box.
4.

Maintenance of broken photovoltaic cells,

and securing footholds for

maintenance.
The
as

issues presented above were

the following work began:

panel modules;
al

study,

development of

taken

in

basic configuration study of

the present research,
the prefabricated roof

labor-saving construction methods;

including making the PV modules

rel iabi1ity,

into account

thinner;

and safety.
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basic structur

evaluations of performance,

Summary(1993-1996)
1.Up to FY 1994
Started in 1993, the present reseach has been directed to the structure of
a photovoltaic cell tile in consideration of adaptability and maintenance and has
been successsfu1 in achieving a basic design for the roof panel module with
sufficient

for

wind

resistance

and

water

resistance.

A

drain-gap

the wind resistance and water resistance between

system was

adopted

the photovoltaic cells

in

order to attain a water-proof structure of keeping a backing member free from
water at a wind velocity of 20m/sec and a water spray amount of 240mm/h. Also,
the like water-proof structure between the roofing panel modules was achieved by"
the combined use of drain ledges and drain sheets. A prototype of a wiring unit
was fabricated to examine the fittingness of the wiring unit into the roof panel
module as well as workability of the wiring unit. Improvement for easy installa
tion of the panel module was achieved to deternine a tolerable range for dimens
ional accuracy after analyzing dimensional variations seen in the structure of
existing houses.
With regard to the structure of the photovoltaic cell, there have been made
deterioration factor analysis as well as structure analysis for the purpose of
reducing the thickness of an integrated CdS/CdTe photovoltaic cell made by
screen printing and sintering method. As a result, it was successful to provide
a submodule of the cell having an intrinsic cell conversion efficiency of 9.43%
and an optimum operating voltage of 59.1V and present a prototype of the photov
oltaic cel 1 having a thickness of 6mm.
In consideration of the above achievements, atudies in 1995 were focused on
evaluation of reliability of the photovoltaic cell in various aspect, investiga
tion of a final structure of the photovoltaic roof panel module, assembly condi
tion of the panel module, and examination of workability by way of trial instal
lation of the roof panel modules.

2.For FY 1995
(1) Basic structural design for PV modules integrated with roofing materials
In this year, taking account into the basic design of the photovoltaic
roof panel module that has been realized by the end of the last year through
evaluations of a trial model of the module, investigations were made to
design and fabricate a primary model of a tile module composed of the photov
oltaic cell on a cement-base plate as well as to improve the design for the
roof panel module involving examinations of the structure of eaves and
a wiring space. Further, a primary model of the roof panel module incorporat
ing the photovoltaic tiles modules were fabricated to make a wind resistance
and water spray test. It was confirmed by this test that an underlay can be
protected from being wetted at a target value, i.e., a wind velocity of
20m/sec and a water spray amount of 240mm/h. With respect to the photovoltaic
cell were found at a wind velocity of 60m/sec. Fig.1-2-1 shows the structure
of the photovoltaic roof panel module integrated with the roofing materials.
It was confirmed that the drain-gap system in which the photovoltaic cell
modules are spaced from the base plate by a fixed distance can provide the
same effect also on the cement-made base tiles. Futher, the tile modules were
tested with respect to the crack resistance strength being stepped on by the
human foot and were found to have no practical problem.
A final specification was determined for the photovoltaic roof panel
module including an eaves configuration in consideration of structural design
and adaptability of wiring members.
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(2) Improvement in construction quality of the photovoltaic roof panel modules
The modules fabricated as discussed in the above were tested as being
held hanged and installed on an exposure experimental house, as shown in
Fig. 1-2-2.

The photovoltaic roof panel module incorporating the photovoltaic tile
modules has a weight per unit surface area approximately 1.6 times that of
the conventional slate tile, but has flexibility enough to enable the roof
panel module to be installed in a like fashion as the conventional roof
panels. Fig. 1-2-3 and Fig.1-2-4 are photographs for the exposure experimental
house provided with the primary modules of the photovoltaic roof panel
modules integrated with the roofing materials. Two center roof panel modules
on south-facing side of the house are comprised of the photovoltaic tile
modules, while the other two roof panels (rake panels) are comprised of the
conventional roof tiles. The south-fasing side of the house was provided with
the photovoltaic roof panel modules, while the north-facing side where it is
expected to be difficult to install the roof panels is provided with the
conventional roof tiles. That is, the north-facing side which is normally
closed to the ajacent house and is difficult for installation of the roof
panels is not necessarily formed by the roof panels. Thus, by the combination
of the photovoltaic panel modules and the conventional roof tiles, the roof
panel modules can be expected to have increased availability for various
installation sites.

(3) System design for the photovoltaic roof panel module incorporating the
photovoltaic cells
Based upon the basic structure thus made, design specification was
investigated for a system configuration of the wiring system including
individual wiring compornents.
It has been considered that an electrical output from the photovoltaic
cells is fed through a connector to the wiring unit within the roof panel
module on a one-to-one basis. Under the existing regulations for electric
appliances, photovoltaic cell of crystalline structure are required to be
grounded. Although hte photovoltaic cells in accordance with the present
research is of a different kind, the use of a IP grounding connector is taken
into account with a view to realizing initial conservative provision. In Hie
future, it is scheduled to make quality evaluation of individual components
as well as system evaluation.

(4) Establishing the method of using the photovoltaic roof panel module with
a wiring system
After identifying items and conditions for feasibility test scheduled
for the final year, test location and test program are planned. Table.1-2-1
shows the specifications for the experimental house for use in feasibility
test and evaluation items.
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Table.1-2-1 specifications of experimental house for
feasibility test and evaluation items

specifications of experimental house for feasibility test
location:
structure:
roof type:
roof area:
roof gradient:
azimuth angle:
rated capacity:
utility-connected
system:

Matsushita Electric Works, Ltd.
Iga-Ueno factory exposure test site
two-storied house
(measurement room at floor with attic)
gab 1 e
approx.100m2
4/10
south 0° ,west 60°
1. 36kW (photovoltaic cell conversion effciency n =5. 3%)
available (no reverse power flow)

feasibility

workabillty:
evaluation:

power generation:
environmen ta1:
measurement:

evaluation

iterns

•photovoltaic roof panel modules integrated with
roofing materials
• wiring construction
(connection of wiring system components)
• post-installation of panel
(including evaluation on fitness of the
associated components such as gutters)
• outputs of individual photovoltaic cells as well as
the system
• environmental temperature, wind speed, illumination
• temperatures at individual components of photovoltaic
roof panel module integrated with the roofing
materials
• temperature of attic space

(5) Studies on PV module structures and component materials
Last year we produced a single-overlapped, 6-mm thick frame less protot
ype photovoltaic module integrated within roof tiles, by reducing its air
chamber largely by analyzing the factors causing degradation of screen-prin
ted, sintered CdS/CdTe solar cells.
In 1995 we conducted thermal stress simulation analysis and evaluation
of dynamic performance and electric insulation of this thin photovoltaic
module

for

roof

tiles,

studied

its

detailed

construction

and

component

materials, and produced a prototype for demonstration testing.
Thermal stress simulation analysis was conducted using the same comput
er simulation as for the previous year, at temperatures of -60°C and 100°C.
After evaluating the results of the analysis, an optimum design for a rear
metal plate was identified based on its ease of processing. Fig.1-2-5 shows
the result of thermal stress simulation analysis with 6041 joints and 5972
factors about 4-divided model of stainless rear metal plate equipped with
ribs by drawing. At a low temperature of -6 0 °C, stress concentration was
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found at its short sides and corners, with its maximum principal stress
44.5kg/mmz and maximum strain 0.621mm. In the case of glass substrate, the
maximum principal stress was larger at 100°C than at - 6 0 *C , specifically
0.35kg/mm2. By analyzing the results, the maximum strain at this point was
determined to be 0.402mm. According to the simulation results, thermal
stress of the thin structure is within its tolerable range in all cases,
indicating its suitability for practical use.
Regarding the electrical insulation performance, we modified the compo
sition of the sealing material to improve the insulation resistance. In
addition, we employed a new low-cost terminal structure and used a non-comb
ustible packing material to improve dielectric strength. Consequently, this
improved performance with the insulation resistance increasing to over
2000MQ and dielectric strength to more than 5kV.

(6) Studies on PV module production methods and prototype evaluation
Last

year

we

designed

and

produced

a

PV

submodule

for

use

with

a

roof

tile with a substrate size of 425 x 165 mm and with 100 cells connected in
series, and obtained a prototype with an intrinsic efficiency of 9.43% (mod
ule conversion efficiency: 6.93%).
In 1995 we modified the PV submodule used with the roof tile with 95
cells connected in series according to the evaluation results obtained last
year, and evaluated around 1200 prototypes using various glass substrates.
As a result, when two photovoltaic roof tiles were connected in series (four
submodules connected in series), the open circuit voltage was less than 300V
and the average operating voltage was 208V, thus proving optimum for the
demonstration test module. In addition, we studied coating and bonding
methods for the new sealing material with improved electric insulation
performance, studied a rear metal plate produced by a new prototype die
boasting excellent processing accuracy, then studied prototype structure
components, such as two kinds of terminal caps with respect to their electr
ical connectivity. As a result, we succeeded in producing a thin photovolta
ic module suitable for demonstration testing.

(7) Evaluations of performance, reliability and safety of the PV module
Last year we conducted outdoor experiments to evaluate the output, the
cracking load limit, and the noncombustibility of component materials for
the thin prototype, and obtained favorable results.
In 1995 we evaluated changes in the cell operating voltage against
temperature and exposure to solar radiation, which are important factors for
outdoor use. Consequently, we verified the excellent performance of the scr
een printed, sintered CdS/CdTe solar cell as having a high output level und
er limited sunlight. Additionally, we solved the problem of wrinkling occur
ring in cover film with long-term outdoor use, and thus identified the reas
on for variation of impact resistance of the glass substrate.
According to experimental results of the cell oparating voltage mesured
against variations in solar radiation, as shown in Fig.1-2-6, optimum opera
ting voltage with maximum output (indicated by the circle) increases as the
level of solar radiation decreases. When the level of solar radiation is
100% (i.e. lkW/m2), the optimum operating voltage is 0.484V/ce 11. However,
the voltage increases to 0.518V/cell at 10% solar radiation,and even with
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3.6% solar radiation, voltage is almost the same as at 100%. This is because
series resistance loss decreases as current decreases under low illuminance,
so that the fill factor increases. Consequently, the amount of generated
power is not small when the sky is cloudy. Furthermore, because the tempera
ture coefficient at open circuit voltage is small, the output drop due to
higher temperature in summer is relatively small.
The reason for occurrence of wrinkles in cover film during long-term
outdoor use was found to be due to reduced adhesion caused by water entering
though a scratch and residual stress. When a new fire-retardant cover film
was used, no wrinkling occurred even with a scratch present during a humidi
ty resistance test under 85°C, 85%RH for 2000 hours. In addition, the roof
tile’s photovoltaic module did not shatter when a steel ball was dropped on
its glass substrate, and in a heating test using a gas burner, the new cover
film on the glass blackened but did not burn.
Regarding

the

impact

resistance

of

the

glass

substrate,

the

reason

for

its variation was found and the desired performance was achieved through
material control. Bcause hailstorms are so rear in residential areas, only
impact tests onto the center of the roof tile’s photovoltaic module of
objects such as balls were conducted. When the damage limit of the glass
substrate with the dropped object was compared according to the test results, the impact of a 38-mm diameter steel ball dropped from a height of one
meter according to the JIS standard was found to be equivalent to that of a
hard baseball ball dropped from a height of 2.5 meters. When golf balls,
soft baseballs, and tennis basils were dropped from a height of four meters,
the glass substrate revealed no damage in all cases.
In sunshine weathering tests of 540 and 1080 hours’ duration, no abnorm
ality was observed in the roof tile’s photovoltaic module and polymeric
components.

Future Tasks
The experimental house is to be constructed in order to evaluate workabil
ity of the building components and the wiring system including the task of
electrical connections. Also, it is contemplated to comprehend the relation
between power generation and environmental factors such as weather conditions,
and effects on residential space, e.g., attic.
The tile module of the integrated CdS/CdTe Solar cell made by screen prin
ting

and

sintering

method

is

to

be

examined

in

order

to

improve

power

generati

on under the actual weather conditions. A prototype of the tile module for the
feasibility test is to be examined with a view to solving basic problems for
mass production, confirming reliability, and establishing evaluation method.
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Fig. 1-2-1 Basic structure of a PV module integrated
with roofing materials

Fig. 1-2-2 Panel installation (hanging test)
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Fig. 1-2-3 Exposure test house (south face)

Fig. 1-2-4 Exposure test house (north face • south face)
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Research and Development of Photovoltaic Module
integrated with Roofing Materials
(Heat Insulated PV Roof Panel Merhod)

Mineo TATSUTA
New Energy and Industrial Technology
Development Organization (NEDO)

Objectives
We will attempt to produce a roof panel with a photovoltaic function
for wooden houses.
1995 targets;
- Improving the module according to use large size sub-modules
- Testing the modules for long-term reliability and fire
prevention
- Designing the maintainance method and testing them.

Work Program
(1)Module Technology
We will design and produce improved modules consisting large
size sub-modules based upon the results in 1994 and test their
performance for long-term reliability and fire prevention.
(2)Roofing Technology
We will have a roofing test using the modules mentioned above
and a maintainance test after roofing these modules.
(3)Field Test

We will continue to tset the electronic and thermal performance
for these modules installed to the demonstration house.
We will develop a program for supporting to design the modules
in various houses.

Summary

(1993-1995)

l.Up to FY1994
We have made a basic concept of modules integrated with roofing
materials.

After improving the modules, we have test the performance

for modules such as mechnical strength, watertightness and trans
formation so on, and we have confirmed the developed modules can be
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basically used as a roof top.
We have installed these modules to our demonstrating house and
started to evaluate their practical performance.

2.For FY 1995
(l)Module technology
We have re-designed and made the photovoltaic modules integrated
with roofing materials using the new type sub-modules which consist
of only one sheet glass substrate with a size of 872mm * 484mm,
based upon the previous module design.
Furthermore, we have test these modules and confirmed that there
is no problem in the performance of these modules for roofing
materials. The outline of the activity is as follows;

(a)Design for modules
In this year, we re-designed a structure of module in the view
point of two items as shown in Fig.1. The first is the improve in
the structure of sub-modules which consist of only one sheet glass
substrate having the size of 872mm * 484mm.
The second is the improve in increasing the area of PV cells on
the both of eaves side and ridge side.

(b)Encapsulation
The sub-module newly designed as shown in Fig. 2 is encapsulated
by EVA/fluoride film by heat-vacuum method which is a popular

assembly method in PV modules.
(c)Module assembly
We have assembled the modules newly designed using large scale
sub-modules by the same method as the previous modules. There is no
problem in assembly process at all.
(d)Evaluation for modules
We have test the performance of the modules newly designed as
shown in Table 1.

As the result, we have confirmed these modules

have the performance for roofing materials.
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Table 1

The results of evaluation
Condition

Test Item

Results

Freezing and

One of four glass substrates is

+60 degree

brokened.

/ -20 degree

Melting Test
Watertightness

The another is OK.

1/100 radian

■

4 ltr./min. m2

0 K

after Stress

(240 kgf/m2)

Test
Fire Prevention

The part within 800mm in length

Test

from eaves side is not so good.

ISO 834

The another is OK.
(2) Installing technology
A roofing test was carried out using 11 newly designed modules
for identifying problems such a deflection in lifting modules and
checking roofing hours as a roof top.

Consequently, we could not

find any problems during roofing, and we confirmed the roofing time
was 3.4 minutes•person/m2 which is a half value of that of previous
roofing test carried out one year ago.
We have also carried out a maintainance test in replace of
sub-modules as shown in Photo.1, making provision against glass
broken troubles.

We have developed the special modules with a

exit to roof top.

After installing these modules, the maintainance

test was carried out, and it was confirmed that there was no
problem in replace of sub-modules.

(3) Field test
We installed a PV system usig the integrated modules to our
demonstrating housein Hino-city, Tokyo, constructed on the end of
FY1994.

It generated a total power of about 2300 kW*H for one year.

We have also cheched a performance for energy conservation and
confirmed the degradation of insulation capability.

(4) Future tasks
We will attempt to study the following tasks next year;
(a)Evaluation of modules in long-term stability
(b)Study of fire prevention for modules and testing
(c)Continuous field test and completion of study.
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sheet

PV Grass Curtain Wall Method
Mineo TATSUTA
New Energy and Industrial Technology
Development Omganization (NEDO)

Objective
Objectives of FY 1996
Module Cost
: 85yen/W (additional cost of PV)
The life
: 20years
Work Program
As in the previous year, simple demonstration tests will be conducted to examine design,
installation systems and construction methods. Based on the examinations, more specific
structures, construction methods and maintenance systems of modules, among other things,
will be considered, test equipment to be actually installed in buildings will be designed and
produced, and outdoor demonstration tests will be commenced. Factors including power
generation and quantity of solar radiation of installed solar cells will be measured, and will be
compared with results obtained from past simulations. Furthermore, designs of solar cells,
including color, will be compared and examined.
Summary ("1993—1995)
1. Up to FY 1994
Market research using color samples, estimates of power generation and design examinations
including those using CG, were conducted. Module structure was examined, and simple
demonstration tests were conducted. Based on the results obtained, more specific structures,
construction methods and maintenance systems, among other things, of modules were
considered.
Furthermore, a variety of tests, including durability, insulation and combustion tests, were
conducted in accordance with JIS to evaluate reliability.
2. For FY 1995
(1) Marketing
As in the previous year, demand and design surveys were conducted. With regard to
demand, average prices and available quantities of miscellaneous construction materials
were examined. Estimates of potential demand for building-material-integrated PV modules
revealed that when their prices are low enough, larger demand can be expected.
(2) Development of construction and maintenance methods
As in the previous year, various construction methods, shown in Table 1, were
examined.
Based on these examinations, structure and construction methods of this fiscal year's
demonstration test facility were determined and the specific structures of samples to be
produced was considered.
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Table 1 Various construction methods examined
(b)

(a)

Construction method

Module structure

Gasket construction method
Sash construction method
PC curtain wall construction method
(PC + gasket)
Slanting outer wall construction method

Glass sandwich
Hollow glass sandwich
See-through module (Glass sandwich,
Hollow glass sandwich) •

(3) Trial production of building-material-integrated PV modules
PV modules for the demonstration test facility were primarily produced. The modules
measured about 1.4 m x 7.2 m and were produced by using a large laminator device
produced the previous year. Considering design based on color samples, two colors, gray
and gold, were decided upon for the color of the solar cells.
(4) Demonstration test
A demonstration test facility using color solar cells was produced on south vertical walls
of building No. 25 at Kajima Corporation's Kajima Technical Research Institute. The walls
were covered first with gray solar cells and then with gold solar cells for comparison.
Figure 1 shows a photo of gold solar cells. The gasket construction method was adopted
for the test. The gaskets were gray. Table 2 shows impressions by the color of solar cells.
Table 3 shows significant specifications of gold solar cells.

Figure 1 Demonstration test facility using gold solar cells
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Table 2 Impressions by the color of solar cells

Color PV module

1st stage

2nd stage

Gray

Gold

Gasket color
Impression upon
the outer wall

Gray
•
•
•
•

Neutral color
Plain impression
Conformity with the outer wall
High-grade natural-style stones

• Bright impression
• Conformity with the outer wall
• Changing colors depending on
angles

Table 3 Specification of solar cells
Module output

Standard module: 79 W
Half-split module: 31 W

Number of modules installed

South wall: 32 standard modules and 28 half
split modules
East wall: 14 half-split modules
West wall: 14 half-split modules
Top wall: 4 standard modules

Module size
Cell and gasket color
Items measured
Loading

Standard module: 1.4 m X 0.72 m
Half-split modules: 0.67 m X 0.72 m
Cell: gold (policrystalline Si)
Gasket: gray
Power generation, quantity of solar radiation,
module surface temperatures, module internal
temperatures
Simple inverter

Futur tasks
Using the demonstration test facility, design, installation and maintenance methods of
various installed color solar cells will be examined. Power generation will be considered,
comparisons of actual and simulated values will be made, and combustion tests will be
conducted to prepare for the official recognition of PV modules as construction materials.

Research and Development of Photovoltaic modules integrated with Wall Materials
(PV Metal Curtain Wall Method)

Mineo TATSUTA

New Energy and Industrial Technology
Development Organization (NEDO)

Objective
Research and development of photovoltaic (PV) modules integrated with a metal curtain wall that

can be applied to a building wall to contrive the promotion of the widespread introduction of photovol
taic power generation systems.
Objectives for 1996
module cost: 85 yen/W (additional cost of PV)
Life

:

20 years

Work Program
(1) Development and evaluation of photovoltaic modules
(a) Optimization of the structure and component of PV sub-modules
(b) Optimum sub-module installation conditions based on evaluation data of experimental wall
and numerical analysis results

(2) Creation and Evaluation of Curtain Wall Type Module Unit
(a) Creation of a module unit and investigation of related issues
(b) Creation of a demonstration wall and investigation of aesthetics and installation-related
issues
(c) Tests of module unit capabilities as construction materials
(d) Module unit wiring methods

(e) Maintenance method tests

Summary (1993-1995)
l.Up toFY 1994
In FY 1993, we researched the standard requirement for the structure and performance of submodules and modules integrated with a metal curtain wall, and draw up a initial schematic design of
PV modules.
In FY 1994, we produced PV sub-modules by way of trial and evaluated the PV performance and
reliability of them. We also constructed experimental walls and obtained the base data for the optimi
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zation of module structure. Furthermore, we investigated the aesthetics and easier installation of
modules and obtained the guideline for the improvement of the design of modules.

2. ForFY 1995
(1) Development and Evaluation of Photovoltaic modules
(a) Optimization of the structure and component of PV sub-modules
(i) Structure of PV sub-modules and module
PV sub-modules have a dualstrate structure consisting of: glass, EVA, solar cell, EVA, alumi
num base plate as shown in Fig. 1. We packaged the PV sub-module by aluminum frames for the
improvement of aesthetics, sealing performance and strength of edges. The PV module consists of
the number of steps of these PV sub-modules.

(ii) Development of sub-modules
Last year, we have produced PV sub-modules by way of trial in order to investigate prob
lems about performances, reliability and productivity of PV sub-modules.
In this year, we have developed PV sub-modules that have enough performances as the
photovoltaic curtain wall unit of building walls.

(We have improved following items.)

- insulation characteristics between photovoltaic cell and aluminum base plate.
- strength of sub-module edge.
- seals of sub-module.
- increasing the packaging factor.
- simplifying process
(We have developed the new process that laminates solar panel with aluminum base
plates.)

- decreasing a bend of sub-module when laminating.

We have produced sub-modules that have varieties of cell size and color in order to inves
tigate aesthetics of sub-module.
We have improved basic structure and process of sub-module.
In the future, we will have to investigate following items for practical use.

- structure and process of sub-module for mass production.
- aesthetics of sub-modules.
- cost reduction.

(b) Optimum sub-module installation conditions based on evaluation data of experimental wall

and numerical analysis results
(i) Optimization of module structure (sub-module arrangement conditions)
Since this research module is comprised of sub-modules set on an incline, power genera
tion capabilities differ according to the angle of inclination of these sub-modules and the
interval between them. Fig. 2 shows the results obtained from a numerical analysis of the
relationship between the setting angle and the annual power generation amount based on
actual measurement data obtained between October 1994 and September 1995 using an ex
perimental wall created in fiscal 1994 to evaluate power generation capabilities. Based on
the results of this numerical analysis, the optimum conditions as discovered in the verifica
tion tests conducted in Kurobe City in Toyoma Prefecture are as follows: for PV modules
enclosing 10cm X 10cm solar cells, the optimum interval is 129 mm, and the optimum setting
angle is 78 ° ; for PV modules enclosing 15cm X 15cm solar cells, the optimum interval is
182 mm, and the optimum setting angle is 83° .

(ii) Ability of the module to lower the rise in temperature
It was found through year-round measurement results that the rise in temperature of the
experimental module created in 1994 was approximately 10°C lower than that for a conven
tional superstrate-type module. This fiscal year, with the goal of enabling easier installation
and wiring, we changed the configuration of the aluminum extrusion-type base plate from a
solid configuration (radiating fins, one side open-ended) to a hollow one (closed on all sides).
In order to test the temperature-rise characteristics of this changed configuration, we made a
numerical analysis of the temperatures on the back sides of both types. As a result, we dis
covered that both types had equivalent lower temperature rises vis-a-vis the conventional
type. Also, in actual measurements we have made since February 1996, we obtained the same
results as in our numerical analysis; i.e., that there is no temperature difference between the
two extrusion types.
(2) Creation and Evaluation of Curtain Wall Type Module Unit
(a) Creation of a module unit and investigation of related issues
We designed and created a module unit to serve as a demonstration wall for capability tests.
Also, since a significant amount of labor would be required to make the attachment portions of
the back side of this module, we studied ways of reducing costs, such as through the introduc
tion of press processing, etc.

(b) Creation of a demonstration wall and investigation of aesthetics and installation-related issues
Fig. 3 shows the demonstration wall approximately 7 m tall and 8 m wide constructed within
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the YKK Kurobe Plant. This demonstration wall is modeled along the lines of an ordinary build
ing exterior, with the middle portion consisting of a plate-glass section, and the modules serving
as the building materials for its upper and lower parts. Each module sizes is approximately 1.6
m wide and 2.1 m long.
As for the color of the solar cells an important aspect of the aesthetic since it was considered
that gray is a commonly accepted color for building materials, at first, only gray modules were
used to make the wall. Blue and brown-color modules were also produced, and some of the gray
modules were exchanged for these.
The attachment of the module units to the demonstration wall was performed on a unit con
struction method. Since curtain wall units will be constructed in a factory, this method was
determined to be the best for several reasons, including the fact that it enables most of the wiring
to be performed at the factory, and because it would shorten the construction time due to the
ease of installing such units. These benefits were also obtained when the units were installed
within the demonstration wall: although it was the first time the installing company had in
stalled such modules, the installation proceeded without any problems.

(c) Tests of module unit capabilities as construction materials
To test the capabilities of these units as construction materials, a test entity 1.6 m wide and
2.4 m tall was constructed. This entity was then subjected to heat expansion tests in conform
ance with JIS A 1414 and airtightness, watertightness, and wind-pressure resistance tests in
conformance with JASS 14. Test details and results are shown in Table 1.

(d) Module unit wiring methods
The sub-modules of each module were connected (wired) using waterproof connectors, while
wiring to the interior side of the unit was performed via waterproof cable clamps to ensure the
water-stoppage capabilities of the unit.
We also tested the use of mullions for between-floor wiring. In the demonstration wall, cables
for power-generation capability measurements were installed within the mullions, and it was
ascertained that this was a practical installation method.

(e) Maintenance method tests
Since each of these modules was comprised of several sub-modules, this made it possible to
change only sub-module units in case of module malfunction. Also, in order to facilitate the
installation and removal of sub-modules, they were designed such that they could be removed
by simply loosening two fixed screws and by removing the cable connector described above. To
test the ease of changing sub-modules, the installer actually changed three of the demonstration
wall's 10 modules, and it was ascertained that there was no problem in terms of changing sub- 238 -

modules.

Future Tasks
(1) Optimum sub-module installation conditions by the numerical analysis for important cities in
Japan
(2) Optimum sub-module installation conditions by the numerical analysis for various directions
excepting due south
(3) Production of PV curtain walls of a knockdown construction method
(4) Establishment of the assembly, wiring and execution methods of PV modules
(5) Establishment of maintenance methods
(6) Production of PV modules using various colored solar cells and diversification of aesthetics
(7) Fire resistance test of PV modules
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Solar cell

Fig. 1 Structure of PV sub-module and module
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Fig. 2 The Relationship between Sub-Module Installation Angles and
Estimated Annual Power Generation
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Fig. 3 Demonstration Wall (Feb. 1996 photo)

(D Brown, (D Blue, the others Gray

Table 1 Construction Material Capability Test Results
Test Category
Heat Expansion Test

Airtightness Test

Watertightness Test
Wind PressureResistance Test

Test Details
Radiant Heat 900 kcal/m2,
8 hours irradiation and heating,
16 hours cooling
Ventilation per unit wall area and
unit time under a pressure
differential of 1 kg/m2
Maximum Average Pressure 150 kgf/m2,
Water Diffusion Amount 4 I/m2 /min
Positive Pressure/Negative Pressure
245 kgf/m2

241

Results
No problems

Class 2

Passed
Passed

Research and Development of Photovoltaic Flexible Modules Integrated with
Unspecified Construction Materials
(Flexible PV Module for Roofing Method)
Mineo TATSUTA
New Energy and Industrial Technology
Development Organization (NEDO)
Objectives
Development of photovoltaic module with a function of roofing(solar
roofing) by flexible amorphous silicon solar cells and roof construction
technology with these modules.
The goal for fiscal 1996 is to attain a module cost of ¥190/Wp and an
endurance life of 15 years.
WorX-P.r.ograro
(1)Development of fabrication technology for flexible PV roofing module
We design and construct an apparatus of manufacturing solar roofing in
low cost. Then we try to manufacture solar roofing with this apparatus.
(2)Development of technology for improvement of reliability
We estimate durability of solar roofing and try to improve its structure
and component materials.
(3)Development of construction technologies with flexible PV roofing module
We develop roof construction technologies with solar roofing and improve
the specification for the roofs. We also estimate fire resistance of the
roof and propose a fire prevention method for it.
Summary (1995)
1. Up to FY 1994
We designed a basic structure of solar roofing, in which flexible
amorphous silicon(a-Si) solar cells(solar tiles) are sandwiched with
EVA(ethylene vinyl acetate). We applied SiOx film fabricated by
sputtering method to protect solar tiles from moistures. Damp-proof cover
film is used for module surface protection. For rear waterproof sheet, we
use soft tedlar film (EVA/poly-ethylene/PVF) . Results of damp heat
test (85°C, 95%RH, lOOOh) of modules showed that solar roofing without
damp-proof cover film could have enough durability. We designed a basic
roof structure, in which tempered glass was supported by point fixtures
to decrease an effect of shadows. It was found that leaked water on
roofing ran down to the eaves and dried fast in the ventilation layer.
This suggested that the ventilation layer was also useful as a secondary
waterproof device.2
2.For FY 1995
(1)Development of fabrication technology for flexible PV roofing module
We designed and constructed a roll-to-roll type of apparatus for
manufacturing of solar roofing. This apparatus has both roll-type and
vacuum-type of lamination and cure systems. There are two types of
leads in solar roofing, main lead and connecting lead, as shown in
Fig.l. From results of damp heat test, we used solder coated copper
foil for main lead and aluminum adhesive tape for connecting lead. We
tried to manufacture solar roofing composed of six solar tiles(Fig.2)
using new laminating apparatus. External lead wires were pulled out
from the one side of solar roofing. We studied roof construction
technologies using this solar roofing on a model roof.
(2)Development of technology for improvement of reliability
We studied material properties of EVA to improve its laminating
condition. Results of dynamic viscosity-elasticity measurement for EVA
suggested that EVA begin to melt at 70°C and a hardening reaction
occurs from 120°C to 150°C. It was found that an exothermic peak at
150°C in DSC(Differential scanning calorimeter) curve can be a good
measure for hardening of EVA. It was also ascertained that moisture
permeability o EVA is improved largely as combined with fluoride film.
Figures 3 and 4 show results of damp heat test and heat cycle test for

modules with a structure of EVA/SiOx/Cell/EVA. Neither degradation in
cell performance nor inferiority in appearance were observed within
test period. We also examined change of performance in damp heat test
under current injection or light soaking condition to simulate real
operation state under sunlight. No remarkable change was observed after
158 hours. An outdoor test for 40cmX40cm modules was carried out in
Misawa Homes' factory in Gumma prefecture. These modules were placed in
a similar circumstance for solar roofing. Decrease in efficiencies of
modules were 15% to 18% after 313 days of exposure. This drop in
efficiency was related to light-induced degradation of a-Si solar
cells. We measured temperature of module(lOcmXIOcm) placed in similar
configuration as solar roofing under Xe lamp. The module temperature
reached up to 100°C in 20 min, but it. could be lowered to 88°C if we

set a separation between the module and cover glass to be 1mm.
(3)Development of construction technologies with flexible PV roofing
module
We tried to support cover glass in two ways. One is a point supporting
method by spring bolts. This method was easy to set glass, but it took
long time because we set a large number of bolts. The other way was a
supporting rail method. Glass was slidden into between rails. It was
important to set rails precisely on roof board. In this trial, we used
solar roofing of 2.7m length. We set solar roofing along rails and
fixed it at four corners with screws. We didn't get on solar roofing
during setting of glass. It is possible to exchange glass in each row.
We designed a fire prevention method for the roof with solar roofing.
Fireproof glass is used at eaves to prevent breaking of glass. A steel
plate is set under solar roofing to prevent a spread of fire to roof
board. Results of fire test for this method were as follows. The
combustion of solar roofing was observed at 18min after the beginning
of the test, no remarkable fire was seen until 20min and we stopped the
test at 25min because strong fire happened behind the eaves. This
results ascertained that our fire prevention method was effective.
We studied an effect of color cover glass on photovoltaic performance
of solar roofing. The relative percentage of output power of solar
roofing to that without cover glass is shown in Table 1. A decrease of
about 38% was seen for frosted green glass. Temperature of solar
roofing is another factor that affects its output power. In summer, we
observed that the temperature of solar roofing reached up to 100°C. It
was proposed to use screening effect of color glass to lower the
temperature of solar roofing.
Future Tasks
(1)Development of fabrication technology for flexible PV roofing module
Improvement of fabrication technologies for solar roofing

(2) Development of technology for improvement of reliability
Evaluation of durability for solar roofing and improvement of module
component materials.
(3) Development of construction technologies with flexible PV roofing
module
Feasibility study of roof construction technologies by actual size
model.
Table 1 Effect of color glass on output power of solae roofing.
Kind of glass
Comments
*Output
power (%)
Transparent glass
Unsuitable due to large reflection
92.1
Transparent frosted
88.8
glass
Blue frosted glass
74.2
Gray frosted glass
67.6
Bronze frosted glass
Good feeling as roof color
66.4
Effective to lower roofing temperature
Green frosted glass
62.2
Insulation film
Effective to lower roofing temperature
76.5
laminated glass
*Relative percentage to the case without glass.
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Solar tile

Solar roofing

Fig.1 Wiring diagram of solar roofing.

Fig.2 Structure of solar roofing with
6 solar tiles.
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RESEARCH AND DEVELOPMENT OF PHOTOVOLTAIC MODULES
INTEGRATED WITH CONSTRUCTION MATERIALS
(Survey on Commercialization Analysis)
MineoTATSUTA
New Energy and Industrial Technology Development Organization (NEDO)

OBJECTIVES
The objective of this project is to survey technical trends for studies on PV modules
integrated with construction materials and to support efforts to commercialization said
modules.

WORK PROGRAM
Surveys on existing and basic technologies concerning functions and specifications of
PV modules integrated with construction materials, and design on photovoltaic modules for
integrating into buildings and dessemination for them are carried out. Furthermore, surveys
are conducted on the module evaluation, marketability and compatibility with legal systems to
support the development toward commercialization of building-integrated PV modules, and at
the same time, the progress of commercialization is followed and watched.

SUMMARY
1. Up to FY 1994
The 3rd year project of this 4-year R&D project plan has been completed. The initial
year, as it started January 13, 1994, was a survey-and-research period of about 2 and half
months. The 2nd year was a year of survey and research into various themes for each of 6
methods.
The obtain the technology development trend, survey was made into applied study
examples in Europe together with related research on building-integrated modules.
For technology assistance to promote commercialization development, a buildingintegrated module subcommittee was established and 5 meetings were held last year. At those
meetings, the state of each R&D theme in progress was confirmed and, at the same time, the
problems to be reviewed were discussed.
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2. For FY 1995
(1) Progress Report
This year, for each of the applications classified as housing- and large structure (building)purpose, the items of survey were sorted out as follows and each was surveyed:
(a) Functional Requirements for Building-Integrated PV Modules
Survey was conducted to obtain the characteristics desired as building materials including
strength/durability,

fire-proof

and.

-retardant

properties,

aesthetic

design,

standardization/normalization, workability, and new functions-compatible performance. To
obtain the strength/durability desired as building materials-integrated modules, it is necessary
to

review

not

only

the

performance

of materials

themselves

but

also

overall

performance/specifications including electrical responses. As for fire-proof measures, it is
desirable to reduce costs through the utilization of different specifications for designated fire
prevention zones from those for semi-fire prevention zones. Concerning standardization, it is
necessary to standardize not only the size but also electrical specifications.
(b) Innovative Building Materials
Surface, substrate, sealing, and filling materials were surveyed such as for the possibility
of being used for building-integrated types.
(c) Marketability
Survey was conducted to obtain the hurdles to be overcome in establishing a market, to
forecast housing statistics-based demand and proper prices, and to find commercial outlets for
further promotion.

Desirable for promotion is further standardization toward the same

distribution pattern as that of ordinary building materials. The present stale and development
trend of related peripheral equipment were also surveyed. In the future, it will become more
necessary to come up with such modules as those having a curved surface or a larger area due
to required applications into wider fields.
(d) Evaluation Method
To evaluate durability test methods/system evaluation approaches/workability, test items
and methods were surveyed.

Important items include insulation capability, fire-proolV-

resislant properties, and then environment (aesthelic/design characteristics).

For system

evaluation, workability and economy were surveyed, finding the importance of effects of
safety and construction expenses on cost reduction.
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(e) Compatibility with Legal Systems
Survey was made into various institutional systems applicable to building-integrated
types. With specific importance given to the Building Standard Law, concrete responsive
measures were investigated by a working group in charge of fire-proofing installed within the
subcommittee. Details including certification procedures were surveyed in accordance with
contents of the Building Standard Law.
(f) Technical Trens Survey
As a part of survey reassert for the commercialization analysis, the following items were
surveyed FY 1995 to support the research and development.
1) Thirtieth EU-PSEC Survey
•

Nice, France, Oct. 23 through 27, 1995

•

A meeting was held for presentation and discussion concerning solar cells, systems,
applications, etc. at the International European Photovoltaic Power Generation
Conference System.

2) First ISEBC Survey
•

Boston, U.S.A., March 3 through 6, 1996

•

Presentations were given for discussion from a multilateral point of view concerning
the application of PV power generation systems into buildings while referring to n
umerous examples of applied installation of solar cells on buildings including IEA
achievements.

3) Survey such as into the building-integrated PV system development trend
•

Survey on construction/design field

To obtain the fields of applied building-integrated type module utilization, the present
state of building structures and design office business was surveyed and sorted out.
•

Survey on building-integrated module distribution
To identify how building-integrated type modules should be distributed for promoted
utilization, such matters as distribution patterns and margins were investigated.

•

Building-integrated type modules
A working group in charge of the Building Standard Law (fire-proofing measures in
particular) was installed for survey.
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(2) The Subcommittee on PV Modules Integrated with Construction Materials
The Subcommittee was held under the following schedule to survey and debate technical
trends, to confirm achievement in commercialization development and to describe future
tasks.
First Meeting

Wednesday, July26

• Election of chairman
• How to conduct survey in FY 1995

Second Meeting

Monday, October

• Progress report for the first half of
FY 1995
• Devate on engineering issues

Third Meeting

Wednesday, November 13

• Debate on surveys

Fourth Meeting

Wednesday, January24

• Debate on surveys

Fifth Meeting

Wednesday, Fabraryl4

• Progress report for the second half
ofFY 1995
• Debate on engineering issues

FUTURETASKS
(1)

Engineering issues required for supporting the R&D of PV modules integrated with
construction materials will be studied continuously.
For fire-proof and resistance testing, a unified guideline is to be established through
official assessment organization.

(2)

The progress of R&D is checked and subjects are extracted from the demonstration data
based on model houses to seek remedial measures.
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Research on Engineering Methods for Cost Effective PV Installation
Mineo Tatsuta
New Energy and Industrial Technology
Development Organization
Objectives
To find various cost effective application fields and study the actual
design and engineering methods for medium scale PV installation.
Work Program
(1) Study on design and engineering methods
To group promising application forms identified in and before 1994
according to those types and design rack structure and electric circuitry
of PV arrays that match the installation process.
(2) Test and evaluation of structural design for PV array rack
To construct several utilization models based upon the above (1) to
identify optimum design conditions by conducting structural performance
tests.
(3) Basic system design for promising application
To construct small demonstration systems for evaluation with promising
applications kept in mind and conduct installation tests at sites selected
in and before 1994.
(4) Performance and cost evaluation
To conduct comparatively economic and structural evaluation of PV
array rack designs for the above demonstration systems.
Summary (1993—1995)
1. Up to FY 1994
Survey on promising PV application fields and technical tasks except
for the simple roof-top and building applications was conducted. As a
significant, result, it was found that a potential volume of about 19,000
MW of PV in amount is likely to be installed in various promising fields.
Design requirements were simplified by building block concept for a
variety of PV array installation and system configurations. Furthermore,
the wind coefficients were established by hydrological and wind tunnel
experiments, which is important for the structural design of PV rack.
In parallel with above, country—wide maps of probable instantaneous
maximum wind velocity, and it was demonstrated that design based on
the wind velocity of about 4Qm/sec. is sufficient in the mainland of Japan.
Conceptual design was conducted for systems on land with possible
application such as highways and railways, and lake—water purification
system which is promising as an aquatic PV application. And costs on
various types of PV array rack and foundation including installation
works were calculated for the purpose to estimate power generation costs
on a trial basis. Furthermore, simplified design system using work sheets
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technique was investigated.
2. For FY 1995
(1) Study on design and engineering methods
According to forms of those PV racks and system configurations, a
number of promising application forms identified in previous year were
grouped and modeled as shown in Fig.l. It shows fourteen application
forms identified on which PV array supporting structure, electrical
circuitry, installation process and system design would be based.
(2) Test and evaluation of structural design for PV array rack
Basic study was conducted on the possibility of simplification for
structural design based on the map of probable instantaneous maximum
wind speed prepared in 1994, since the wind load design is the most
important in aspects of the PV array rack structural design.
As a result, the wind load design can be reduced to about 2/3 of
existing design and it was found that rack costs would be reduced by 20%
as shown in Fig.2, which shows an example of rack on land.
(3) Basic system design for promising application
a) Detailed design of demonstration systems for installation on land
Seven systems shown in Fig.3 were selected as representatives from a
number of application forms which was rearranged in Fig.l, and
advanced a variety of PV array rack and system design concepts
which were not restricted by existing installation technologies.
They were constructed at the Akagi Testing Center of CRIEPI as the
demonstration facility for evaluation of installation process. It was
found, from the installations, that development of dispersed PV system
technology is required as the installation technique that is aimed at
active use of rough or waste land areas.
Fig.5 shows the concepts of dispersed PV system technology, including
the promising AC module system as distributed.
b) Basic design of demonstration system for aquatic installation
With attention placed on application to purification of lake water,
the aluminum electrolytic method was selected as the purification
system that matches the PV system as standalone type.
A small scale desk—top experiment was conducted using small water
tank in order to establish the relationship between power consumption
and the purification capability, which has been unknown to date.
As a result, it was found that it can remove 97% of phosphates in
one hour at the current of 10 mA/litter, suggesting that it can be
also applied to general sewage processing and tap water processing
as well as the lake water purification.
Furthermore, possibility was studied on cost reduction of floating body
and it was revealed that the cost was reduced by 30% as compared
with the system proposed in 1994 by employing floating raft which is
similar to those ordinary used in cultivation.
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Fig. 4-d.

A Demonstrative PV Installation with the Low
Profile on Plane Structure.

Fig. 4-e.

A Demonstrative PV Installation with the Direct
Roofing Structure.
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Fig. 4-f.

A Demonstrative PV Installation with the Structure
Directly Sticked on Wall.

Fig. 4-g.

A Demonstrative PV Installation with the Structure
Simply Hanged on Wall.
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(4) Performance and cost evaluation
a) Analysis on proliferation volume to various fields
Based on the potential volume of application which was established
in the previous year, simulation analysis was conducted on the detailed
possible introduction volume and the effects with the government
policy, economic and environmental factors in future taken into
consideration using the analysing model for PV system proliferation
developed by CRIEPI.
b) Analysis on effect of snowfall
Survey of statistical data was conducted on the depth of snowfall at a
number of places throughout Japan in order to understand the effect of
snowfall which may have seasonally and regionally significant effect on
the PV system output and design of rack structure.
As a result, the list on maximum depth of snowfall in the reproduction
period of 10 years were established, based upon the above statistical
analysis.
c) investigation of structural design system
Using the work sheets technique, investigation of simplified structural
design system was studied in order to simplify the design works of
system for various promising fields with different siting conditions
and installation process.
Future tasks
Efforts should be concentrated in: Investigation of improvement toward
further cost reduction of a variety of installation on land; demonstration
test of water quality purification capability of lake water purification
system using small model, and: Summarizing the system design parameters
including water floating system.
Research results including the above should be summarized on study
of a variety of promising fields conducted to date, system design,
installation methods and simplified design procedures, including PV
array racks and foundation, to prepare an installation manual.
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Development of inverter technology for a photovoltaic (PY) system
which is connected to the utility grid
Mineo TATSUTA
New Energy and Industrial Technology
Development Organization(NEDO)
Obiec tives
This R&D program aims at the development of a residential use PV power
conditioner including inverter and protective relays which complies with the
technical guide line for utility interaction of dispersed power generation
systems, that is cost-effective and compact to be connected to the utility grid
to realize a simplified residential PY system. The power conditioner is called
”a balance of system with combined functions (BSCF)”.
Development targets
Output power
:3kW
Cost

: less than ¥50 per watt
(on the basis of 3,000 units production per month)
Efficiency
:more than 95% (at rated output power)
Size and weight:less than 0.019m3, less than 18kg
Summary (1 994-1 995)
1. Up to FY 1994
(1) Investigation of power circuit and control/protection circuit configuration
The technical guideline for utility interaction of dispersed power generation
system which was revised in March,1994 was investigated, and functions
required for BSCF were determined.
(2) Design and fabrication of a prototype isolation transformer-less PV inverter
As a central part of the BSCF, the prototype inverter without an isolation
transformer was fabricated and tested.
(3) Development of BSCF
Based on the study of protective function and other requirements, the BSCF
was designed , fabricated and tested in the factory.
2. For FY 1995
(1)Invesligation of power circuit and control/protection circuit configuration
The technical guideline for utility interaction of dispersed power generation
system which was revised in December,1995 was investigated, and functions
required for BSCF were reviewed. In this revision, requirements for
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protectional function is not changed, but limitation for output
current/voltage harmonic distortion is omitted. After the revision, we must
refer to the guideline for harmonic distortion which is issued independently
against the guideline for utility interaction of dispersed power generation
system. In the factory test, inverter output distortion was measured and
proved to comply with the gudeline for harmonic distortion.
For the near future, self testing function may be important as any yearly
maintenannce record reporting is not required in related regulations.
(2)Deve1opment of BSCF
The prototype BSCF which complies with the technical guideline for utility
interaction of dispersed power generation system was tested and evaluated in
factory and the field. Main results are as below;
©Achievement towards the development targets
Testing results identified in factory are shown in table 1. The BSCF’s
volume is 0.025m3 against the target of 0.019m3. We assumed that in actual
installation of the BSCF in a private house inside , i t is preferable to make
the depth of the BOX thinner. Therefore, weight of 17kg against the target
value of 18kg was achieved,
table 1: Development target and achievements
Cost
Ef f ic i ency
Volume

Target value
Below
¥5 0 ZW
(3, OOOset/month production,
Ex factory base)
Higher than 95%(at rated output)

Achievements
Bwl ow ¥ 5 0 R / W
(3, OOOsetZmonth production,
Ex factory base)
95.2%(at rated output)

0 . 0 19m3
Estimated size;
W300XH270X D240mm

0 . 0 2 5 m3
W560XH300X D150mm
aimed at a thin-shaped frame
as the final design

Weight

less than 18kg

17kg

©Field test
A BSCF was installed and tested in Akagi Testing Center of Central
Research Institute for Electric Power Industry(CRIEPI) as a field test.
In the field, BSCF was connected to the actual distribution power line and a
PV array to conduct daily ope 1 ation test. For protectional function test,
PV inverter testing facility was used.
In the field, performances of DC current outflow prevention and DC
grounding fault detection are tested in precise, that are the key
technologies for a PV power conditioner of transformer-less configutation.
(a)DC components of output current during steady-state operation
As the result of the DC component measurement, output DC component was
+0.07%.which fulfills the design value of 0. 1%.
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(b)Detection and rotection level of DC outflow
The result was below 1% of the rated output,which satisfies the designed
value.
(c)Shutdown time after DC outflow
The result satisfies the designed value of below 0. 5SEC.
(d)Detection

and

shutdown

time

for

DC

grounding

fault

On the operational condition of above 50% of rated output power,
DC grounding fault current was varied from 5.5mA to 22A. The duration of DC
grounding continuation after the DC grounding start was 0.1SEC at the
maximum, which satisfies the designed value.
(e)Other tests in the field
Besides the DC-concerning tests described above, Electric-Magnetic
Interference radiation intensity was measured in Akagi testing center by
JQAOapan Quality Assurance Organization). In the inverter development of
phase-I, there appeared some fraction of EMC noise in DC side when EMI
filter for DC was taken off. For BSCF this time, there was no significant
EMI noise fraction on both DC and AC side owing to the specially designed
EMI filters.
©Cost evaluation
A cost evaluation was conducted for BSCF on the basis of 3, OOOsets
production on each month, assuming that automatic production robot or
automatic material/components delivery apparatus are not used. As for above
5,000 sets/month product ion, the automatic apparatus are assumed to be used.
As the result of the analysis, target cost of ¥50/1? was proved to be
feasible.

The

assumption

is

on

3, OOOsets/month

, ex-factory

base.

Future tasks
A transformer-less, residential use PV inverter using the R&D results was
developed and now on the market. DC leakage current from PV array to the house
buildings may vary by PV installation methods. Operational data are accumulated
now and such detection-protection values are to be determined by field
exper i ences.
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Study of Nickel-Hydride Storage Battery
for Photovoltaic Generation Systems
Mineo TATSUTA
New Energy and Industrial Technology
Development Organization (NEDO)

Objectives
The objective of this study is to develop a sealed nickel-hydride storage battery with high
energy density, high discharge capacity, long cycle lifetime, and low cost. The battery is
intended for use in auxiliary devices for photovoltaic generation systems.

Work Program
1.

Research on Low-cost Electrode Materials

(1)

Examination of the Hydrogen Storage Electrode (Anode)
An electrode manufacturing process utilizing a low-cost electrode support body has
been used to create an electrode containing an alloy with a reduced amount of Co.
Since the combination of the process and the alloy offers the potential of reduced
costs, we have evaluated both the electrode characteristics and electrode cost.

(2)

Examination of the Nickel Electrode (Cathode)
A manufacturing process utilizing low-cost electrode support bodies has been used to
produce a new electrode. We have subsequently evaluated cycle life of the electrode to
clarify the relationship between the electrode’s composition and its characteristics.

2.

Research on Higher Battery Performance (Longer Life)
We used anode-cathode combinations offering lower costs to create prototype
easy-to-maintain sealed batteries. We have investigated the battery conditions and
characteristics, such as the amount and combinations of electrolyte, in order to identify
which of the prototype batteries are suitable for commercial production.

3.

Research and Evaluation into Characteristics of Commercial Production
Batteries

(1)

Creation of Prototype Cells and the Evaluation of Characteristics
The results of research into high-performance (long-life) cells has been used to
develop prototype 1.2V-100Ah cells. Research into improving these cells through
analysis and evaluation is currently underway.

(2)

Creation of Prototype Group Batteries and the Evaluation of their Characteristics
Methods of creating a single 12V-100Ah group battery from ten 1.2V-100Ah cells have
been investigated and prototypes produced.
- 261 -

Summary (1993 - 1995)
1.

Up to FY 1994
R&D on the long-life hydrogen battery continued until 1992. At that time,
experimental attempts were made to extend the life of hydrogen storage batteries’
electrode, separator, electrolyte and other component materials. The characteristics of
compact and laminated batteries designed for long life based on the developed
technology were assessed and analyzed, and experiments were conducted to extend the
cycle lifetime characteristic by altering the battery structure and manufacturing
methods, etc.
Based on these results, a large prototype 100-Ah battery was then designed and
fabricated, and evaluation of the battery characteristics showed the target performance

had been achieved. Although it was anticipated that battery cost would drop to ¥105
per watt-hour, further cost reduction is required to permit practical application in solar
power generation, and this research was initiated as a result. Studies were conducted
on electrode fabrication techniques employing lower cost electrode materials and
electrode support materials, with the aim of reducing the cost of the cathode (nickel
electrode) and anode (hydrogen storage electrode) used in a hydrogen battery.

2.

For FY 1995

(1) Research on Electrode Material Cost Reduction
(a) Investigation of Hydrogen Storage Electrode (Anode)
Hydrogen storage alloys with an AB5 or AB2 structure are used for the anode material
of nickel/hydrogen batteries which are either already developed or in the R&D stage.
Of these, MmNi5.xMx (an alloy with AB5 structure, with Mm being a mixture of rareearth elements, and M being a metallic substitute for Ni) was selected for study, and
attempts were made to reduce cost of the metal material used for M. The hydrogen
storage alloy obtained through research into long-life hydrogen batteries (conducted
until 1992) has a composition indicated by MmNi355Co075Mn04Al0.3, and has a proven
long life of at least 7,000 cycles. Attention was directed to the cobalt (Co) metal which
accounts for a large portion of the total alloy cost and whose price is high. It is subject
to large price fluctuations compared to other materials, and alloys with reduced Co
were studied in the previous year.
The results showed the short cycle life and difficulty of achieving the target (6,000
cycles) with a Co amount of 0.3 atomic weight or less. Consequently, this year various
alloys were fabricated and tested, while varying the Co amount from 0.4 to 0.8 atomic
weight. Electrode characteristics (particularly cycle life) were investigated using this
alloy, and prototype electrodes were fabricated using a paste application technique
offering potentially lower electrode cost.
Fig. 1 shows the discharge capacity of an alloy with less Co and more Ni, and Fig. 2
shows the discharge capacity of an alloy with Cu added to compensate for the reduced
amount of Co. The alloy in which the amount of Co removed is substituted by the
same amount of Ni exhibits a discharge capacity of about 290mAh/g, and there was no
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apparent dependence on the amount of Co. On the other hand, in the alloy where the
reduced Co is substituted by the same amount of Cu, the discharge capacity increased
proportionately with the amount of Co.
Cycle life using these electrodes is currently being evaluated, and the cycle life
characteristic is partially indicated in Fig. 3. The results clearly indicate that alloys with
a smaller amount of Co exhibit a large drop in discharge capacity with repetitive
charging/discharging. There is also a clear dependence between electrode life and the
amount of Co. Although significantly reducing the amount of Co is difficult due to the
adverse effect on the electrode life, these results indicate the potential for reducing the
amount of Co from a level of 0.75 atomic weight to a level of 0.5 atomic weight.
(b) Investigation of nickel electrode (Cathode)
Nickel hydroxide, the active material in the nickel electrode, has poor electrical
conductivity, although good conductivity between the Ni(OH)2 grains is necessary to
ensure the electrode reaction proceeds smoothly. This active material also exhibits
chemical changes and variations in volume due to charging and discharging, so bonding
strength between grains weakens and oxygen is generated (particularly in the
overcharging zone), thus causing the active material to drop out of the electrode
support material, and the working life to shorten. Therefore the electrode structure
must be such that the electrode support material firmly retains the active material, and
thus maintains electron conductivity. For this reason, foamed porous nickel and
sintered porous nickel have been adopted for practical use in electrode support
materials. At present, however, the electrode support materials are relatively expensive
and account for a large percentage of electrode cost. In this research, new techniques
were used for electrodes involving less expensive porous metals as electrode support
material, and the previous year’s investigations into electrode composition and
fabrication were continued in an effort to resolve the aforementioned problems.
As a result, an electrode was developed employing inexpensive and chemically stable
artificial graphite as the conductive material and fluororesin as the binder. The results
clearly showed that this electrode was effective in improving electrode characteristics.
It was also evident that composition could be improved by optimizing the amounts of
these substances added, and working life could be lengthened by employing an
integrated fabrication technique with powerful pressurization.
(2) Research on Higher Battery Performance (Longer Life)
A sealed battery with a theoretical cathode capacity of 19Ah was constructed by
combining the anode (prototype made via a paste application technique, using an alloy
including 0.5 atomic weight of Co) and cathode (prototype using an inexpensive
support material) obtained through research into less expensive battery materials.
Optimization experiments were then conducted by varying the amount of electrolyte,
which is known to have a significant effect on sealed battery characteristics. Fig. 4
shows the relationship between amount of electrolyte fluid and internal battery
pressure during charging. As is evident, batteries supplied with fluid of 2.3m6/Ah or
more attain a value of at least 3kgf/cm2 at the end of charging. In a sealed battery, a
safety valve is provided to allow pressure to be released to the outside, since the
battery case cannot withstand internal pressures of 3kgf/cm2 or more. However, if the
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safety valve operates and electrolyte fluid is discharged, this causes a drop in electrical
discharge capacity and an increase in the battery’s internal resistance. The drop in
battery characteristics is clear with existing compact batteries. Therefore the results of
experiments on these batteries show the electrolyte fluid amount should be set to
2.1me/Ah or less.
Next, the battery characteristics, and electrolyte fluid amount and composition, were
subjected to closer investigation.
Table 1 shows the outline and results of the investigation. For discharge capacity, the
Table shows the results for the 6th cycle, and for internal resistance, the Table gives
values measured after discharge in the 6th cycle.

As the results in Table 1 show, there was almost no difference in discharge capacity or
internal resistance due to electrolyte fluid composition. Also, the discharge capacity
dropped and the internal resistance increased when the amount of electrolyte fluid was
reduced to 1.7mfi/Ah.
Table 1:

Relationship between electrolyte fluid, discharge capacity and
internal resistance

Electrolyte composition
Potassium hydroxide
concentration (specific
gravity)
1.3

Added amount of
lithium hydroxide
(g/<9

Electrolyte
fluid amount
(mg/Ah)

Discharge
capacity

(Ah)

Internal
resistance
(mfi)

40

1.7
1.9
2.1

16.9
17.8
18.0

1.83
1.56
1.42

AO

1.9
2.1

18.2
18.4

1.50
1.45

1.7
1.9
2.1

15.8
18.4

1.98
1.45
1.46

1.7
1.9
2.1

15.5
18.1
18.2

2.02
1.50
1.46

1.26

60
1.22

18.1

Charge-Discharge conditions: 20°C
Charge:
2A x lOh
Discharge: 4A
Final voltage: 1.0V

The above results indicate that there is an optimal value for the electrolyte fluid
amount in the range 1.9-2. lmS/Ah, and we intend to determine the electrolyte fluid
composition based on future results related to the cycle life characteristic. Fig. 5 and
Fig. 6 show the results (currently being evaluated) for battery cycle life.
Partial charging/discharging resulted in only a slight drop in discharge capacity. The
target value of 6000 cycles was considered achievable due to the discharge rates
obtained for different numbers of cycles.
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(3) Evaluation and Research into Characteristics of Viable Batteries
(a)

Cell Prototypes and Evaluation of Characteristics
Based on the battery configuration method developed through research into improved
battery performance (i.e. longer life), a prototype cell with a discharge capacity of
lOOAh was designed and fabricated as a viable battery enabling construction of a solar
power generation system. The greater capacity and sealed structure of this battery
system seem to result in a greater temperature rise during charging/discharging. If a
monoblock casing is used, as for lead batteries, there is some concern that the
temperature rise will vary between cells located at the center and those located at the
edge, resulting in the battery no longer operating according to specifications. It is
therefore assumed that a group battery structure will be adopted in the future, and a
prototype casing was designed and fabricated with vertical ribs to enable air cooling
even if the temperature rises. The appearance of a prototype battery employing this
casing is shown in Fig. 7.
The electrolytic fluid composition was derived from the components listed in Table 1.
The fluid was prepared by dissolving lithium hydroxide (with a ratio of 40g/6) into a
water solution of potassium hydroxide with specific gravity of 1.3. This was then added
to the battery at a rate of 1.9m0/Ah. The results of charge/discharge testing with this
battery are shown in Fig. 8.
The measurement results were obtained by repeating five charge-discharge cycles
(charge: 0.1C, 110%; discharge: 0.2C; to final voltage of IV), and then taking test
results from the 6th and 7th cycles after the discharge capacity had stabilized.
With these results, it was possible to achieve a discharge capacity of lOOAh. However,
in the uncooled batteries, there is a dramatic rise in temperature in the overcharge
zone (as expected), and it is clearly of the utmost importance to use a cooling system
to control this temperature, as indicated in the drawing. Therefore, with a
high-capacity sealed battery, it is necessary either to detect the temperature rise at the
end of charging and activate a cooling device, or use a charging control system to stop
charging before the temperature rises (i.e. a so-called "dT/dt control" system, where
the temperature rise per unit of time is measured, and charging can be stopped when
a certain value is reached).

(b) Group battery prototype and evaluation of characteristics
For the group battery prototype, ten of.the aforementioned lOOAh cells were
connected in series to construct a 12V battery. Design and prototyping has been
completed for the parts needed to construct the group - i.e. metal retaining plate,
brackets to fasten the battery securely, terminal connection plates, etc. With these, it is
possible to construct a group battery such as that shown in Fig. 9.
The characteristics of the group battery have not yet been evaluated, but we plan to
measure these characteristics (battery capacity, temperature rise, battery internal
pressure, cycle life etc.) during 1996.
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Future Tasks
The following investigations must be undertaken by the end of fiscal 1996 and their degrees
of success clarified.
* The characteristics of the 1.2V-100Ah cell and the 12V-100Ah group battery should be
investigated, particularly in terms of cycle life.
* The effect on battery characteristics of rises in battery temperature during discharging
should be investigated, and the effectiveness of various cooling methods evaluated.
* The viability of potential new discharge control systems should be investigated taking into
account the characteristics of the evaluated batteries.
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Fig. 7: Appearance of 100Ah cell
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Fig. 9: Appearance of the group battery
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Research and Development of Redox Flow Battery for
Photovoltaic Power Generation
Mineo TATSUTA
New Energy and Industrial Technology

Development organization (NEDO)
Objectives
We carry out the research and development on the production technology of
vanadium electrolyte and redox flow battery system having high performance for
increasing the power output and reducing the cost as to the vanadium battery
which is used for the photovoltaic power generation system. The final targets of
this battery development are as follows.
(1) Output
: 1. 5 kW/m 2 -electrode area
(2) Production Cost : 14 ¥/Wh (In case of 50 kW x 50 hr storage capacity and
200 MWh/Y production)
(3) Life of battery
: 20 Years

Work Program
1. Development of Electrolyte Production Technology
(1) We will study an inexpensive continuous production technology of trivalent
and tetravalent electrolyte. On the basis of the result, we will make 40
L/D pilot plant and establish the production technology of such electrolytes.
(2) We will evaluate their performance and long term shelf life.
2. Development of Battery System
(1) We will improve, evaluate and select the conventional battery components
for making such cell stack as achieve the high current density. For efficient
evaluation, we will make the conjunct multiple minicell.
(2) We will unify the carbon electrode and conducting plastic by heat adhesion
and do the trial production of cell stack using unified bipolar plates.
(3) We will continuously operate the battery using improved components (at
100 mA/cm 2 current density) and also evaluate the conducting plastic cell
stack.
This research and development is planned to be performed from 1993 fiscal
year till 1996 fiscal year and future work program is as follows.
1996 : It is scheduled to remodel the electrolyte pilot plant and establish the
commercial technology of electrolyte production. As for 2 kW battery,
the durability will be confirmed by continuous operation and
effectiveness of this battery in photovoltaic system is confirmed by

simulation.'

Summary (1993-1994)
1. Up to FY 1994
In FY 1993, We made 2 L/D equipment which could produce tetravalent
electrolyte from ammonium vanadate by sulfurous acid gas reduction. We
also made the minicell (small-size battery) for the battery component
evaluation and 2 kW prototype battery.
The outcome summary of FY 1994 fiscal year is as follows.
(1) Development of Electrolyte Production Technology

We made 5 L/D equipment for reducing vanadium electrolyte cost which
has the major portion in vanadium redox flow battery cost.
a. Study of Electrolyte Production Technology
We established the method to obtain high purity vanadium pentoxide
equivalent to special grade reagent by using ammonium vanadate as raw
material, recovered from boiler plant and studied the hydrogen reduction
method which is commercially more advantageous.
b. Performance and Stability Evaluation of Electrolyte (Consecutive Theme)
We confirmed the performance of electrolyte by using minicell and also
made the equipment for measuring the stability of different valence
vanadium solution, generated in times of charge and discharge by
changing temperature of measurement.
(2) Development of Battery System
a. Improvement of Minicell
We improved the minicell so as to be able to operate continuously.
Then we improved and evaluated various battery components and
attained the high current density in minicell.
b. Manufacture of 2 kW battery
The final target became very close to attain the 80 % power efficiency at
100 mA/cm 2 by the improvement of cell components for 2 kW battery,
though it was short term. As the result of comparison between fluoride
ionexchange membrane, having surpassing durability and polysulfonic
one, it was certified that the latter performance is superior to the former.
2. For FY 1995
As for the development of electrolyte production technology, we studied the
production technology of trivalent and tetravalent electrolyte and established
the dissolving method by mixing of the trivalent and pentavalent which is
commercially more advantageous. Also we made 40 L/D equipment based
on the above outcome.
As for the development of battery system, we improved the moldability of
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conducting plastic which we had studied in FY 1994, scaled up till 2 kW
battery and unified it with carbon electrode by heat bonding. Furthermore,
we attained 80 % power efficiency at 100 mA/cm 2 for three months and half
in the continuous operation of 2 kW battery by the improvement of compo
nents.
Besides, we evaluated the conducting plastic cell and confirmed it
has the equivalent performance to glassy carbon cell.
The summary of 1995, this fiscal year result is described bellow.
(1) Development of Electrolyte Production Technology
For establishing the production technology of inexpensive vanadium
electrolyte by hydrogen reduction method, we studied production process,
designed and manufactured the pilot plant, having 40 L/D capacity.
a. Study of Electrolyte Process
Though we have changed the trivalent vanadium production method from
sulfur reduction to hydrogen reduction which is commercially
advantageous in FY 1994, previous year, we mainly studied dissolving
method of insoluble trivalent vanadium oxide this year.
It turned out that there is a big difference of dissolving speed as shown in
Fig. -1 between such method as dissolves trivalent vanadium compound,
formed by hydrogen reduction and pentavalent vanadium compound into
sulfuric acid solution at the ratio of three to one and such method as only
dissolves trivalent vanadium compound into sulfuric acid solution and the
former method is commercially advantageous.
Though the formed
electrolyte is the same quantity mixture of trivalent and tetravalent
vanadium in this case, we could completely change them into discharge
state tetravalent electrolyte in positive electrolyte vessel and discharge
state trivalent electrolyte in negative electrolyte vessel by feeding into the
battery and pre-electrolyzing as it is.
It is possible to prevent the
oxidation effect by oxygen in the air due to add trivalent vanadium a little
much. This method simplified the production process and transportation
handling of electrolyte.
On the basis of this result, we designed, manufactured and carried out
the test operation of trivalent / tetravalent electrolyte production unit with
40 L/D capacity. The appearance of dissolving vessel is shown in
Fig. -2. According to the evaluation of 2 molar electrolyte made by this
unit, it was confirmed that this electrolyte could be usable for battery
without any problem.
b. Performance & Stability Evaluation of Electrolyte (Serial Theme)
Though we had made the stability evaluation equipment of electrolyte for
evaluating its high temperature and low temperature stability last year,
we evaluated the stability in the usable temperature range by combining
the equipment with inspecting whether or not precipitation is formed in
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existing thermostat We also measured the temperature influence on
concentration of vanadium and sulfuric acid. As the result of it, it was
confirmed that we could use the electrolyte without any problem in the
temperature range from 5—45 °C at the vanadium concentration of 1.8

~ 2 mol/L.
(2) Development of Battery System
a. Manufacture of Conjunct Multiple-minicell
We made hexamerous conjuncted multiple-minicell which can parallel
evaluate many components at the same time and condition for
evaluating performance comparison and durability of electrode
components. The continuous charge and discharge experiment is
performed now by using this equipment and it is inferred that three
hundred (300) cycle operation at four hour charge and discharge is
possible.
b. Vanadium Ion Valence Analyzer
We partly improved the analyzer which we had been made last year for
measuring online the electrolyte composition which successively
changes during discharge and optimized the analysis conditions for
continuous online measurement. As the result of it, it turned out to be
possible to measure from bivalence to pentavalence below 5 %
accuracy and it was verified to be fully practical.
c. Operating Evaluation and Improvement of 2 kW Battery
We improved the components of 2 kW battery for operating continuously
at the output of 1.2 kW/m 2 -electrode area. As for the membrane, we
adopted the thicker polysulfone one to increase ion selectivity and
decrease liquid transfer. On top of that, we continuously operated the
battery at 100 mA/cm 2 current density by changing the conventional
single carbon electrode into the double layer electrode, combined the
high reactive carbon felt with the high conductive felt.
As the result of continuous operation for three months and half, we
could obtained such target performances as 95—96 % current efficiency,
84~ 85 % voltage efficiency, 80—81 % power efficiency as shown in
Fig. -3 and also 2.1 kW output as shown in Fig. -4.
Furthermore, though we decreased the current density till 50 mA/cm 2
in the midway, the current efficiency was 85 %. It means that this
battery could hold high efficiency in high current density as well. We
finished this battery operation for three months and half (i. e. 360 cycle)
this year for studying the unification of conducting plastic and cell.
In next year, that is the last fiscal year, we intend to carry out the
continuous operation at 120 mA/cm 2 current density and 80 % power
efficiency by improving the cell components and structure to reduce cell
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resistivity.
d. Development of Cell Stack
Concerning study, evaluation and selection of cell components, the
following items were done.
(a) Ion Exchange Membrane
We adopted a polysulfonic membrane which was improved the ion
selectivity by increment of membrane thickness.
Though the
membrane resistivity rises along with increment of thickness, the
combination of low resistant double layer electrode realized to reduce
the stack resistivity below 1 Q /cm 2.
As it also decreased the
electrolyte transfer by about one tenth, the long term consecutive
operation became feasible.
On membrane lifetime, though we verified the same type membrane
had about two year equivalent lifetime (600 cycles), we would like to
prove that it has five year equivalent lifetime (1,500 charges and
discharges) finally in taking accelerative test result by minicell into
consideration.
(b) Carbon Fiber Electrode
The combination of high reactive cloth type electrode and high
conducting felt type one realized to greatly reduce the cell resistivity
and achieved the high current density operation (80 % power
efficiency at 160 mA/cm 2 current density) in minicell.
(c) Cell Unification by Conducting Plastic
The glassy carbon sheet has such problems as expensive, breakable
due to low mechanical strength and so forth. It became possible to
make the equivalent performance minicell to glassy carbon one in FY
1994 by using ECX, conducting plastic, manufactured by Mitsubishi
Chemical Corp. (the former name is Mitsubishi Petrochemical Co.)
and unifying it with carbon fiber electrode. However, the plastic
moldability is poor, so we changed the composition, suitable to big
size molding and made the 2 kW battery size (570 cm 2 -electrode
area).
Fig. -5 shows the bipolar plate of conducting plastic, unified
with carbon felt.
Though we used a single layer electrode as a matter of manufacturing
convenience, we stacked the fifteen cells by this conducting plastic
and carried out the performance test. Though the current density
was 80 mA/cm 2, low output condition, the current efficiency was 98
%, voltage efficiency was 83.8 % and power efficiency was 82. 2 %
in minicell and these were the equivalent performances to glassy
carbon cell.

Hereafter, we will make the cells with double layer structure and
evaluate the capacity at high current density.
(3) Research Effect of this Year
We could established the electrolyte production process which made high
purity trivalent and tetravalent electrolyte stably and cheaply from
inexpensive pentavalent vanadium compound by the development of
electrolyte process and completion of equipment, scheduled in 1995 and
the commercialization is very near at hand.
We were convinced of big cost reduction on battery by confirming the
performance of unified conducting plastic cell had equivalent to glassy
carbon cell in 2 kW cell.

The final target became very close by carrying out the consecutive
operation of remodeled 2 kW battery at 100 mA/cm 2 current density and
achieving the 80 % power efficiency for three months and half.
Future Tasks
Though we believe we could attain the target we had set at first, it is necessary
to verify the effectiveness in connection with solar cell panel in photovoltaic
power generation system in the final analysis. In addition to it, detail study of
battery cost in mass production and confirmation of battery life are necessary to
verify.

Patent
Title

Applied Date
Application No.
Applicants
Outline

: Measuring method and equipment on vanadium ion valence
and concentration of electrolyte for vanadium redox flow battery
October 4, 1995
H7-257878
Sumie SEKIGUCHI, Kanji SATO, Yoshiteru KAGEYAMA and
Mitsutaka MIYABAYASHI
To measure the vanadium ion valence and concentration from
consumed electrolysis quantity of electricity by electrolyzing at
constant voltage after feeding the oxidation and reduction
solution to opposition pole and sample solution to reaction pole

in minicell
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H2S04 concentration 4Mol/ fi

Dissolving Time (Hr)
• - V203+V205 Mixture
V203

Fig. -1

Solubility curve of Vanadium Oxides in H

2

SO 4 solution

Fig. -2 Vanadium electrolyte production facility (40 fi /D capacity)
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Electrode;Double Layer,Membrane:Polysulfone,Cell gap;3mm

Fig.-3 Long-term stack performance of 2kW battery (Efficiency)

Out Put Power (kW)

Electrode; Double Layer, Membrane; Polysulfone, Cell gap 3mm

Charge/Discharge Cycle Numbers

Fig.-4

Long-term stack performance of 2kW battery (Out Put Power)
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Fig.-5 Bipolar Plate of conducting plastic
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Meteorological Analysis
for
Suitable Design of Phtovoltaic Power Generation Systems
Mineo Tatsuta
New Energy and Industrial Technology
Development Organization (NEDO)
Objectives
The objective of this study is to prepare standard Meteorological
data(METPV)
Phtovoltaic

which

is

required

for

detailed

simulation

for

generation systems (PV systems) in Japan.

(METPV=MEteorological Test data for Phtovoltaic system)
Work Program
The

monthly

averages

of

solar

radiation

and meteorological

elements prepared before now are very useful for fundamental design
of PV systems. However, simulations which indicate the operational
conditions at every hour are necessary in order to thoroughly
investigate the balance between output from a PV system and its
load for a detailed system design and storage battery planning. For
this purpose, hourly-based meteorological data set is required.
HASP standard meteorological data ( Heating Air-conditioning and
Sanitary engineering Program; hereinafter called as 'HASP data')
has been used to simulate output from a PV system. However, as HASP
data is prepared for the design of air-conditioning systems,there
is something of inconvenient when it is used to simulate output
from a PV system.

The objective of this study is to prepare new

standard meteorological

data

(METPV)

at

150

meteorological

stations throughout Japan as the replacement for HASP data which is
useful to simulate output from PV systems.
Summary
1.Up to FY 1994
This study will be carried out for three years from FY 1994 to FY
1996. In FY 1994 study we decided how to prepare three kinds of
METPV, average year's data, minimal year's data and maximum year's
data (hereinafter
Represenatavive

called

years

were

as

'representative

selected

in

each

solar

years' ) .
radiation

climatic regions with the use of daily solar radiation data of the
26 stations representing these areas. A nine-year period between
1986 and 1994 with increased sunshine recorder accuracy was used as
the

period

of

analysis

owing

to
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the

sunshine

duration being

included in the data for preparation.
2. Summary for FY 1995
This study is to prepare METPV at all meteorological stations
throughout Japan( 150 stations ).

In FY 1995 study, METPV were

prepared at 40 stations. Following tasks were investigated in FY
1995
(1) Selection of stations where METPV were prepared
In FY 1995 study, we prepared METPV at 40 meteorological stations
including the 26 representative stations of the solar radiation
climatic regions indicated in Fig. 1.

0

Fig. 1

Location of the 40 stations where METPV were prepared in FY
1995
Dots which have no name indicate the station where METPV will be
prepared in FY 1996.
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(2)

Development of a new model to estimate hourly global solar

radiation from sunshine duration
When

preparing METPV,

important element.

solar

However,

radiation

data

is

an

extremely

only 67 meteorological stations in

Japan measure global solar radiation. Therefor we developed a new
model to estimate hourly global solar radiation from sunshine
duration. Using this model we can prepare global solar radiation at
all meteorological stations.
(3) Development of a method to connect average year's data
We will prepare average year's data compounding data of each month
selected for the most normal year. However, because the selected
year will vary in each month, there will be irrational jumps in
meteorological data from one month to the next month. Therefore, in
this study we decided a method as follows. Using this method we
decided hours to connect data of each month without discrepancies
at each station.
• We will connect data within 48 hours from the boundary of two
month.
(ex.) When we will connect January data and February data,we will
select the connection point between 01 hour on January 30 and 24
hours on February 2.
• We will connect data during the night.
• We

will

connect

data

when

the

difference

between

three

meteorological elements of two months will be within ranges as
follows.
(1) precipitation
(2) wind velocity
(3) air temperature

within

lOmm/h

within 7m/s
within 5 °C

• From among hours satisfying above conditions,we will connect
data when the air temperature difference will be minimum and

most

close to the boundary of two months.
Fig. 2 indicate the method which we connected data at Shinjyou. At
Shinjyou, 1990 ( solid line ) was selected as average year data for
March and 1988 ( dashed line ) was selected as average year data for
April ( Upper Fig.) .
If we connected data at 24 hours on March 31, air temperature would
decrease unreasonably more than 10 °C between 24 hours on March 31
and 01 hour on April 1 ( middle Fig. ) .
In order to resolve these discrepancies, according to the above
conditions,

we

searched

appropriate

hours

when

data

were

compounded without discrepancies. In this case, if we appropriate
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1990's data until 23 hours on April 1 and appropriate 1988's data
from 24 hours on April 1, we would get reasonable series of data (
bottom Fig. ) .
(4) File contents of METPV
METPV consist of basic meteorological elements on horizontal
surface ( ® — © ) and solar radiation on inclined surfaces ( @ )
as

follows.

Among

these

elements,

(2),®,®

estimation using the model developed in

were

prepared by

NEDO's study.

(D Global solar radiation on horizontal surface
© Direct solar radiation on horizontal surface
® Diffused solar radiation on horizontal surface

(D Sunshine duration
(D Air temperature
© Wind direction
(7)
®
@
®

Wind velocity
Precipitation amount
Depth of snow cover
Solar radiation on inclined surfaces

We prepared solar radiation data on inclined surfaces as follows.
Azimuth of a tilted surface was varied from 0 ° ( facing due east )
to 180 ° ( facing due west ) at intervals of 15" . Tilt angle was
varied from 0° ( horizontal ) to 90’ ( vertical ) at intervals of
10

° .

Therefore we prepared 13( azimuth )*9( tilt ) = 117 varieties of
solar radiation data on inclined surfaces at each station.
Finally

we

will

prepare

above-mentioned

data

for

150

meteorological stations throughout Japan. In order to search and
edit these data easily, we discussed and concluded the file format
of METPV.
Future Tasks
The task for FY 1996 is preparing METPV of 110 remainig stations and
developing the available software to utilize METPV conveniently.
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15

y

10 •

Mar.30

Mar.31

Apr.l

Apr.2

Mar.31

Mar.30

Fig.2

Mar.31

Example of the method to connect average year's data
( We connected March data and April data at Shinjyou. )
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Survey on system and peripheral technologies for utilization of photovoltaic
power, and on the evaluation of photovoltaic power generation.

Mineo Tatsuta
New Energy and Industrial Technology Development Organization

Objectives
To generally evaluate the effects of utilization of photovoltaic power generation on the global
environment, power supply, economy and other factors.

Work Program
In order to evaluate photovoltaic power generation from various aspects, a committee consisting of
experts, the "subcommittee on evaluation of photovoltaic power generation," will be inaugurated.
Furthermore, solar cell performance will be quantified through the use of indices which will be
developed for this study. Also, by studying trends in the research of researchers abroad we can
gain useful information for determining the global effects of photovoltaic power generation. The
following items are under investigation.
•

Method for evaluating energy payback time

•

Method for evaluating environmental impact

•

Potential user scale of photovoltaic power generated

•

Evaluation of the impact on existing power systems

•

Overall evaluation

History of Research and Development
•
(1)

FY 1993-1994
Research on energy pay-back time (EPT) evaluation approaches
The previous cases relating to EPT calculation was analyzed and it was found that there

were an accumulation method and an input-output table method. Surveys were performed on
Japanese research examples and overseas accumulation method-based calculation examples. An
input energy accumulation method using a Japanese average annual flux of solar radiation on array
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surfaces, etc. indicated 2.1-2.4 years for 10 MW/Y with polycrystalline cells and 1.6-2.1 years,
with amorphous ones based on the present technology level.

(2)

Research on an evaluation method of environmental contribution
The life cycle of a solar cell during its manufacturing, installation, operation and

abandonment was identified, then, previous cases on concepts at environmental costs and their
evaluation approaches were reviewed for comparison to sort out the problems involved.

CO2

emissions from the PV power generation system installed on a private house roof were calculated
/
to determine the amount of CO2 reduced and cost for the reduction. When compared with a
thermal power plant, the estimation showed that PV power generation required more costs to
reduce CO2 emissions.

(3)

Scale of PV power generation assumed to be introduced
Previous cases were studied by comparison to sort out the results from, methods of, and

requirements for calculation. Furthermore, new fields of introduction not considered in previous
cases were excavated for a projected possible scale of introduction. The results showed about 191
GW of PV generation systems to be possibly installed in Japan under an unrestricted basis. The
potential scale of introduction overseas was estimated on the basis of previous cases in terms of
the scale of assumed introduction for village electrification and water pumps in developing
countries. Demand for solar cell-carrying products was also taken into account.

(4)

Evaluation of the contribution to existing power system
Comprehensive survey was conducted to find a direction in which the contribution to

electric businesses should be evaluated in view of a junction between the fields of application as a
dispersed-type power source and advantageous for consumers. The merits to electric businesses
included electric development and power transportation as well as energy conservation, and
demerits included power generation characteristics. On the other hand, the merits to consumers
included better quality of power supplied and higher reliability, and as the merits to equipment
investment including loading equipment, the reduction of operational maintenance and other
expenses was identified.
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System loading patterns were surveyed, the forms in which PV power generation would be
applied were reviewed, and the value of PV power generation was estimated.

(5)

Overall evaluation
As a method of overall evaluation, we hit. upon the idea of "external costs."

Previous

research examples were surveyed because this concept has not been established and review and
study were performed on the concept toward the introduction of a "PV power generation version

of external costs." With the review on environmental aspects for consolidation left up to the
section of "Research on evaluation method of environmental contribution," we focused on here
conceptual and case studies of other aspects. Moreover, other methods such as for the calculation
of effects on human beings were also sorted out. Another study of overall evaluation approaches
using external costs started together with the consolidation of matters that should be in mined at
the time of evaluation including PV power generation value added.

Research results
(1)

Detail of progress

1)

Research on energy pay-back time evaluation approaches
The energy pay-back time (EPT) is an index which means the "time is lakes for a power

generation technology to recover the energy consumed for its production by its power generation,"
and a shorter EPT than the service life is required to make the energy economically profitable.

At the first onset of the research on EPT evaluation approaches, Japanese study examples
were investigated the year before last, finding that EPT study methods could roughly be divided
into two: one by accumulation to compute input energy and the other by using an input-output
table for calculation.
This was followed last year by case studies of overseas accumulation-based projection,
where it was found that there were few study examples specifying input energy and EPT, and the
ground for calculated energy input was not always well-defined. Using a Japanese typical annual
solar radiation on array surfaces and other parameters, we estimated input energy under the
conditions of the accumulation method.
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The calculation covered housing-purpose PV power generation systems installed within
Japan, which were divided into (1) existing house roof-top installation types and (2) buildingintegrated types which also function as a roofing, separately for (a) polycrystalline silicon solar
cells and (b) amorphous silicon solar cells. However, different weather conditions represented by
solar radiation in different parts of Japan force us to make power output-based EPT calculation,
taking into account the difference in Japanese locality.
This year, concerning the EPT projection results obtained so far last year, problems were
extracted for the review of solution and other measures.

More specifically, parameters were

analyzed using actual data and, it was identified that such parameters reflecting local difference in
average temperature and snow coverage were capable throughout Japan. Based the each
difference, annual power output was obtained.

Fig. 1 shows-'temperature-compensated annual solar radiation and power output at 145
locations in Japan. Fig. 2 shows temperature-compensated annual solar radiation and power
output in consideration of the days on which operation will be disrupted due to snow coverage at
80 locations.
From input energy for PV power generation system and annual output at each location; the
EPT was calculated at each location, finding that the resulting less than 4 years at large was much
shorter than the service years of a PV power generation system (20 years).

2)

Research on a method of evaluating environmental contribution
PV power generation's contribution to environment is evaluated to have an exact grasp of

its degree through the finding of how far PV power generation will be able to contribute to various
environmental aspects and how the scale of its influence on environment can be. quantitatively
calculated.
For the evaluation of influence on environment, it is vital to identify environmental load
emissions. Here, emissions of specifically noticed C02, SOx, and NOx throughout the life cycle
of a PV system were estimated along with the review of other environmental effects attributable to
the safety in manufacturing processes and impacts on the natural environment.
To know the environmental contribution of PV power generation, unit amount of CO2

emissions, a major cause for global warming, and SOx/NOx responsible for air pollution and,
- 289 -

therefore, acid rain were estimated and compared with those of the existing power source
composition.

In parallel with these discharges into the atmosphere, local-level* impacts on

environment were also examined through the reference to the safety in each of solar cell-related
processes including those of stock-feeding to fabrication and installation then to abandonment as
well as the survey of impacts on the natural environment if PV system are installed on large areas.

3)

Scale of PV power generation assumed to be introduced
In evaluation PV power generation, multi-lateral

reviews

are

performed

EPT,

environmental contribution, and other scale parameters, but the size of solar cell production must
be established for such quantitative discussions. The objective here is to project the scale of
expected solar cell introduction for future outlook as well as provide assumed conditions for
evaluation of each- research theme.
The actual calculation process started with the consideration of solar cell introduction
subjects, for each of which an equation was prepared on the basis of statistical and other values
relating to three items composing it. Then, a potential scale of introduction was determined for
each subject and, later, the calculation results for all subjects were aggregated to calculate the scale
of PV power generation assumed to be introduced within Japan.
Fig. 3 shows the equation used for the estimation of potential scale of PV power generation
introduced.
Calculation of the potential introduction scale results in about 197,000 MW in a total of all
fields. The largest component is, the idle land space of 102,656 MW and the next largest is private
house installation of 37,990 MW, combinedly accounting for as much as 71.5% of the total.

4)

Evaluation of contribution to existing power systems

(1)

Evaluation as a system power source
The survey of evaluation as a system power source found a supply capability level or 10-

20% compared with that of output-unstable hydroelectric against 30-40% measured for the kWh
value which would directly mitigate the need of equipment.
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(2)

Evaluation of cumulative value added
Due to its possible effects to indirectly support the power system at the summer-time peak

load time as a dispersed source of power within the consumption area, PV power generation is
expected not only to created kWh or kW values in terms of power generation equipment but also
to defer the reinforcement of power transmission/distribution lines and relieve losses. The simple
accumulation of these effects based on the results in (1) above allows a little more than 20
(thousand yen/kW-year) to be annually spent for PV power generation. It is, however, difficult to
evaluate PV power generation as a system power source because the load on residential areas, a
mainstay to achieve widespread use, is mostly for lighting and there is a recent trend of an increase
in peak demand for healing in winter.
This led to out decision to further proceed with the review of a measure to improve a
variety of values added.

(3)

Limitation of the amount of PV power generation introduced
Considering the supposed photovoltaic power connection mainly to distribution lines

within a consumption area as an on-site source of power adjacent to load, the limitation on the
amount introduced was investigated in terms of voltage fluctuations/harmonic wave-induced noise
troubles to high-voltage distribution lines. As a result, it was found that the amount able to be
introduced would, mainly restricted by voltage fluctuations, be reduced to some 10% in rural and
mountainous regions and 30% or so in the residential area, both having along line distance, unlike
short distance-line commercial/industrial areas raising fewer problems.

5)

Overall evaluation
Overall evaluation is made for the purpose of judging where PV power generation is

advantageous or disadvantageous in a variety of aspects including EPT and environmental
contribution from a certain point of view.
The deterioration of global environment and depletion of resources are, if viewed in the
light of environmentally basic aspects, the issues brought about by the existing energy system.
Nevertheless, at present, the measures to solve them are evaluated with the existing energy cost as
the control for whether or not to be adopted.
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Increasing concern over the issue of global environment has led to the studies where, for
the evaluation of preventive technology measures, the so-called external cost is inferred from
concealed costs not included in the market price of energy. In some actual cases, PV power
generation has come to be evaluated, with external costs included, for its economic viability.
Table 1 shows various aspects to be treated as external costs aspect.
Notwithstanding, the reality is the difficulty to discuss the problems originated from the

facilities currently existing in a generalized manner as many of them are dependent upon the social
conditions of the region in question.
Here, approaches for the calculation of external costs are roughly divided as follows:
•

Damage cost method
Method of calculation using the expenses required in compensation for any damage
incurred.

•

Control cost method
Method of calculation based on the expenses required to prevent the occurrence any
predicted damage.

General practice often adopts a method of calculation based on damage costs while
applying control costs to more concrete aspects.
Meanwhile, although there are not any reliable cases of PV power generation evaluated on
a comprehensive and quantitative basis, several cases exist where energy and other fields were,

evaluated in a comprehensive manner using multidimensional aspects. Then, the review by
consolidation of appropriate evaluation indexes for multidimensional evaluation resulted in our
judgment that a monetary index is more effective.
For the comprehensive evaluation of PV power generation, it is necessary to not only cover
all the themes but also evaluated values like those added that can hardly be reviewed in each
individual theme.
Based on the above review, therefore, we set out for the studies about a comprehensive
method of evaluation using external costs while sorting out the matters to be borne in mind at the
time of evaluation.

A method of evaluation using external costs was reviewed to examine PV power generation
in a comprehensive manner, but the matters relating to external costs are too much diversified.
Here, the focus is concentrated on external costs (environmental costs) due to COz/SOx/NOx
emissions as obtained from the studies about a method of evaluating environmental contribution in
order to try examination based on the data quantitatively inferred form existing research works.
The subjects covered by damage-related aspects are divided into men, goods, plants, etc.
The VOSL (Value of Statistical Life) of damages to men is so full of variety that pecuniarily valued
damages, namely, external costs significantly very depending upon the value of VOSL as well.
As other items reflected on external costs are cited, not to speak of those originated from
discharges, e.g., depletion of resources and occupation of land. Military disputes and subsidiary
grants may be among the items to be borne in mind.
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Temperature-compensated annual solar radiation and
power output 145 locations
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Temperature-compensated annual solar radiation and
power output in consideration of days on which
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at 80 locations
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1.700

Fig. 3 Equation for Potential Scale of Introduction

Power generation
size of each
introduction
subject

X

All domestic
subjects

X

Assumed ratio of
introduction

Equation (1)

•

Power generation size of each introduction subject: Scale of power
output per unit of subjects to which a PV system is introduced
Example) Power generation size per residential house

•

All domestic subjects: The total number of introduction subjects within
Japan
Example) All residential houses within Japan

V.

•

Assumed ratio of introduction: A substantial ratio of possible
introduction
Example) Ratio of the number of houses to which introduction
is possible to the total number of houses
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Table 1 Aspects That May Be Calculated as External Economy

Classification

Description

Example

Existing facilities-

Occupation of facility land,

Topographical change, land

originated

impacts on/devastation to

price sagging, fauna and

surrounding ecosystem,

flora dispersal, distinction of

occurrence of destructive

species, transportation pass,

accident

accident during operation

On-operation site

Air/water pollution, warm

Impact on health, acid rain,

discharge originated

drain, noise, global warming

sea level rising, climate
change

Other economic

Gross product increase (Note), Increased employment

activities-related

Security

(Note)

opportunity, defense cost

Economic effects such as due to invitation of industries to depopulated regions are
generally excluded.
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Study on Large-scale PV Power Supply System
Mineo TATSUTA

New Energy and Industrial Technology
Development Organization (NEDO)
Objective
The objective of the present study is to verify the possibility of realizing a
photovoltaic (PV) power generating system to supply clean solar energy at a
global scale.
The installation site is to be located in a desert where ample insolation and
extensive area are available. It is intended to clarify whether or not the PV
power generation system can be constructed at a reasonable cost, whether or
not the system can withstand the weathering conditions of the desert for a long
period, how to transport enormous amount of electric power generated to the
consumption area, whether or not the power generation system spread over a
large area exerts unfavorable effects to the local climate or communities, and
so on. In this way, the feasibility of accelerated contribution to solving the
world energy and environment problems will be demonstrated, and a
development scenario will be proposed for promoting the large-scale
commercialization of PV power generation.

Work Program
The survey works have been conducted with regard to the following items on
the basis of basic data acquired by the last fiscal year for designing large-sized
energy supply systems.
• Data collection for five candidate sites for the construction of large-sized
systems in desert areas in China, India, and so on.
• Development of cost calculation software and cost estimation for 100 MW
plant by using it.
• Studies of problems as viewed from the utility grid point of view.
• Assessment of social and economic impacts ensued by the construction of
large-sized power system.
• Examination of development scenario.

Summary (1993-1994)
1. Up to FY 1994
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In FY 1993, basic concepts were surveyed on the design of large-sized energy
supply system for desert areas, energy transport systems, impacts to
environment and communities, and selection of construction sites.
In FY 1994, basic data were collected for designing large-sized energy supply
system, including large system design, power transmission to utility grid,
impacts of large-scaled power system to environment and communities, and
development of site selecting protocol.

2. For FY 1995
(1) Progress Report
a) Installation Site for Large-Scaled Power System
In order to select desert sites for installing large-scaled power supply
system, it is necessary to take into consideration natural conditions such

as weather

and

geography, as well as social conditions such as population,

available labor resource, industrial situations, energy and electric power
demand/supply, and so on. Relevant data have been collected for deserts
in Africa, Australia, India and Mexico, in addition to China, which was
surveyed in the preceding year.

b) System Configuration and Cost
On the basis of data obtained in the preceding fiscal year, the systems
configuration was decided to be as following: First, unit plants of 500
kW output each are constructed to provide converted AC power, and later
combined to increasingly greater scales, 10 MW, 100 MW, and 1 GW.
The total cost is estimated on the basis of assumption that a 100 MW
system each is completed at five sites in parallel in each year. That is, the
overall construction will grow at a rate of 500 MW/year. For each of
desert sites, the cost for the power generation end is estimated with PV
module cost and panel inclination as parameters. Consequently, the cost
estimations per kWh were obtained using the lowest price for PV module
¥ 100/W as following: ¥ 8.85 for Gobi, China; ¥ 7.29 for Thar, India; ¥
11.79 for Sonora, Mexico; ¥ 11.97 for Great Sandy, Australia; ¥ 6.89 for
Sahara, Mauritania; and ¥ 7.97 for Abu Dhabi, United Arab Emirates.
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It may be concluded, therefore, that the algorithm developed by us is
appropriate. For sites where certain data for parameters necessary for
design cost estimation, such as weather conditions, wage and other labor
conditions are not available, data for similar environment have to be
applied. There are a number of items to be decided after further studies
such as what construction materials to be procured at the actual sites.

c) Problems from Utility Grid Viewpoint
The construction of large scale PV power generation system in the range
of 100 MW to 1 GW belongs to an unexplored area. The PV power
generation involves regular changes at a'circumdian rhythm, and

irregular ones due to weather variations. The effects of these changes are
variable depending upon the scale of existing utility system to be
connected with in relation to the PV system scale, and upon the
magnitude, frequency and rate of variations in PV power generation.
Accordingly, it is difficult to find a solution on the empirical basis. In the
present study, the measures to ensure stable operation control were
sought for so as to decide the direction of future advancement. In the
large-scaled PV.power generation system, a greater number of supporting
devices are needed as the voltage is to be boosted stepwise by a number of
step-up transformers. The present studies have concerned picking out
problems and seeking possible remedial measures for reduced-loss
operation with device loss minimized, securing system stability in longrange power transmission and low-cost design for maintenance and
inspection of constituent devices.

d) Overall Assessment
The emission of carbon dioxide, sulfur oxide and nitrogen oxide per kWh
may vary depending upon particular conditions of energy source and
power generation efficiency in each country. The effects of emission
suppression from the large-scaled systems were evaluated in consideration
of these facts. Besides, the socio-economic impacts of the large-scaled

systems were assessed for representative cases
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in

India and

China.

e) Development Scenario
Since the construction of the large-scale system is intensively affected by
the situations at the site, it is difficult to to draw up a unified develop
ment scenario. A scenario was drafted for China as an example. It is
natural that the mutual understanding with the host nation is
indispensable for achieving successful construction. It has been proposed,
therefore, to pursue the development in two steps: research plant (500
kW) and verification plant (10 MW) in place of building a 1 GW plant
directly, and missions of each plant have been elaborated.

(2) Subcommittee

Subcommittee meetings were held as listed below, to conduct the
surveying studies for large-scaled energy supply systems.

First Meeting:

Wednesday, July 22, 1995

PVTEC Meeting Room

• Selection of chairman
' Implementing plan for FY 1995
Second Meeting: Thursday, October 5, 1995

PVTEC Meeting Room

• Candidate sites for large-scaled systems
• System configuration and cost
• Problems and remedial measures
• Overall assessment
Third Meeting:

Friday, December 1, 1995

PVTEC Meeting Room

• Candidate sites for large-scaled systems
• System configuration and cost
• Problems and remedial measures
• Overall assessment
• Development scenario
Fourth Meeting: Thursday, January 25, 1996

PVTEC Meeting Room

• General remarks
• Candidate sites for large-scaled systems
• System configuration and cost
• Problems and remedial measures
• Overall assessment
• Development scenario
— 300 —

• Conclusion

FUTURE TASKS
On the basis of study results obtained in FY 1995, it is scheduled for FY 1996

to continue studying the remaining topics specified below, and to assess

the

feasibility of constructing a large-scale PV generation system in the desert

area.
1) Engineering Issues of Verification System
Using basic data obtained in the preceding fiscal year,the test site and system
specifications are to be drafted in specific terms for designing a verification
system.

2) Selection of Construction Site
Data for natural and Social environments in particular desert areas for site
candidate^ are collected and analyzed to provide specifications for design and
construction of the verification system.

3) Impact of Large -Scale PV Generation System
Impact of a large-scale PV generation system to local environment is assessed
based on specific data for a particular- area.

4) Development Scenario
A construction scheme for the verification system is drafted on the basis of
studies on suppliers of materials,method of procurement and system
performance.
In consideration of cases of choosing an alternative site, the conversion process
for various data is to be studied.
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Research and development of technology on improving the reliability
of the photovoltaic power generating systems
MineoTATSUTA

New Energy and Industrial Technology
Development Organization (NEDO)
Objectives
There would be a variety of phenomena in the photovoltaic(PV) power generating systems such as
mechanical breakdown when the disaster like an earthquake occurs. Among those phenomena we will pick
up electrical troubles and we will research and consider them from the safety viewpoint Then we will reflect
the results to the system components and the way of system Installing.
Work Program
(1) Study on technology of solar modules and arrays
We pick up the possible troubles in case of disasters and consider the electrical safety about the module
structure and installing methods.
(2) Inverter technology
We research the effect to the distribution lines in the grid-connected system when accidents occur and
consider the countermeasures. Following those results, we consider the electrical safety of the inverters.
(3) Technology of protective equipment
We research and consider the more accurate ways of finding the electric leakage and device developments.
(4) Wiring technology
We research and consider the constructive ways against mechanical fractions, selection of the wiring
materials and the safe connection methods.
(5) Battery technology
We assume the possible troubles around the battery and consider the countermeasures.
Summary
In order to pick up the phenomena which would occur to the PV power generating system in case of the
disaster and consider the countermeasures to improve the electrical safety, we organized the research and
development committee of reliability improvement on the PV power generating system. We obtained a
variety of instructions and advices from specialists of many fields. Besides we investigated the damage
conditions in the Great-Hanshin Earthquake using those results we estimated the damage of the PV power
generating system and carried out destructive tests of the solar modules.
(1) Investigation of the damage conditions in the Great-Hanshin Earthquake
We investigated documents regarding the damage conditions of the distribution facility, electric facility,
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electric appliances, batteries and so on. From those damage investigation results, we show the outline of
damage investigation conducted by Kinti bureau ofMTIT as follows.
There was only one damage among the total investigated cases 16. The damage was the trivial case of
“displacement of the conduit?’. And there wasn’t serious damage in the main component of the PV power
generating system. From the building’s point of view, there were two trivial damages among 16 cases, but
the PV power generating systems installed in those building suffered no damages. Concerning the operation
after the earthquake, there were three PV power generating systems which stopped by the grid

disconnection caused by the blackout of the commercial lines, but it was clarified that all of them restarted
normally after the restoration of the commercial lines.

(l)Damage number
H Research number
| Damage number

Takarazuka Nishinomiya Kobe

Sumoto

others

(2)Operating situation after the earthquake

Working

Continue to operate
Restarted after restoration
of the commercial lines

System down

Number
Fig.l

Damage of the PV power generating system .

(2) Damage estimation on the PV power generating system
Based on the survey results of the damage at the Great-Hanshin Earthquake and using the accumulated
techniques till now. We estimated that some kinds of phenomena which would occur to the components of
the PV power generating system when disaster such as earthquake happens. They are shown as follows.
(a) Photovoltaic module
* Mechanical breakdown of PV module may occur by vibration.
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* Mechanical breakdown of PV module may occur by dropping down from the roof.
* Electric troubles such as an electric shock, an electric leak and a spark may occur from the broken PV
modules.
* Second disasters such as fire and ignition of combustible gas may occur by an electric spark.
(b) Inverter
* Mechanical damage and malfunction may occur by violent drop or fall down.
* Second disasters such as fire may occur from the broken inverter.
(c) Battery
* Damages such as violent fall, breaking of connected wire and short circuit of the terminals may occur by
vibration.
* Second disasters such as fire or burnout of battery may occur from leakage of electrolyte or the damage of
battery container.

(d) Wiring
* Mechanical damage such as breaking of the connected wire may occur from compression or tension.
* Electric troubles such as an electric shock and an electric leak may occur from the broken wire.
* Second disasters such as fire and ignition of combustible gas may occur by an electric spark.
(3) Destructive tests of the PV module
We carried out destructive tests of PV module to investigate the destructive strength and investigated the
characteristics of broken ones. We estimated one case where modules will be broken in the earthquake.
Bending tests, twisting tests, load tests, falling ball tests were carried out as destructive test.
(a) Concerning the 45W-dass modules, the strength in which the glass was broken was about 620 kgf in a
bending test, was about 130 kgf in a twisting test, was about 900 kgf in a load test. Concerning the 70Wdass modules, the strength was about 300 kgf in a load test. It was one thirds of that of 45W-dass.
(b) We measured several module outputs before and after the test. From that results, we found that if the
conductive wire is not disconnected in the module with broken glass, the module works as a solar cell with
some output level down. We plan to curry out further study about destructive module characteristics by
conducting an exposure test.

Future tasks
We will investigate the condition of the PV power generating system components and will carry out
destructive tests and vibration tests in each damage that can be assumed in case of earthquakes. After that
we have to classify these phenomena into high-possible ones and low-possible ones. Furthermore we have to
investigate anti-vibration methods of the system components as well as to make up inspection manuals after
an earthquake.
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Survey on High Safety Photovoltaic Module

Mineo Tatsuta
New Energy and Industrial Technology
Development Organization (NEDO)
Objective
A photovoltaic power system is characterized by the inability to stop generating
power as long as it is exposed to solar radiation. In order to avoid hazards from
fire and electric shock due to leak and the like arising from this characteristic, it
is possible to realize a high safety photovoltaic module incorporating a downsized
power conditioner with a built-in safety device. In addition, an ultra compact
power conditioner (a power conditioner with all its functional elements on a single
chip and the like) is expected to contribute to reducing the number of component
parts and thereby improving the reliability of an entire photovoltaic power system.
For these objectives, the state of the technologies, problems, usefulness, and other
subjects associated with the downsizing of a power conditioner will be studied.
Work Program
(1) Current State and Identification of the Problems Associated with
Downsizing Power Conditioners
(D Current State and Problems Associated with the Intelligent Power IC's and
Small Inverters Currently in Production
(D Investigation of the State of the Technological Development Overseas
(2) Examination of the Optimum Configuration and Effectiveness
(3) Examination of Future Application Fields
Summary
For FY 1995
(1) Current State and Identification of the Problems Associated with
Downsizing Power Conditioners
© Current State and Problems Associated with the Intelligent Power IC's and
Small Inverters Currently in Production
Research and development activities are now in progress for intelligent power
IC's which integrate into a single chip the controller, driver, and main circuit,
which are the basic elements of an inverter. These IC's, currently produced
uninterruptible power supplies and three-phase induction motor driving inverters
with a capacity of less than 300W were compared with respect to their
configuration, performance, dimension, and cooling method to explore the
possibility of using them for the photovoltaic power generation.
The problems that the investigation has made clear are as follows:
The controller requires a 32 bit performance level if the combination with
commercial power is to be considered; the driver and main circuit require a high
withstand voltage of 250 to 300V; the main circuit, which requires a large
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current capacity of 1A at the 100V and 100W level, poses the problem of cooling;
and the new element under contemplation has to be structured to not only be
capable of withstanding the high temperature developed on the back of the solar
cell module but also low priced.
(D Investigation of the State of the Technological Development Overseas
In Europe, new inverters which are mounted on the back of a solar cell module
to convert DC into AC on each individual module (module integrated converter,
MIC) are being developed and brought to the commercial stage; the author visited
European organizations, as shown in the itinerary below, to investigate the
current state of the related technologies.
a. Itinerary and the Organizations Visited
PMS Energie AG, Zurich, Switzerland
January 8 (Mon.)
January 9 (Tue.)
ISET (Institute fur Solare
Energieversorgungstechnik), Kassel, Germany
January 10 (Wed.)
Fraunhofer-ISE (Institut fur Solare
Energiesysteme), Freiburg, Germany
NOVEM (Netherlands Agency for Energy and the
January 11 (Thu.)
Environment), Utrecht, Netherlands;
and ECOFYS, Utrecht, Netherlands

January 12 (Fri.)

ECN (Netherlands Energy Research Foundation),

January 15 (Mon.)

Petten, Netherlands
ZSW (Zentrum fur Sonnenenergy-und
W asserstoff-Forschung Baden-Wurttemberg),
Stuttgart, Germany

b. General Outline of the Results of the Overseas Investigation
All of the organizations visited are research organizations and consulting firms
that develop the MIC and publish the results of their research activities. These
organizations have been selected through investigation of their papers and
materials related to the subject of this paper.
The visits and investigations have made clear that the power converters for
small photovoltaic systems for household and similar use are divided into the
following three categories: the conventional central inverter systems, string
inverter systems with a capacity of about 700W formed by dividing a central
inverter system into smaller units, and MIC systems. These three systems have
been selected as promising candidate systems and are being evaluated and
verified.
The MIC has already been developed and commercialized, and is being
continually tested and evaluated under practical conditions of use. Currently, the
MIC's manufactured by the following five manufacturers are on the market; they
can be ordered from Japan, too.
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Table of MIC Manufacturers
# 1 Dorfmueller (Germany)
# 2 Beaver( Germany)
# 3 Mastervolt (Netherlands)
# 4 OKE Service (Netherlands)
# 5 Alpha Real (Switzerland)
Regarding the pricing, a 100W type product made by OKE Service, Netherlands,
is sold at US$ 330 (about 34, 000 yen) in combination with a signal converter
enabling connection of the communications line and personal computer in the
house. The price, 340 yen/W, is higher than the target unit price of 50 yen/W,
inverter price by NEDO. This seems to be due to a small production quantity far
from yielding a mass production effect.
The inverters used for residential use dispersed power supplies (including the
MIC's) contain communications modems. Many of these inverters are capable of
carrying information on the operating power, faults, or the like on dedicated
communications cables or AC main circuits to provide indications on the
computers in the houses. A filter is provided at the connection point with the
network to prevent signals from being transmitted to the network side.
According to those interviewed, it will be possible in the future to exchange
signals with the network in order to convey information on the operation of a
number of dispersed power supplies to the upper level or to use such information
for the transfer trip relaying purposes.
In Germany, the connection method using a wall outlet for connecting multiple
MIC's to the network is legally approved. However, this requires installing an
interconnection protection device at the interconnecting junction integrating the
output from the multiple MIC's.
In the Netherlands, AC-modules containing MIC's are being commercialized.
For example, some owner- occupied houses have roofs on each of which a 100 W
AC-module is installed as an item of original equipment for the purpose of
educating the public about the photovoltaic power generation. The emphasis by
those concerned is a substantial increase in the number of AC-modules installed
in this method and the resulting public relations effect. In this case, the
handiness of the AC-module, that enables connecting even a single module to the
network, is fully utilized.
(2)Examination of the Optimum Configuration and Effectiveness
0 Prospect for Introducing New AC-modules and Their Comparison with

Conventional Photovoltaic Power Systems
a. Market Fields for the Introduction and Their Scales
In the initial phase, small photovoltaic power systems will be used on houses
and condominiums where the space for installing photovoltaic systems is severely
limited. Subsequently, as the mass production effect reduces the cost, their use
will be spread toward medium-sized systems for public and industrial facilities.
In addition, the use of MIC's will be spread toward larger systems associated with
expressways, rivers, railways, lakes, and the like in the future.
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The market scale can be estimated
at 33 MW/year in 2000,
at 82. 4 MW/year in 2005,
at 202 MW/year in 2010, and
at 674.1MW/year in 2015.
In addition to this, a trial calculation on the scale of the market for emergency
use power conditioner systems, covering applications for portable power supplies,
mobile power supplies, power supplies for wide area disaster evacuation sites, and
those for primary evacuation sites, has revealed an estimated market size of 9.1
MW/year.
b.

Comparison with Conventional Photovoltaic Power System

The comparison of the AC-modules with conventional photovoltaic power
systems has revealed that using AC-modules allows for the ability in designing
systems to increase, makes the installation work easier, and ensures excellent
features in performance and safety.
On the other hand, to use multiple AC-modules in interconnection with the
network, it becomes necessary to examine how to configure the system's
interconnecting protective function. It is considered possible to obtain a global
protection effect by providing individual AC-modules with an active islanding
operation prevention device. However, providing all AC-modules in a system
with such sophisticated controls can seldom be considered advantageous from the
economic point of view. In addition, research into the operational safety, such as
the prevention of influx of currents into an internally short- circuited module from
other ones connected in parallel, is required.
Furthermore, highly reliable component parts and structures should be
manufactured that are capable of withstanding the severe temperature conditions
prevailing on the back of a solar cell module. The effectiveness of an AC-module
system should be evaluated on the basis of the results of its preventative
structures ability to resist rainwater penetration, connectors that enable wiring
work to be carried out reliably, safely, and in a short time, and methods of
replacement in case of a fault.
Ideas for system configurations using AC-modules have been classified and

compared. It will become necessary to examine the scheme in which a system is
formed by providing (in addition to a basic module) a charging module consisting
of a battery and a charger, an interconnection protection device, et cetera and
combining them into a block for their connection on the AC side.
(3) Examination of Future Application Fields
On the assumption that intelligent power IC's for photovoltaic power generation
will be put into practical use in the future, examination was made of what
applications they will have and to what products they will be applicable to make
such products commercially viable. It is foreseen that the intelligent power IC's
described above will be widely used as future power electronics tend to move
towards dispersion and downsizing of power supplies.
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Research and Development of Technology for
Evaluating Photovoltaic Power Generation Systems
Mineo TATSUTA
New Energy and Industrial Technology
Development Organization (NEDO)

Objectives

Development of techniques for practical use of solar and diesel generation hybrid
system for power supply to small islands.
Work Program
To conduct the following practical operational studies of a stand-alone hybrid
generation system fitted with 750 kW solar cells, 3,058 kWh storage batteries,
DC-AC inverters (3 x 250 kW) and a 300 kW diesel generator.
1.

Study of system operation control

Protective and operation control technologies to ensure stable operation of the
hybrid system stably.
Optimum operation method of taking out the maximum power from PV generation
and minimizing the supplementary energy from the auxiliary diesel generator.
2.

Study of optimum system composition
Test operation to study the effectiveness, stability, durability, safety, and the
performance of automatic operation as well as measures against problems in
competing a practical system.
Collection of operational data from the test facility, analysis of actual
operating characteristics of system devices, and comparative analysis of data
from test operation and simulation.

Summary (1990 - 1995)
1.

Up to FY 1994
The research was started in September 1990.

In fiscal 1990 the test site and the

house load were selected, the basic design and construction of the test facility were
carried out, and then part of the solar cell arrays were installed.
In fiscal 1991 - 1993, the test facility was constructed.

In fiscal 1992 and 1993, a

grid-connected operation (without storage batteries) was tested to conduct
operation studies, including the analysis of afcray output characteristics.
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In the first half of fiscal 1994, comprehensive adjustments and tests of the test
facility for stand-alone operation were conducted.

In October 1994, test

operation was started for the house load in order to carry out operation
studies including analysis of operational characteristics.
2.

For FY 1995
(1) System operation control
(a) Status of operation of the diesel generator
Table 1 shows a list of the operating times and the number of diesel generator
starts during the period from October 1994 to March 1996.
By comparing the data for the second half terms of fiscal 1994 and 1995, both
the operating time and number of starts are greater for the latter period.

In

particular, there are great differences in the results for February and
November. Main reasons for these differences are thought to be as follows:
(D In February 1995 the stand-alone operation was stopped for about two
weeks because of charge/discharge testing of the storage batteries.
(D During the partial disassembly and inspection of the diesel generator in
November 1995, the generator was operated more frequently and for a
longer period than usual because of adjustments.
(b) Partial disassembly and inspection of diesel generator

Considering its operating time, the diesel generator was started quite
frequently.
minutes.

Also, the load rises to almost 100 percent in a short time: two
For these reasons in November 1995 it was partially disassembled

and inspected to check for wear in the contact areas in the piston and cylinder
finer.

No. problems were identified.

Nevertheless, the generator is operated in a highly irregular manner compared
with ordinary diesel generators.

A follow-up inspection will be conducted to

check the above point in the next year.
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Table 1

Operating Time and Number of Starts of Diesel Generator

Number
Operating of starts
time (h) (times)
19
37.0
Oct. '94
10
16.5
Nov.
29
50.0
Dec.
47
85.5
Jan. '95
24
46.0
Feb.

DEGt-Dl

Date

March
Total

58.0
293.0

31
160

Apr. '95
May
June
July
Aug.
Sept.
Total
Oct
Nov.
Dec.
Jan. '96
Feb.
March
Total
Yearly

40.8
41.3
50.0
22.8
16.4
36.5
207.8
11.7
49.3
88.0
81.0
98.6
43.7
372.3
580.1

22
24
24
13
9
20
112
8
29
48
45
50
24
204
316

94/1011 12 95/1 2

3

4

5

6

03 : Operating time [h]

7

8

9 10 11 1293/1 2 3(months)

[g: Number of starts [times]

(c) Study of techniques for efficient operation
To improve the load factor to increase the system efficiency, the system
controls the number of DC-AC inverters in operation by triggering an

additional unit for a load over 160 kW and shutting one off for a load less than
140 kW.
The test results for the inverter output power and the later stated efficiency
characteristics were used to examine the effect of this control.

The input

power to the inverter(s) was calculated every five minutes for the system with
and without inverter control, and the monthly energy values were registered.
(One 500 kW unit was operated when using the system without control.)
This established that by controlling the number of inverters, the annual
average load factor of the inverters was increased from about 19% to about 36%.
The average efficiency increased by around 3%.

(The effect is particularly

outstanding in winter when the load is small; see Fig. 1.)
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96

-

90

-

With inverter
switching control

Calculation
With inverter switching control
(test results for No. 2)

Without inverter
switching control

89 -

Without inverter
switching control

67 -

66
94/10

U

12

9S/1

2

8

9. (month)

94/10

Test
Calculation
- Without inverter switching control (calculation)

Fig. 1

U

12

96/1

—Test — Without inverter switching control
(calculation)

Operating characteristics of DC-AC inverters

(2) Optimum system composition
(a) Analysis of test operation characteristics
Data on the operation of the test facility was collected, and actual operating
characteristics were analyzed to obtain part of the basic data required for
overall evaluation of the system.
(i) Results of test generation
Results of the test generation for fiscal 1995 (from April 1995 to March
1996) are as follows:
(Also see Table 2, Fig. 2.)
0 The average load power including the plant utility power was 96.0 kW.
That was slightly more than the planned level of 92.3 kW (around 104%).
0 Array energy was around 93% of the planned value.
• The total irradiation was around 97% of the planned value.
• The modification factor for solar cell conversion efficiency, which was
ignored in simulation, is estimated to be around 0.95.
0 As shown above, the array energy was slightly less than the planned
level despite the surplus in load power.

Thus, the excess array energy

rate dropped by about 4% and the DG supplementary energy rate rose by
about 5%.
(ii) Generation characteristics depending on the difference between supply and
demand
Stand-alone generation systems are affected not only by weather conditions
but also by the load.

To obtain the basic data for the evaluation and

prediction of generation by the test stand-alone system, the difference
between energy in supply and demand and generation characteristics of the
test operation were analyzed (Fig. 3).
It was established that despite slight variations, both the excess energy
rate (AC) and DG supplementary energy rate have certain correlations with
the difference between energy in supply and demand.
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Table 2 Results of Test Generation

751I7D3

1995 •
1996
Item
Unit
July
Sept.
Nov.
Aug.
Dec.
Mar. Average
Apr.
Jan.
Feb.
June
Oct.
May
Total irradiation on a kveliur&a kWh/mVday “OF “OF “57TT “577F “OF “OF 4.21 2.60 "OF T77F T75F T77F 4.06.
kWh/m Plan_ “375F 5.26 “FTP T75F"17TF‘TTFT “OF T75F "275F "FT "F5F 3.60, T73T
Total irradiation'
/day
Result *4*.'3'8* *4".*2"7' *0*7* ‘5752* ‘670*4 ‘ ‘572*5* *0*7* "371*0* *276*9* '371*0* "278*3* *470*8* *‘172*6*
277FT"275FT 2775T
155 I76IF 27S7T"272FT' I755T* 273TT
Energy output of arrays kWh/day Plan Z755F 2JB5F 2T59F 3JI5F
rI‘6D*5‘ T'*052* 2'*26*5"
2 *652" 2'*93*4* l!‘02‘6‘ 2‘752* 2‘J*673* 1*766*6* 1"I*5‘4‘0* 1*7758*
27I7T
lFT
6I7F
273.1 225.8 254.7
135.6
2.8
kWh/day Plan ISO- 550" 504.6 65FT 2IT7F 246.1
Excess array energy
ibft T‘2‘.‘7‘ 12'272‘ 25472‘ 15777* **8*671* *5077* ***876* "4*274* *"270* 27*278* 13*473*
Result
7.6 “FT “FT “FT" 0.4 TFT 10.3 -9,4
8.4 “TFT TFT TFT ...7,0
Plan
Excess array energy rate
5.6
0.1 *11.5
5.1
0.6
2.4
4.0
7.8
3.3
3.7
3.2
7.8
Result 13.6
Ideal transmission ion kWh/day Plan I7S7T 2775F 27752" FT2F 275557 2772F] 2735F I755T 05F FT5F1 27I3F* I785T 275TF
energy:
Result 2*720*1*1 2*7056* 27453* 2‘,‘652" 27656" 2‘,‘556‘ 2*,*4T6* i‘7552*' 1*737?" 1*756*5* 1*74*1*8* 2*7054* 2*710*6*
(2) Energy dartr into etixitt 1*0/riei
02F ITtfF ofr I7S5F 1,956 OFT OlF 1,455 1,413 ror I75IT Cff I753F
kWh/day
Energy <G*hvt« from •toottUturiee kWh/day
OTF I725F OFT .,596 T7B5T 05F IT752T 057" T725T OFT T732T 05F OFT
Osr OTT 2770 278UT 275TT 277TT 275TF 1j 956 I755F OST I752T 27U5T 273UF
Energy input to inverters. kWh/day
1,347 2T6T 2755T OUT OSF 2753T OSF I7MF 1J81 1,865 I7WF wi- 27155“
($) Energy output from inverters
kWh/day
TFT 93.4 TO" 92.6 TFT TFT TFT 33.5 TFT "TFT TFT TFT 33.4
Inverter efficiency
(6) Inverter input charge energy kWh/day
23FT 22B75" 2237T T527T TFT I577F TFT 375T 50575“ 4T7.T 5TFT 230" 27077
(?) Inverter output charge energy kWh/day
250“ 251.1 2T3T T6FT TFT 216.6 73.4 416.6 557.9 450" 557T 268.4 250"
TO" TO" TT7T TO" TO" TO" ITT TIT T5T TO" TFT TFT TIT
Inverter charging efficiency T~
w DG OUtpi?t'l>pl«it*ritiry
kWh/day Plan TFT ITST T377T “T7T TIT 150" IBTX IDO" /66.1 140.3“ 105.4 TFT TFT
27673" 4175" 33*373" 10*371" 74*376" 33*370" 70*177" 36*076" 35577* 46*177"
supplementary energy
Result 35377* 6*472"
----- Plan; TFT 5.4 TT “T7T T27T ~TT TSX TFT T57T "T7T T57T TFT 15.1
DG supplementary w
energy rate
Jesuit ‘•TFT T6*.T T574" ‘T072" ‘"573" T27F **"476" *3*176* **4*172" *3*377* "4*570" *1*979* *5070*
106.6 04.2 120“ TO" T57F TO" TFT 64.7 2577T 197.4 27TT [TFT 077
DG fuel consumption
L/day
OST OSF 051" OW OST 05F J725F OST I725T OFT OST OST OSF
DG fuel consumption rate L/kWh
kWh/day Plan 1755T 2TT7F 272TF 2J52F 275SF 2745F 2J55T 270T 5J55T 2J55T [J52T 2J55T OIF
(9) Load energy
>'"03*6":5''06F:?tl3*6" [*3*8*6*!3730*4*
Jesuit >*70*51" TrT75" 57725";5J05" 57677" 5765*1" 0?"?"!
"OF
64
63
56
82
62
114
56
57
60
?1
kWh/day
Plant utility energy
64
"35
54
66
54
36
26
24 JL.
23
24
31
37
Energy required for control kWh/day
Circuit

0)

i,

a,

m:r

m:r

nr'

Tpr

Notes: (1)
(2)
(3)
(4)
(5)
(6)

"W

5"W1

Planned values were simulated on the basis of meteorological data for Miyako Island, August 1992 - July 1993.
Excess array energy rate [%] = Excess array energy x 100/(Array output energy + Excess array energy)
Ideal transmission energy = (Array output energy + excess energy) x Storage battery watt-hour efficiency to array
output energy (Ah s 90%) x Inverter efficiency
DG supplementary energy rate [%] = DG supplementary energy x 100/Load energy
Load energy includes plant utility energy.
Plant utility energy includes the energy required for control as well as energy consumption by loads such as
air-conditioning in the laboratory, data logger, and lighting.

Difference between energy in supply and demand RW [%]
= (WT - WL) x 100/WL...................................................................................
Ideal transmission energy WT
= (WS + WE) x t)90S x Til...............................................................................
Excess energy rate (AC) RE [%]
= ((WS + WE) x r]90S - WS x tjBS) x pi x 100/WL.........................................
DG supplementary energy rate RG [%] = WG x 100/WL......................................
WL : Load energy
WS : Array generation energy
WE : Excess array energy
WG : DG supplementary energy
r|I : Inverter efficiency
t]BS : Storage battery watt-hour efficiency to array output energy

(kWh/day)

t|90S

(1)
(2)
(3)
(4)

: Storage battery watt-hour efficiency to array output energy (Ah s90%)

Ideal transmission energy

Total irradiation

Excess energy

3 (month)

3(month)

□ Total irradiation (result)-—Total irradiation (plan)

□ Ideal (result) —Ideal (plan) — Excess (plan) A Excess (result)

(kWh/dayJ

7SK7D3-P3B

75H703-P3C
|

Generation results

| for October '94 - March *96

Load energy

DG output energy

3 (month)

□ Load (result) — Load (plan) - DG (plan) A DG (result)
□Load (result) + Ideal (result) O DG (result) A Excess (result)

Fig. 2 Results of test generation
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(iii)Array output characteristics
The modification factor for solar cell conversion efficiency KP (equation (5)
for fiscal 1995 was determined as 0.71.
KP = WS/(HA x PAS/GS)........................... (5)
where:
WS : Actual array output energy [kWh]
HA : Total irradiation

[kWh/m2]

PAS: Total array capacity

[kW] (750.3 kW)

GS : Standard irradiance

(1 kW/m2)

The factors composing the modification factor were estimated individually
through calculation and other steps based on operation data.

It was

revealed that the modification factor was about 0.72:
KP = Cell temperature factor (0.91) x Line loss factor (0.99) x Load
matching factor (0.90) x Nonlinear response deviation factor (0.93)*1 x
Other modification factors (0.95) =? 0.72.
(*1: Calculated on the basis of the correlative characteristic of the total
irradiation and array output (converted as the value at standard
temperature) in grid-connected (maximum power control) operation.
It is expected to include the load matching factor at low outputs.)
Since the difference between the DC voltage and the maximum output
operating voltage increases when the storage batteries are overcharged, the
load matching correction factor is rather small.

However, it has a

relatively high value, 0.96, when the storage battery ampere-hour energy is
not greater than 90%.

Thus it was shown that the solar cell arrays were

matched well with the storage battery voltage.
(iv) Storage battery characteristics
Fig. 4 shows the storage battery efficiency values obtained from the test
operation.
The system utilizes excess array energy to carry out equalizing charge

(overcharge).

The watt-hour efficiency t|B in the entire range including

the overcharge region (ampere-hour energy > 90%) is about 87% on average
for fiscal 1995.

(Fig. 2 reveals that the storage battery efficiency is lower

in months with lower excess energies.)

Nevertheless, the average watt-

hour efficiency for ampere-hour energies <90%, t]90B, is about 90%,
showing a relatively high level.
Of the array output energy WS, rotighly 60% (WSB) is charged into the
storage batteries, and the remaining 40% (WSI) is transmitted as inverter
input energy without going though the storage batteries.

Thus, the

storage battery watt-hour efficiencies to array output energy are at even
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higher levels, with r|BS (over the entire range) at around 92% and t|90S at
around 94%.

The discharge energy during the fiscal year was approxi

mately 170C (C: 10HR capacity).

(b) Comparison between test and simulated results
The data obtained from the test operation was compared with simulated
results,

and the simulation program was improved.

These activities

contributed to achieving favorable results.

The equation for calculating the inverter efficiency, which used the capacity
and load factor for simulation, was improved on the basis of the measured
data.
Fig. 5 shows an example of inverter efficiency characteristics.

The program was also changed in terms of load data for simulation. In
addition to the previously used monthly average load patterns (energy every
hour), detailed load data (every five minutes) were used.
Fig. 7 shows examples of comparisons of daily data (DG operation).

Fig. 6

shows examples of comparisons of monthly data.
For meteorological data, total irradiation and air temperature measurements
made every five minutes on Miyako island.

For the capacity of PV array, a

value of 750 kW x 0.975 (1994 report, 1.2.4-(l)-f)£? 730 kW was used.
The simulated results for the whole year agrees relatively well with the test
results, although they showed slight differences on a monthly basis.

(D The difference in array output energy is the greatest in November at 5%.
For the whole year, it is around 2%.
(D Good agreement is also found regarding the excess energy rate and DG
supplementary energy rate.
Even in the simulation using monthly average load pattern (energy every
hour), it has been shown that monthly results are almost the same as those
for the detailed load data (taken every five minutes), if the same energy is

assumed for each month.
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Test results for
October 1934 - March 1996
75Hn5-C3

BT75H7T2-A1

Energy rat* p»]

RG*: Effective supplementary energy rate obtained
by subtracting the loss in equipment due to
charging from RG

7]

BS

RG'(%1«-0.54 x RW + 8.8
DG supplementary energy rate
y RG[%) = *0.64 x RW +10.5

10

-

90S

^ V 90B

Excess energy rate (AC side)
RE[%) = 0.50 xRW +9.4

-30

-10
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Difference between energy in supply and demand [%)
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4

*9
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□ Watt*hour efficiency 908 + BS

□ Excess + Supplementary RGl - Excess (regression).*
Supplementary RG1 (regression) — Supplementary RG2 (regression)

O Watt-hour efficiency 90B A 90S

Fig. 3 Generation characteristics depending

Fig. 4 Storage battery efficiency

on the supply and demand

Ah energy Irradiation

Inverter efficiency
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SO350930-M <733WJ 22S)

Total irradiation
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Storage battery
ampere-hour energy [%]

Efficiency [K]
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-
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— To

—Total irradiation — Ah (simulation) - Ah (test)
SPGS3930-DI <73GkW 22$)

Load factor %
— 250 kW — 50 kW -100 kW - 50 kW

Array output power (kW)

Fig. 5 Characteristics of inverter efficiency

’^3^

DC voltage [V)

(parameter: capacity)
Load power (kW)
0 -Viy^fwryT
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SK3SQ330-02(733kU 22SI
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Energy [MWh/day]

Array output energy
DG used for charging
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9 (month)

□ Array (test) + Array (simulation) O Excess (test)
A Excess (simulation) X DG (test) V DG (simulation)

Storage battery power
(kW)
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23456789 10 11 12 13 14 15 16 17 18 19 22 21 22 23
— BT power (test) — BT power (simulation)

Fig. 7 Examples of comparison of daily data

Fig. 6 Comparison of test and simulated

(Sept. 30, 1995)

results (load data taken every five
minutes)
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Future Tasks
1.

Conduct test operation using the house load to analyze the characteristics of
actual operation

2.

Identify problems in completing a practical system must be identified and
study solutions to establish AC parallel operation technologies for PV and
diesel generation and technology for parallel operation of multiple inverters
during stand-alone operation.

3.

Evaluate the test facility in a comprehensive manner on the basis of the test
operation studies to achieve optimum supplementary operation and thus to
built an economical hybrid system capable of stable power supply.

4.

Verify and evaluate the performance of unattended operation and the
system's durability (resistance to damage caused by briny air, life of storage
batteries, etc.) and safety.

5.

Establish technology for protection and control techniques for small-scale power
systems.
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Characterization and Control of Surface/Interface Recombination Velocity
of Crystalline Silicon Thin Films
Hideki Hasegawa
Faculty of Engineering, Hokkaido University

Objectives

The thickness of the active region of single crystalline Si solar cells are being made
thinner and thinner to realize higher conversion efficiency. This obviously makes the relative
importance of the surface recombination process larger with respect to bulk recombination.
Thus, there is a great deal of demand for reducing the surface recombination in thin substrate
single crystalline Si solar cells.
The objectives of present research are to establish the characterization method of the
surface/interface recombination velocity under solar cell operation condition and to control
the surface recombination velocity.

Work Program
To investigate electronic properties of the interfaces between Si and ultrathin (<10A)
oxides formed by various low-temperature processes by contactless capacitance-voltage (C-V)
and photoluminescence surface state spectroscopy (PLS3) techniques together with X-ray
photoelectron spectroscopy (XPS) measurement. The Si (111) surfaces were prepared by the
following processes;
(1) hydrogen (H-) termination using NH4F,
(2) air-exposure of the H-terminated surfaces,
(3) chemical oxidation of the H-terminated surfaces and
(4) low-temperature dry oxidation of the H-terminated surfaces.

Summary
1. Up to FY1994

(1) A computer simulation program to rigorously analyze the surface/interface recombination
process was developed. The computer simulation showed that the effective surface
recombination velocity, S, is not a characteristic constant of the surface, but depends strongly
on the light spectrum and the excitation intensity, doping level, fixed surface charge density,
etc.
(2) The value of S was found to be reduced by the generation of negative or positive fixed
charge and by the formation of a highly doped layer at surface.
(3) Among the various characterization methods including the MOS method, time-domain
photo-decay method and frequency domain photo-decay method, the frequency domain photo
decay method was found to be most suitable method to determine of the value of S under the
solar cell operation conditions. The difficulty of the frequency domain photo-decay method
was found to lie in the fact that it requires a rigorous computer analysis of carrier dynamics
under a strong illumination used for solar cell operations.
(4) In-situ, contactless and non-destructive measurement method of surface/ interface state
density distribution by photoluminescence was proposed and theoretically established.
(5) Measurement method of the value of S under sunlight condition was theoretically developed
and was applied to SiO^Si interfaces. This technique was found to be effective for
characterization of fabrication process of solar cell.
(6) This photoluminescence technique was successfully applied to evaluation of AlGaAs/GaAs
hetero interfaces.
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(7) Photoluminescence technique was also applied to study on surface and interface states in
quantum wells. It was found that the growth interruption caused the reduction of
photoluminescence intensity from quantum wells due to the formation of surface states.
(8) Since the bulk life time and the distribution of interface states were found to affect the
behavior of PL efficiency differently, separation of bulk and surface parameters was shown
to be possible, provided that a suitable silicon MOS standard sample with known bulk life
time and known surface state distribution is supplied.
(9) By using PL technique and contactless capacitance-voltage technique, the following results
were obtained; (a) high-density of surface state created at the air-exposed and H-terminated
surfaces pins the surface Fermi level, but the high-temperature oxidation can greatly reduce
the density of the surface state, (b) separation of bulk life time and surface recombination
velocity was shown to be possible by the Zerbst plots obtained from C-t curves taking into
account of the effect of band bending even in the surface generation process.
(10) In the MIS systems, it was found to be possible to separate interface states and bulk
deep levels by applying deep level transient spectroscopy (DLTS) technique under small bias
swing. This technique also allowed to investigate both the energy- and spatial distortions of
the interface states.
For FY1995
Knowledge of material parameters such as resistivity, bulk life time and surface
recombination velocity at "free" and passivated surfaces, are very important to improve
design and fabrication processing of solar cells. In particular, formation of passivation films
with excellent interface properties by low-temperature process is key issue for realization of
higher conversion efficiency. Undoubtedly, it is desirable to evaluate "free" or passivated
surfaces at each processing step in non-destructive and contactless fashion.
Thus, it is demonstrated that photolumunescence surface state spectroscopy (PLS3)
and contactless capacitance-voltage (C-V) techniques are successfully applied to
characterization of hydrogen-terminated Si surfaces and passivated Si surfaces having ultrathin
insulating films prepared by various low-temperature processes.

(1) Contactless characterization techniques
1) Contactless C-V method
Instead of depositing a gate electrode
directly on the sample surface, C-V
measurement is performed from the field

electrode that is placed above the sample, being
separated from the sample surface by a thin
"air-gap". Thus, a metal-insulatorsemiconductor assessment of "free" surfaces
becomes possible by being assisted of an "airgap" insulator. The basic principle of
contactless C-V technique is schematically
shown in Fig.l.
In the present study, such contactless
C-V measurement was performed using a
commercial measurement system (CV-8000,
Dainippon Screen Mfg. co, Ltd.). In this
system, an electrode head has three additional
surrounding "parallelism electrodes" which
maintain a constant "air-gap" distance of 300
-350 nm via a piezo-mechanism with
capacitance feedback. The capacitance is then
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•field electrode
air-gap (Ni)

sample stage

C-V

measurement
system •

parallelism
electrodes

field
electrode

Fig.l. Basic plinciple of contactless C-V
technique and a view of electrode

measured between the field electrode and the sample mounted on the sample stage. The
absolute value of the air-gap distance can be measured optically using the "Goos-Haenchen
effect" of optics in this system.
2) Photoluminescence surface state spectroscopy (PL?)
The photoluminescence surface state spectroscopy (PLS3) technique recently developed
by our group, allows a quantitative assessment of the surface state properties of free surfaces
in a contactless fashion. In this method, the band-edge PL efficiency is measured as a
function of excitation intensity, using an automated setup.
At low excitation intensities the PL efficiency takes a low constant value due to a
relatively large surface recombination velocity due to Fermi level pinning. At high excitation
intensities, on the other hand, the PL efficiency approaches an intrinsic value limited by bulk
radiative and Auger recombination processes. In the transition region between these two
limits, the PL efficiency becomes very sensitive to surface state properties, as shown in Fig.2.
Roughly speaking, the slope of the PL efficiency gives a good indication concerning the
shape of the distribution. It is equal to unity for discrete states due to complete saturation of
the SRH process. On the other hand it becomes less steep for continuous distribution. The
density (Nss) distribution can be determined by fitting the measured data with the results of
rigorous computer simulation taking account of all possible recombination processes.
3) X-ray photoelectron spectroscopy (XPS)

Chemical status of the various surfaces
were investigated by XPS. For this, a Perkin
Elmer PHI 5100C spherical capacitor energy
analyzer was used.

(2) Sample preparation
Wafers used in the present study were
n-type silicon (111) with the carrier
concentration of 1-2 x 1015 cm'3. Hydrogen
termination of the surface was carried out
according to the method of Higashi et al.
Namely, thick thermal oxide about 150nm
films were formed in dry oxygen at lOOO’C.
Then, after removing the oxide films in a
buffered hydrofluoric acid, native oxide films
were formed. Finally, the surface was
immersed in a 40% NHJF solution. Chemical
oxidation of the hydrogen-terminated
surfaces was done by immersing into a hot
HN03-solution for 5 min, and the other, into
a solution of HjS04:H202=4:1 for lOmin.
Ultrathin low-temperature thermal oxides
were formed by heating the hydrogen
terminated surface at 300-350°C for 30min in
dry oxygen with a pressure of 133Pa in an
ultra high vacuum chamber.

slope < 1

Ev E,» Ec
§

<i>
Fig.2. Dependences of PLS3 spectra on the
distribution and density of interface state
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(3) Results and discussion
1) XPS analysis
Figure 3 shows the XPS spectrum
obtained at the H-terminated surfaces. There
is no oxide and contamination components
at the H-terminated surfaces. Not only the
amount of the Si02 component but also the
amount of each suboxide component were
different for different oxidation processes and
conditions.
Figure 4 shows the zero-bias positions
of surface Fermi level obtained from the
energy positions of Si2p spectra at variously
treated Si surfaces. Fermi level at the Hterminated surface lie at 0.60-0.70 eV from
the valence band edge. On the other hand,
clear energy shift of the core level was seen
on the surfaces after oxidation. The resultant
positions depended rather weakly on the
oxidation process and they lie in the range of
0.30-0.40eV from the valence band edge.

H-terminated

Binding energy (eV)

Fig3. XPS spectrum obtained at the Hterminated surfaces
Si2p (eV)

□ Air-exposed"

2) Contactless C-Vmeasurements

O Low T. thermal

oxidation (300*C)

A well-behaved C-V curve was
obtained for the high-temperature thermally
oxidized surface. At the hydrogen-terminated
surfaces, flattening of capacitance took place
with a very large hysteresis, resulting in a
veiy limited range of C-V variation, as shown
in Fig.5. By comparing the measured
capacitance and the ideal C-V curve, the
pinning position of Ep corresponding to the
flattening position of capacitance was
estimated to be 0.69eV above the valence
band edge. The pinning position thus obtained
is in good agreement with the XPS results.
For the oxidation processes of Hterminated surfaces, an extremely limited
capacitance change is seen at a lower
capacitance level (Fig.6). The shape of the
curves is similar to that encountered in GaAs
MIS systems. This behavior indicates
presence of a high density of interface states
which cause a strong Fermi level pinning at
a much deeper position than the H-terminated
surface. The capacitance analysis indicate that
the pinning position is at about 0.35-0.40eV.
For the surfaces after thermal oxidation at
350°C, on the other hand, the capacitance
change was enhanced. This appears to be
correlated with the result of XPS analysis.

before oxidation
(H-terminated)

after
ultrathln oxidation

99.01

Fig4. Zero-bias positions of surface Fermi level

- H-terminated
0.46V/S

Voltage(V)

Fig5. Contactless C-V curve obtained at the
H-terminated surfaces
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3) PL& measurements
The results of PLS3 measurements are
summarized in Fig.7. PL intensity decreased in
the order of the high-temperature thermally
oxidized surface, the air-exposed surface, the
chemically oxidized surfaces and the lowtemperature thermally oxidized surface at
300°C. One would naturally expected that, the
higher the PL efficiency, the lower the interface
state density.
On
the
hydrogenterminated surface, the slope of the PL efficiency
was exactly unity, indicating that discrete surface
state exists within the forbidden gap. For all
the oxide-covered surfaces, on the other hand,
slope of the curve was less than unity and it

22 i 1 1 1 ' l 1
Air-exposed
Ideal

-50

0

50

continuously decreases with the increase of the
photon flux density. This indicates that the Nss
distribution is U-shaped for these surfaces.

Chemical oxide

(4) Models of

distributions

The models of Nss distributions deduced
from combining all the results of XPS, C-V
and PLS3 measurements are shown in Fig.8.
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Fig.6. Contactless C-V curves after oxidation
of the H-terminated surfaces by lowtemperature processes

- 323 -

Fig.7. The measured relationship between the
PL efficiency and the excitation intensity for
the H-terminated and oxidixed surfaces

for various Si surfaces studied here. Starting
from the H-terminated surface, the unity slope
of PL efficiency indicates that there exist
high density of discrete states which cause
Fermi level pinning. C-V results indicate the
amphoteric nature of these states due to Sidangling bonds on the H-terminated surface.
For the surfaces covered with various
low-temperature ultrathin oxides, the C-V
and PLS3 behavior was rather similar to each
other and was completely different from that
of the initial H-terminated surface. Nss
distributions of these surfaces are all Ushaped, having a minimum at 0.35eV above
the valence band maximum. According to
the disorder-induced gap state (DIGS) model,
disorder of bonds near the surface produce
donor-like and acceptor-like state continuum
within the energy gap whose boundary is
given by the hybrid orbital charge neutrality
level. Thus, when the state density is high,
the Fermi level pinned at about Ev + 0.35-0.40
eV for Si. This seems to be more or less the
situation which took place on all the ultrathinoxide covered surfaces studied here, and may
be due to the presence of nonstoichiometric
and nonuniform oxides.

Future Tasks

©
S)
3)
©
©
©

thermally oxidized at high T.
hydrogen-terminated
chemical oxide
air-exposed
thermally oxidized at low T (300° C)
thermally oxidized at low T (350° C)

ultrathin
oxides

Ev(= oev) Eho
(0.36eV)

Efi Eo

Ec

(0.65eV)

It was shown that photolumunescence
surface state spectroscopy (PLS3) and
Fig.8. Models of Nss distributions
contactless capacitance-voltage (C-V)
techniques are successfully applied to
characterization of hydrogen-terminated Si surfaces and passivated Si surfaces having ultrathin
insulating films prepared by various low-temperature processes.
Based on thus contactless characterization technique, low-temperature processes for
formation of ultrathin passivation films with good interface properties will be developed.
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Research on Surface Passivation
for High-Efficiency Crystalline Silicon Solar Cells
T. Saitoh
Faculty of Technology
Tokyo University of Agriculture and Technology
Objectives
This research is aimed at investigating recombination phenomena of minority carriers at
Si02/doped Si and microcrystalline Si/c-Si interfaces as well as the variation of bulk lifetimes during
cell processing. The research contributes to develop high-quality surface passivation technologies and
also to fabricate high-efficiency monocrystalline and polyciystalline Si solar cells.
Work Programs
(1) Carrier recombination at Si02/doped Si for emitters and collectors
Surface recombination at Si02/phosphorus-doped Si and/or boron-diffused Si is studied by
measuring effective lifetimes using a developed setup with bias light. The recombination is
investigated as functions of doping level and illumination.
(2) Reduction of carrier recombination at Si02/Si interfaces by H radical annealing
A new hydrogen radical annealing is employed to reduce density of interface states at Si02/Si and
SiNx/Si02/Si interfaces.
(3) Recombination study on nc-Si/c-Si heterojunction
Carrier recombination at (.ic-Si/c-Si heterojunction is investigated as a function of annealing
temperature, film thickness and illumination intensity.
(4) Evaluation of bulk lifetime for polycrystalline Si substrates
Chemical passivation conditions to reduce surface recombination velocity for the polycrystalline
substrates are investigated to obtain bulk lifetimes. Using the method, distribution of bulk lifetime is
elucidated for three kinds of the cast substrates. And, variation of bulk lifetimes during cell
processing is investigated in more detail.
Summary (FY1990 - FY1995)
1. Up toFY 1994
(FY 1990)
Spectroscopic ellipsometry was used to measure optical properties of thermal oxides and Ti02
antireflection films on Si substrates. Density of interface states for Si02/Si samples prepared by
oxidation in dry or wet ambient were measured and compared by a developed C-V measurement
program. Limit short-circuit current density and conversion efficiency were calculated for surfacepassivated solar cells with antireflectionfilms.
(FY1991)
Optical structures of Si02 and ZnS thin films were characterized by spectroscopic ellipsometry.
Limit values of short-circuit current density and conversion efficiency were calculatedfor surfacepassivated solar cells with MgF2/ZnS antireflectionfilms. To reduce the cost of solar modules, a new
static concentrator was proposed by the use of a non-imaging lens. Preliminary results of the lens
were simulated by a ray tracing program.
(FY 1992)
Using a fabricated lifetime-measurement setup with a bias light, the effects of H2 anneal on
surface recombination of photogenerated carriers were investigated for n and p-type oxidized wafers.
Electrical voltage was applied for oxidized wafers with a transparent electrode which was effective to
generate accumulative and inversion layers intentionally. Bulk lifetime and saturation current density
for diffused samples were evaluated separately by measuring dependence of light intensity on
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effective lifetime. A low-concentration model with a non-imaging lens was fabricated and measured
under a solar simulator.
(FY1993)
Microroughness at Si(100) and (111) surfaces treated in chemical solutions was investigated using
spectroscopic ellipsometry and atomic force microscopy. Microroughness on Si(lll) became larger
after treating in higher concentration HF solution. Using the lifetime-measurement setup, effective
lifetimes were measured as a function of bias light intensity for p-type and n-type oxidized samples.
Surface recombination velocity for both the oxidized samples was found to be controlled by capture
cross section. A low-concentration solar model was fabricated by a non-imaging lens and a solar cell.
From outdoor measurement, integral optical concentration ratio was higher than that for a flat-plate
model within three hours before and after the culmination time.
(FY 1994)
Lifetime measurement was carried out for oxidized, lightly and heavily phosphorus-diffused, ptype Si substrates. The measured lifetimes of the oxidized samples became twice to thrice higher than
that before oxidation. Lifetimes tend to increase with the decrease in sheet resistivity due to the higher
built-in-fields. Under illumination for the Si02/doped Si samples, the measured lifetimes tended to
decrease with light intensity which is caused by decreasing tap levels at the interfaces with
photogenerated carriers.
We also proposed a new idea, the use of active hydrogen atoms generated by a remote plasma
reaction. Using samples oxidized in dry ambient, the feasibility of H radical annealing was
investigated by measuring effective lifetime after the treatment. The effect of H radical annealing was
very effective at substrate temperatures higher than 200 C and the illumination was also effective to
increase the effective lifetimes similar to the conventional annealing in H2 ambient. In addition, the H
radical annealing for oxidized samples with SiHx layers was more effective than those without the
SiNx layers. This is probably due to the improvement of the interface properties by decreasing the
density of interface states and the existence of fixed charges in the SiNx films.
A high-efficiency research using a (.ic-Si/c-Si junction for cell rear is promoted based upon a
probable heterojunction concept for the nc-Si/c-Si junction. To elucidate the effectiveness, carrier
recombination was examined for p+-type, fiC-Si/ p-type, c-Si junctions. Measured effective lifetimes
enhanced drastically at annealing temperatures higher than 250C close to the conventional thermal
oxide samples. One of the reasons for the improvement is caused by forming a build-in-field relating
to a drastic decrease in the film resistivity. Using an estimated bulk lifetime of 2.2 ms after chemical
passivation, surface recombination velocity (S) at nc-Si/c-Si junctions was calculated. For the nc-Si
/c-Si with a ^c-Si thickness of 40 nm, S was calculated to about 110 cm/s higher than 40 to 90 cm/s
for an oxidized sample.
A new chemical passivation using 12 in ethanol solution was applied to reduce carrier
recombination at the polycrystalline surface. Instead of the use of the conventional microwave
reflection technique, a new microwave detection by a non-contact antenna was employed which is
effective to measure low-resistivity samples. Evaluated polycrystalline samples were from three kinds
of casting processes consisting of Continuous Casting, Electromagnetic Casting and Bayer process.
The most highest bulk lifetime as an average was more than 30 ns. Characteristic distribution of the
bulk lifetimes reflected the casting processes themselves.
2. For FY 1995
(1) Carrier recombination at Si02/doped Si interfaces
Following the past research on SiOa/Si interfaces, experimental and theoretical research has been
carried out for the carrier recombination at SiOa/doped n+-Si interfaces. Using the minority-carrier
lifetime measurement setup with a bias light, effective lifetimes were measured for p-type Si
substrates after P-diffused and oxidized processes. Oxide passivation was effective for diffused
surfaces and the carrier recombination could be reduced in the order of SiOa/n+Si>SiOa/Si>SiOa/n++-Si interfaces. For inhomogeneous;y diffused specimen, the effect of electric
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field appeared on the reduction of carrier recombination. Light illumination was quite effective to
enhance effective lifetimes. The dependence on light intensity was different due to the different
dependence on carrier concentrations.
(2) Surface recombination velocity at Si02/n+-Si interfaces
Using the effective-lifetime data, surface recombination velocity, S, for the oxidized and n+diffused Si specimens was estimated by utilizing the device simulator, PC-ID, and fabricating a
computer program with the Schockly-Read-Hall equations taking into account surface potential. S
values could be calculated for lightly-diffused n+-Si samples except for heavily-diffused n++-Si ones.
The values tended to decrease with increasing excess carriers generated under illumination. In
addition, the effect of doping level at the n+ surfaces was obtained.
To confirm the appropriateness of the obtained S values, the calculation using SRH theory was
carried out. As a result, S values at the lightly doped samples decreased with higher excess carriers
and increased with higher densities of surface states. It was clarified that the surface potential and
also trap-energy range were key parameters to determine S values which has not pointed out
intentionally in the past.

Using the S values variable with light-generated excess carriers, a simulation was carried out to
calculate I-V characteristics under AM 1 sunlight. Especially, calculated fill factors were found to be
lower than the values with a constant S value.
(3) Effect of surface roughness on minority-carrier recombination
Using a special chemical solution of HF/HNOa/CHsCOOH (2/3/4), p-type Si (100) surfaces
were intentionally roughened without producing any damage and then measured the effective
lifetimes. In addition, the effects of chemical surface passivation were examined using HF and 12ethanol solutions. The chemical passivation, especially iodine passivation, was very effective to
enhance the measured effective lifetimes. This suggests that a chemical bonding structure than the
microroughness, difficult to investigate, is crucial for carrier recombination at the Si surfaces. In
addition, surface recombination velocity was estimated using the bulk lifetimes obtained by
measuring the relation between effective lifetimes and substrate thicknesses for FZ wafers. S values
as small as 4 to 8 cm/s were obtained for iodine surface-passivated specimens.
Furthermore, oxidation was applied for the roughened surfaces. A SiOz oxide surface and
SiOz/Si interface were smoothed after oxidation. The effect of roughness tended to be marginal after
oxidation from the biased-light lifetime measurement. The etching by the mixed oxide was effective to
obtain higher effective lifetimes.
(4) Recombination of minority carriers at n+-type nc-Si/p-type c-Si interfaces
Following the research on the BSF structures in FY 1994, recombination at n+-type (.ic-Si/p-type
c-Si hetero-interfaces was investigated. Firstly, a sample structure with the n+-type ^c-Si at the front
and Si02 at the rear was examined. The effective lifetimes tended to increase with the increase in light
intensity of the bias light. This is probably due to the incorporation of hydrogen atoms into Si02
layers during plasma processing of the n+-type jxc-Si. As for a sample with the n+-type fic-Si layers on
both sides, the effective lifetimes increased rapidly with bias light intensity and then saturated.
Bulk lifetimes for samples after removing the n+-type nc-Si layers and then passivated chemically
were 550 ps, 350 ps and 550 ps for the samples with or without the n+-type (ic-Si or SiOz layers.
The similar values mean that the plasma process at 250C did not affect the bulk lifetimes. Using the
bulk lifetime, S values were calculated to around several hundreds cm/s for samples with or without
the (ic-Si or SiOz layer.
Future Tasks
(1) Carrier recombination at Si02/p+-doped Si interfaces and in the bulk
One of the current issues toward higher efficiencies is to keep high quality of grown ingots during
high-temperature process of boron diffusion. The degradation mechanism will be clarified using deep
level transient spectroscopy and lifetime measurement. An experiment for optimization of the high
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temperature process will be carried out.
(2) Reduction of carrier recombination at Si02/Si interfaces by H radical annealing
Carrier recombination at Si02/Si interfaces by H radical annealing will be carried out in more
detail. Especially, optimization of the H radical process will be applied to improve cell performance.
And, the fundamental research will be also performed for the process.
(3) Variation of bulk lifetimes during cell processing for polycrystalline Si cast substrates
Using the iodine chemical process, detailed studies will be carried out to examine the variation of
bulk lifetimes with high temperature. And, the mechanism for the deterioation will be investigated.
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Optimization of Bandgap of Chalcopyrite Semiconductors
M.Konagai

Tokyo Institute of Technology
Objective
The research goal is a development of fabrication technology of Cu(InGa)Se2 (CIGS)based
solar cells with an efficiency over 18% by optimizing the bandgap of GIGS. Moreover, Cd-free
buffer layers will be developed instead of CdS.

Work Program
For further improvement of photovoltaic performances of Cu(InGa)Se2(CIGS)-based thin film
solar cells, we carry out the following studies:
development of the Cd-free buffer layers,
development of film deposition techniques by both co-evaporation and vapor-phase
selenization methods, control of bandgap of CIGS ,and the characterization of hole
concentration profiles in CIGS,
structural control of Ga-Se and In-Se.

Summary 11990-1995)
l.Up to FY 1994
(1) Development of preparation technology of Cu(InGa)Se2 thin films by selenization method
(a) We have proposed a new selenization process called "Encapsulated Selenization". By using
this technique, we have obtained the CuInSe2 solar cell with an efficiency of 9.8%.
(b) CIGS thin films have been grown by the co-evaporation method using four source elements
(Cu, In ,Ga and Se) onto a heated Mo sputter-coated sola-lime glass substrate. The ZnO/CdS
/CIGS solar cells have been fabricated. The high efficiency of 12.5% has been obtained at a Ga
content of 16 at.%.
(c) CIGS thin film solar cells have been fabricated by the selenization method, in which the
precursor layer was prepared by a co-evaporation method and the selenization stage was then
performed at the substrate temperature of 500°C. The currently best efficiency in this study is
14.9% which is achieved using the CIGS thin film absorber with a band gap of about 1.3 eV
(Ga content of about 40 at.% in the precursor layer).
(d) The ZnSe buffer layer has been grown by MBE. The ZnO/ZnSe/CIGS solar cells have been
fabricated and the shift of the collection efficiency of the cells to the shorter wavelength due to
the wider bandgap of ZnSe has been confirmed. The currently best efficiency of CIGS thin film
solar cells with about 10 nm-thick ZnSe buffer layer is 11.6%.
(2) Characterization of CuInSe2 films
(a) The formation of the chalcopyrite CuInSe2 has been studied by Raman scattering
spectroscopy to clarify the formation kinetics of CuInSe2- It was found that Cu is selenized
rapidly and Cu2Se is formed at temperatures lower than 250°C, and then the CuInSe2
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(b)

(c)

formation starts drastically at the critical temperature above 250°C.
The characterization of CulhSeg film by photoluminescence (PL) measurement was
extensively studied and it was found that there was a strong correlation between the
photovoltaic effect of CuInSe2 films and the existence of the PL peak at 1420nm. The peak
at 1420nm is due to a transition between a donor-acceptor pair which originates from
defects specific to polycrystalline CuInSea.
The effect of post-deposition annealing in air of CIS films has been investigated by PL
measurement. The change in PL spectrum for the film after annealing was considered to
correlate to the passivation of intrinsic donor defects at the shallow levels with extrinsic
oxygen.

(3) Development of deposition process of highly conductive ZnO films by MOCVD
(a) ZnO thin films have been deposited by MOCVD using diethylzinc (DEZ) and H2O as
reactant gases. Boron-doped ZnO has been also grown by MOCVD using B2H6, and the
sheet resistivity of 10 ohm/sq was obtained at a film thickness of 2/mi.
2. For FY 1995

(1) Cu(InGa)Se2 thin film solar cells with Cd-free Buffer Layers
The high conversion efficiency of Cu(InGa)Se2 (CIGS) thin-film solar cells have been achieved
with CdS buffer layers fabricated by a chemical bath deposition (CBD) method. However, from the
standpoint of environmental safety, it is highly desirable to establish the process of fabricating Cdfree buffer layers, leading to the entire elimination of Cd in the solar cells as well as Cd-containing
waste water discharged from the CBD process. In this study, as attractive alternatives to the CdS
buffer layer, InxSey (IS) and ZnInxSey (ZIS) buffer layers were proposed. The solar cell structure
proposed in this study is shown in Fig.l.
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ZnSe,lnxSey,GaxSev
<50nm
ZnlnxSey
~2|jm Cu(lnGa)Se

Back Electrode
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Substrate

'2mm Soda-lime Glass

Fig.l Cu(InGa)Se2 thin film solar cell structure with InxSey and ZnInxSey buffer layers.
A continuous fabrication process for these buffer layers was developed by a coevaporation
method, in which the process was started continuously at the end of the CIGS absorber fabrication
stage without breaking the vacuum. This process can demonstrate several advantages over the CBD
process as follows:
•
The CIGS thin-film solar cells can be fabricated without breaking the vacuum, i.e., by "dry"
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process.
The CBD system as well as "Cd" and "S" are not required.
The same elemental effusion cells for the CIGS thin-film absorbers can be used for the IS
buffer layers.
ZIS has a defect chalcopyrite structure in the form of ZnlngSe^ similar to a chalcopyrite
structure of CIGS. Therefore, this buffer layer is expected to contribute toward achieving a
good heterointerface with the CIGS thin-film absorber.

•
•
•

In this study, CIGS thin-film absorbers were deposited by a coevaporation method using an
“In-Ga-Se precursor” onto a heated Mo sputter-coated soda lime glass substrate. The Ga content in
the CIGS absorber was fixed to about 30at%. The IS and ZIS buffer layers were deposited on the
CIGS absorber layers continuously by a coevaporation method at the substrate temperature of about
300°C. Then, after annealing at 200°C in air, a textured ZnO window layer was deposited by an
MOCVD technique. A1 top grid was applied by a vacuum evaporation method.
In order to evaluate the intermixing of Cu from the CIGS absorber layer to the buffer layer,
AES( Auger electron spectroscopy) depth profiles were measured for the InxSey/CIGS and the
ZnInxSey /CIGS structures as shown in Fig.2. The analysis clearly showed that Cu did not diffuse
into the buffer layers. It was also confirmed that the surface composition of these thin films was
different from that of CIGS.
For further investigation of the buffer layer/CIGS structures, Raman spectra for these thin films
were measured. Figure 3 shows the Raman spectra of (a) CIGS thin film without a buffer layer,
(b)ZnInxSey/CIGS thin film, (c)InxSey/CIGS thin film, and (d)fri-Ga-Se precursor, respectively. As
seen in Fig.3(a), the Raman peak of CIGS at about 170 cnr1 was clearly observed. On the other
hand, as seen in Figs.3 (b) and (c), the peak at about 170 cnr1 was weak and another Raman peak at
about 150 cm-1 was observed in Fig.3(c). This peak was not observed for the ZnInxSey/CIGS
structure. It is speculated that the origin of this peak was y-frrzSeg with a defect wurtzite structure.
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Fig.3 Raman spectra of (a)CIGS, (b)ZnInxSey/CIGS, (c)InxSey/CIGS thin films
and (d) In-Ga-Se precursor.
In our previous work, a ZnSe buffer layer has been developed as an alternative of the CdS
buffer layer. An efficiency of 11.6% was achieved with an ALD-ZnSe buffer layer in the form of
continuous fabrication process. In the case of the ZnSe buffer layers, “carrier-injection effect” was
observed. Thus, the improvement of the cell performance from about 5% to 11% was obtained due to
light illumination and forward-bias conditions. In particular, the significantly increase in Voc was
observed, from 300 mV to 500 mV.
On the other hand, in the case of the IS and ZIS buffer layers, V0c of over 500 mV was
obtained at the initial measurement and the Voc was not changed so much under light illumination. It
was suggested that the p-n heterojunction of ZnO/CIGS was improved by using these buffer layers.
However, depending on the sample, the FF less than 0.5 was obtained, leading to the efficiency
below 10%, although the FF was improved to some extent by light illumination with a solar simulator
under one sun (AM-1.5, 100 mW/cm2) conditions. In order to achieve further improvement of the
quality of the p-n heterojunction in the GIGS thin-film solar cells with IS and ZIS buffer layers,
annealing in air at the temperature of 150°C was applied to the cells. Just after a short annealing, the
performance of the cell was improved mainly due to the increase in FF. This annealing effect seems
to be irreversible. So far we have achieved the efficiency of 13.0% using a IS buffer layer as shown
in Fig.4 The efficiency of 12.7% with the FF of 0.752 was achieved by using the ZnInxSey buffer
layer, for the first time, without using the CBD method.
Further improvement of the performance of GIGS thin-film solar cells with ZnO/(InxSey or
ZnInxSey)/CIGS structure can be accomplished by the optimization of the fabrication process for the
novel buffer layers, such as the substrate temperature and the thickness.
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Fig.4 I-V characteristic of ZnO/tnxSey/CIGS thin film solar cell with an efficiency of 13.0%.

(2) Cu(InGa)Se2 Thin Film Solar Cells by the Selenization Technique
The precursor layer for fabrication of Cu(InGa)Se2 film was prepared by a co-evaporation
method using the four source elements (Cu,In,Ga and Se) at temperatures of 150°C to 200°C for
30min. The selenization stage was then performed at the substrate temperature of 500°C, with a 60
min continuous supplying of elemental Se vapor. This process led to the formation of a 2- to 3-jum
thick CIGS thin film absorber. The selenization precesses of CIGS have been optimized, and the
currently best efficiency in this study is 15.0%. Furthermore,the new characterization method of
hole concentration profiles in CIGS solar cells has been proposed. The typical CIGS cell showed the
hole concentration of around lxlO17 cm-3 in the whole CIGS layer.

(3) Structural control of Ga-Se and In-Se
We attempted the structural control of Ga-Se and In-Se based semiconductors by MBE for the
application to the buffer layer. In the Ga-Se based semiconductors, GaSe epitaxial films with layered
structure and epitaxial GagSeg films with defect zincblende structure have been obtained on
(OOl)GaAs for low VI/HI ratios and high VI/HI ratios,respectively. Furthermore, it was found that
unique properties such as large optical anisotropy were obsereved by the ordering of Ga vacancies in

GaaSeg films. Moreover, epitaxial InSe and InzSeg films were successfully grown on (OOl)GaAs
substrates.
GagSeg and InzSes films were found to have a wide-bandgap, very low dark conductivity and
high photoconductivity, showing that GazSes and InzSeg are suitable for buffer layers of CIGS thin
film solar cells.

Future Task
Chalcopyrite semiconductors are most promising material for the application to the high
efficient thin-film solar cells due to their high absorption coefficients. It could be expected that the
solar cells with an efficiency of over 18% would be fabricated by using these materials. In this study,
the high efficiency cells with a wider-band gap CIGS absorber have been fabricated. We have also
developed the preparation techniques of InSe and ZnlnSe as a buffer layer of CIGS solar cells.
Therefore, in the following years, we will continue to establish these techniques. Special importances
may be attached to the optimizations of the interface of ZnInSe(InS e)/CIGS. Furthermore, for the
further understanding of the device operation, we will clarify the hole concentration profile in the
CIGS thin film solar cells.
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Research and Development of High-Efficiency Solar Cells
—Research for Low-Temperature Growth of Thin Films—
Katsuaki Sato, Tokyo University of Agriculture and Technology

Objectives

This research aims at obtaining good quality polycrystalline thin films of CuInSez by low
temperature process. In this work we

adopt the ionized cluster beam technique for preparation

of thin films. We characterize those films obtained with various deposition conditions by optical,
ESR, electrical and structural methods to find

the optimum conditions for the growth of thin

films of CuInSez. Fabrication of heterojunction solar cells structures is also scheduled.
Work Program
We prepare CuInSez films using ICB technique aiming at establishing low temperature

preparation technology. The program of this FY is (1) to improve the ICB apparatus to facilitate
four-source ICB deposition for Cu(In,Ga)Sez films, (2) to investigate effect of ionization and
acceleration of Se cluster on the crystallinity, (3) to compare transport parameters measured by
optical absorption and those by Hall measurements, and (4) to show effectiveness of ATR-FTIR
technique for characterization of thin CuInSez films.
Summary(1990-1995I

1. Up to FY 1994
Three-sorce ionized cluster beam (ICB) deposition system was constructed. The In-cluster
was ionized and accelerated. With the Cu-rich condition, the In/Cu and Se/metal ratios were found
to be varied with the acceleration. The experimental result that the In/Cu ratio was able to be
controled by the acceleration of the In-cluster could be understood in terms of the increased
sticking probability of the ionized cluster by the acceleration.The crystallinity of the films
deposited by ICB on Mo-coated glass substrates was better than those on bare glass substrate.
Observation by an optical microscope and a SEM proved that the

films on Mo-coated glass

substrates showed improved uniformity of the grain size.
Bilayered CuInSez films were prepared by stacking an In-rich layer on a Cu-rich layer by
ICB technique. Substantial reduction of extraneous phases and improvement of crystallinity were
observed.

Photoluminescence (PL) spectra measured with YAG and Ar laser excitation were

compared. The

penetration depth of the YAG laser is one order of magnitude deeper than that of

Ar laser, thus the former providing information of total film thickness, while the latter only that of
surface layer.
The effect of cluster beam deposition of Cu was especially obvious in films with indium-rich
composition. Improvement of grain size was observed even in the In-rich composition. Ionization
of Cu-cluster lead to the grain size of 1 jam for films with the Cu/In ratio of 0.402. Effect of
acceleration of In-cluster and Cu-cluster was investigated.
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Next we investigated solar cells structure using the ICB-grown CuInSe2 films with chemical
bath deposited (CBD) CdS as buffer layer. Slightly In-rich composition was adopted as
photovoltaic layer.

For this purpose the two-stage deposition technique was performed. The cell

structure is glass substrate / Mo back contact (0.2 pm) / CuInSe2 (ICB; 0.15 pm) / CdS (CBD; 0.1
pm) /ZnO(l pm) / A1 grid (1 pm). The area was 0.04 cm^. Using a solar simulator the cell
characteristics was evaluated. The conversion efficiency was 1.52 %. The small efficiency mainly
resulted from small Voc value due to leakage current in the active layer and small FF due to high
resistivity of ZnO and Mo electrodes.
Single crystal of the ternary chalcopyrite selenide CuAlSe2 was investigated by ESR
spectroscopy as a preliminary investigation of ESR studies in CuInSe2.The signal showed strong
light-induced increase for a few hours. The signal was assigned to the hole-signal trapped by the
Cu-vacancy, the position of which was located at 40 meV above the top of the valence band.
Superstrate-type solar cells with the cell structure of glass/ITO/CdS/CIS/Au was
investigated. CdS was deposited by chemical bath deposition technique on ITO-coated 7059 glass
substrate. CIS

with nearly-stoichiometric composition was deposited by ICB technique on the

CdS film. Conversion

efficiency of 2% was measured using a solar simulator.

Optimum conditions for ICB deposition of CuGaSe2 films were investigated. It has been
found that good quality single-phase CuGaSe2 films can be prepared at substrate temperature of
300°C.
Effects of annealing under various conditions have been characterized in single crystals of
CIS by ESR and optical-absorption spectroscopies. It was thus elucidated that Fe is the dominant
impurity in CuInSe2 and that change of ESR and optical spectra were explained in terms of the
Fermi level motion due to annealing.
2. For
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/~\ Lamp
Sub. =

2.1 Improvement ofICB deposition system

,n

We have finished improvement of ICB
deposition system to facilitate four-beam ICB

accel.
el^tronode.

deposition. In particular, by this improvement
it became possible to ionize and accelerate the

® s s%

Se cluster beam.
2.2 Effect ofIonization of Three Elements
We

confirmed

that

acceleration

of

constituent

elements

ionization

cluster
lead

beams
to

and

of

all

Vacuum System

_ , T
Fig. 1 Improved ICB apparatus

drastic

improvement of the grain size and crystallinity
of the CuInSe2 polycrystalline films,
despite the low substrate temperature of 300°C. The grain size reached as large as 2-3 pm.
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Table 1 provides preparation conditions and analyzed Cu/In ratio (after KCN treatment) of
the films obtained. Figs. 2 (a) and 2 (b) show SEM micrographs of samples with ionization of three
beams and two beams, respectively.
As seen in Fig. 2 remarkable improvement was found by ionizing all of three beams. The grain
size was as large as 2-3 pm, despite the analyzed composition was In-rich.
Table 1
sample

Preparation condition of CuInSea films and Cu/In ratio of the films obtained

Cu temp. In temp.

CC)

CO

Se temp. Tsub(°C)

CC)

Icu

Im

Is=

(mA)

(mA)

(mA)

Va

Cu/In

(kV)

3 ionized beam

1420

980

320

300

150

50

100

2

0.98

2 ionized beam

1420

980

320

300

150

50

0

2

1.01

Fig. 2 SEM micrograph of CuInSez films obtained by (a) triple-ionized and (b) dual-ionized deposition.

2.3 Effect of ionization of Se cluster beam alone
Effect of single ionization of the Se cluster was investigated. Ionization of Se cluster leaving
other cluster-beams neutral was found to stabilize stoichiometric composition and to provide
preferential orientation of the crystal grains. Improvement of grain size was less obvious
compared with case 2.2 in which all clusters were ionized.
Table 2 Preparation condition and analyzed composition ratios in films prepared under Se ionization
temperature (°C)

sample

ionization

acceleration

current(mA) voltage (kV)

composition ratio
Cu:In:Se

Cu

I n

S e

a

1470

1100

280

0

0

1.59:1:1.93

b

1460

//

//

50

0

0.95:1:2.04

c

1460

//

//

'//

1

0.93:1:1.94

d

1460

//

//

//

2

0.94:1:2.13

e

1460

//

//

100

0

1.01:1:2.02

f

1470

//

//

//

1

0.93:1:2.14

£

1460

//

//

//

2

0.97:1:1.49

As shown in Table 1, composition of unionized and unaccelerated samples show considerable
deviation from stoichiometry. Contrary, composition of films prepared with Se-ionization is nearly
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stoichiometric. Therefore ionization of Se cluster beam has much effect on preparation of
stoichiometric compounds.
Fig. 3 is XRD patterns of the films with and without Se ionization and acceleration. The film
without S e-ionization provides X-ray diffraction intensity less than 1 tenth of that in ionized

samples. Intensity of the (105) diffraction line characteristic of chalcopyrite phase increases with
increasing acceleration voltage. In addition, as shown in Fig. 4, preferential orientation seems to
change with acceleration voltage.
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Fig. 4 Dependence of ratio of diffraction lines on
acceleration voltage
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Fig. 3 XRD patterns of CuInSe2 films with and

Fig. 5 ATR spectra of CuInSe2 films deposited by ICB

without ionization and acceleration of Se-cluster.
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2.4 Optical absorption of CuInSe2films measured by ATR technique

Nondestructive and contactless characterization of films was measured using an ATR (attenuated
total reflection) -FTIR technique. Essentially the same information was obtained as those measured
by transmission spectra in the bulk sigle crystals.
We have been studying single crystals of CuInSe2 by infrared absorption spectroscopy using FTIR
equipment and found that Fermi level position movement caused by heat treatments under various
environment can be monitored through observation of the free carrier absorption. We also showed
that carrier concentration can be estimated only by optical measurements. However conventional
transmission spectroscopy is not suited for characterization of thin films. Therefore we tried another
technique for measurement of very small absorption by means of attenuated total reflection (ATR)
technique. This technique is particularly useful for absorption measurement of thin films deposited on
nontransparent substrates. As shown in Fig. 5 Cu-rich films show stronger absorption than In-rich
films for wavenumbers less than 1600 cm"1.This is consistent with the results in bulk crystals.

Future Tasks
Preparation and characterization of CuIni_xGaxSe2 films by ICB technique with all cluster beams
ionized is planned as tasks of next FY. Fabrication of solar cells structure using the quaternary
material is also under study. Characterization of CuInSe2 films by means of ATR-FTIR technique
should also be continued. For this purpose improvement of signal to noise ratio of the FTIR

apparatus is under investigation.
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STUDY OF CARRIER DYNAMICS IN a-Si
FROM OPTICAL AND OPTOELECTRONIC PROPERTIES
OSAKA UNIVERSITY, Yoshihiro HAMAKAWA

Objectives
Electronic states near the extended band edge as well as in the energy gap of a-Si
are systematically studied with the use of various modulation spectroscopies. A
particular emphasis is placed on the identification of deep localized states arisen
from structural defects, which tend to control optoelectronic properties. On the basis
of new knowledges about material properties, fabrication technologies for high
performance amorphous silicon solar cells will be established. The purpose of the
study is to develop new materials and new cell structures with targeted efficiencies
of 15% for single junction cell and 24% for tandem cell.
Work Program
Modulated photocurrent spectroscopy is developed to gain an extended knowledge
about deep localized states in undoped a-Si alloys.

Transport parameters

including minority carrier diffusion length are studied in terms of steady-state and
modulated photocarrier grating techniques, which also permit us to obtain some
detailed information about shallow lying states. A nobel tool for the measurement

of the free carrier mobilitiy in a-Si alloys is developed on the basis of polarized
electroabsorption effects, and applied to a-Si alloys of various different
compositions and deposition conditions.

An experimental trial is carried out to

improve efficiency of a-Si/poly-Si tandem solar cells, with a particular emphasis on
the heterojunction interfaces.
Summary (1980-1995)
1. Up to FY 1994
(1) Analysis of photovoltaic property
An analytical model of photovoltaic operation characteristic to a-Si solar
cells, called variable minority carrier model, was developed to make clear the
essential correlation between film and interface properties and photovoltaic
performances.

On the basis of the model, the "horn-curve" analysis for

characterizing the film and interface qualities on practical solar cell was
developed.

Combining this with back-surface-reflected electroabsorption

technique (BASREA), which was also newly developed to determine the
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built-in field, permits us to make a comprehensive diagnostics of a-Si solar
cells, as well as to pursue guide-line for efficiency improvement.
(2) Development of growth technology for high quality films.
Various new growth technologies were introduced such as hydrogen-dilution
method, cross-field plasma CVD, etc. The most successful results are the
development of wide-window heterojunction
microcrystalline SiC.

materials;

a-SiC

and

Heterojunction configurations using these materials

becomes a viable technology for high efficiency solar cells.

Particularly,

microcrystalline SiC when doped either n or p type exhibits a dark

conductivity in excess of 100 S/cm even with band gaps lager than 2.4 eV,
which fully matches requirements for the heterojunction window material.
(3) Optical study of electronic structure
Various new gap-states spectroscopies were developed to investigate
energy distribution and dynamic behaviors of deep-lying states arising from
structural defects such as dangling bonds. These include Current Transient
Spectroscopy (CTS) and Modulated Photocurrent Spectroscopy (MFCS),
both of which can successfully applied to undoped a-Si alloys in the practical
solar cell configuration. A lot of new informations about deep-localized states
which govern the optoelectronic properties were accumulated for undoped aSi, a-SiGe and a-SiC.

On the other hand, electronic structure near the

extended band edge was investigated in conjunction with the quantum
effects on a-Si/a-SiC multiple-layered structures. Optical features associated
with the subband transitions were first found out by means of
thermoabsorption spectroscopy, providing us fruitful informations about the
band edge electronic structure.
(4) Development of high efficiency solar cell
Started from 7% in 1980, continuous efforts raised the efficiency of single aSiC/a-Si heterojunction solar cells up to 12% in 1987. Technical issues for
this improvement comprises i) development of a-SiC and microcrystalline Si

(1980), ii) introduction of separate chamber system (1982), iii) utilization of
optical confinement effects (1983), and iv) development of microcrystalline
SiC (1986). Another approach for high efficiency a-Si solar cells is based
upon the tandem cell concept (1979). The a-Si/poly c-Si tandem cell, named
as "honeymoon cell" was developed in 1983, and its efficiency was
increased up to 15% (1988) on a two-terminal device, and 21% (1992) on a
four-terminal device.
2. For FY 1995
(1) Analysis of photovoltaic property
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Density of defect states and carrier capture efficiency in intrinsic a-Si:H have
been investigated by applying the modulated photocurrent spectroscopy
technique.

The experimental results show that the defects grow with light

soaking while their capture efficiency stays unaffected, implying a negligible
structural change of a local environment around defect sites. In the annealed
a-Si:H film, a spatial inhomogeneity of defect distribution has been assessed
experimentally. As shown in Fig. 1, the layer of about 1pm thickness near aSi:H/glass interface exists which contains a larger amount of neutral defects
as compared with the rest of the film. This observation suggests a network
strain might play an important role in defect formation.
(2) Development of growth technology for high quality films.
It is important to characterize the basic properties of a-Si and poly-Si films, as
the film quality is very important to produce high efficiency and high reliable
solar cell. Especially, defect states change the property very much. Many
researches about microscopic structure have been done from this viewpoint,
but defect structures are not clarified yet. Thus, we have investigated the
defect structures and their optical properties by using molecular orbital (MO)
method. The subject of our investigation is to clarify microscopic structure of
the defects in SiOg thin film, because SiOg thin film is a kind of amorphous
material and its structure is known comparatively. Many kinds of structural
analyses of defects in SiOg have been reported.

In this report, oxygen-

excess defect (Si-O-O-Si) and hydrogen-related defects (Si-H, Si-O-H and
Si-O-O-H) have been characterized by comparison of calculated results with
experimental data.

Figure 2 shows the total energy as a function of Si-X

distance in oxygen-excess defect cluster model (Si-O-O-Si). This calculation
was done by using ab-initio MO method.

This calculation results that this

cluster is quasi-stable at the excited states, and Si-Si couples with 0-0
perpendicularly in stable geometry.

Moreover, the transition energy of this

cluster is in good agreement with photoluminescence peak in the photo-OVD
SiOg thin film. In addition to this, it is obtained that hydrogen-related defect
exists in photo-OVD SiOg thin film, and its structure is Si-O-O-H.
(3) Optical study of electronic structure
A reversible light-induced change in the structural disorder has been first
revealed on undoped a-Si:H by the polarized electroabsorption technique.
Upon light exposure, as found in Fig.3, the disorder quickly increases and
saturates at a degree independent on the light intensity, whereas the
increase in the metastable dangling bond defects still continues in this time
range. It also appears that the structural effects anneal more slowly than the
light-induced dangling bonds.

The light-induced degradation of the
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electronic properties has been associated with the creation of metastable
dangling bonds, however, the present experiments have shown that the
degradation is accompanied by light-induced structural change occurred in
the whole material.

If light-induced structural change and dangling bond

creation are tied each other in their mechanisms, a new possibility will
emerge to construct a bridge between material structure/processing and
light-induced degradation, which has been long pursued but failed.
(4) Development of high efficiency solar cell
Up to now, a series of R&D efforts has been made on the poly-Si based solar
cell which is employed to form a-Si // poly-Si four-terminal tandem solar cell.
As a result of optimization, the conversion efficiency of 17.2% has been
achieved.

However, there is still a large room for the improvement of the

open circuit voltage (Voc) which remains as low as 0.57V. The Voc mostly
depends on the interface properties, especially on the p pc-SiC/poly-Si
window side heterojunction when high quality cast poly-Si is used.

In our

previous work, a thin film of p a-SiC was incorporated in the p jic-SiC/poly-Si
interface as a buffer layer. It is necessary to optimize the buffer materials
from the aspect of band diagram. It seems that highly conductive materials
like pc-Si are more suitable for suppressing band offset at p pc-SiC and polySi. By using p pc-Si prepared by RF PCVD, the Voc over 0.59V has been
obtained. In the other way, a study on the textured surface has been made
by preferential chemical etching, yielding an improvement in the short circuit
current (JSc) by 2mA/cm2 due to the reduction of surface reflectance. In order
to apply the technique to thin film poly-Si solar cells, the poly-Si thin film
(1pm) has been grown by a Rapid Thermal Crystallization method. Firstly, a
thin a-Si film was deposited by RF PCVD on various kinds of substrates;
stainless steel, quartz with and without Al coating. It has been found that Al
coating largely enhances crystallization even at low process temperatures
around 500°C.

In the case without Al coating, process temperature over

700°C is necessary to get nucleation from a-Si film.

On the basis of the

present results, Al thin film as thin as 100nm is the most important medium
material to promote the growth of crystalline Si from a-Si base materials.
Future Tasks
Our recent R&D efforts from various aspects including material processing,
characterization as well as device technologies realized a 12% efficiency on a-Si
single heterojunction cells using microcrystalline SiC wide-gap window layer, and
20% efficiency on a-Si/poly-Si tandem cells. As for the single junction cell, several
key technologies for high efficiencies have been already established, and to
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achieve the further performance does require an essential improvement of material
properties of photosensitive a-Si alloys; that is, a development of stable and
narrower band gap a-Si alloys which possess optoelectronic properties being
compatible with the conventional a-Si of band gap 1.7-1.8 eV, on which our future
task is focussed with the use of ion-beam deposition method. Another task is to
perform an extended optimum design on the a-Si/poly-Si tancem cell for
approaching the targetted efficiency of 24%, which includs the improvement of the
open circuit voltage for bottom poly-Si cell, as well as a fine adjustment of optical
matching between two composing cells.
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Fig.1 Density of neutral and charged defects (integrated over the energy range
0.4eV<Ec-E<0.7eV) in a-Si:H as a function of film thickness.
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Fig.2 The total energy as function of Si-X distance, calculated by ab-initio MO
method for the cluster of oxygen-excess defect (Si-O-O-Si).
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Study on Growth Mechanism of a-Si:H and Preparation of
the Stable, High-Quality Films
M. Hirose
Hiroshima University

Objectives
(1)

Preparation of extremely high-quality amorphous silicon (a-Si:H) films based on deep under
standing of the growth kinetics as well as defect creation mechanism on the growth surface.

(2)

Development of new deposition techniques for preparing novel materials without increasing the
defect density under illumination and ideal heterojunction interfaces which are applied to high
efficiency solar cells.

Work Program
(1)

The hydrogen bonding features of reaction surfaces during a-Si:H deposition and H2 plasma
treatment are investigated by using the in-situ FT-IR-ATR. Better understanding of the hydro
gen annealing mechanism in a molecular level leads us to prepare high-quality a-Si:H films.

(2)

The influence of substrate temperature on a-Si:H deposition are investigated by AFM observa
tions of a-Si:H surface morphology to gain a better understanding of a film growth mechanism.

(3)

The effect of deposition temperature on structural, optical and electrical properties of a-SiGe:H
fabricated by repeating nanometer deposition and hydrogen plasma annealing is investigated in
the temperature range from 150°C to 230°C to reveal a guiding principle for preparing highquality, narrow gap a-SiGe:H alloy.

(4)

Modulation doped multilayers consisting of B-doped a-Si:H barrier and undoped a-Ge:H well
layers are fabricated. In order to confirm a feasibility of the multilayers as a narrow-bandgap

material for a high efficiency solar cell and to obtain a design methodology of the multilayer
structures, the energy band structure, optical and electrical properties of the multilayers are
investigated.
(5)

The network of a-Ge:H are modified with nitrogen by employing the rf glow discharge decom
position of a hydrogen-diluted gas mixture of NH3 and GeH4 from a view point of the fabrication
of a novel narrow-bandgap material.

Summary (1981-1995)
1. Up to FY 1994
(1) Fabrication technology of a-Si:H MIS structure
A high quality Si02 film was prepared at low temperatures by using a plasma oxidation tech
nique in 1981. In 1982 a new deposition technique to prepare stoichiometric silicon nitride at low
temperatures was also developed. In 1983 the fabrication of MIS structures by sequential deposition
of a-Si:H and a-Si3N4:H was developed. In 1986, existence of quantized levels in ultra-thin a-Si:H
wells was demonstrated by observing the resonant tunneling phenomena through a-Si3N4:H/a-Si:H/aSi3N4:H double barrier structures. Ini988 the appreciable reduction of Sn diffusion into a-Si:H depos
ited on an Sn02/glass substrate was demonstrated by employing an ultra-thin (3,5 A) plasma or photo- 348 -

CVD a-Si3N4:H diffusion barrier between a-Si:H and Sn02. The barrier causes no deterioration of the
optical transmittance and the sheet conductivity of the a-Si:H/Sn02/gIass system. In 1989 to 1990 it
was found that a photo- or plasma-nitrided a-Si:H barrier is more effective in eliminating the Sn
diffusion in B-doped a-Si, xCx:H/Sn02 interfaces without any deterioration of the carrier transport.

(2)

Evaluation of defect states in a-Si:H
Up to 1981 a fundamental theory on capacitance-voltage characteristics of a-Si:H MIS struc

tures to determine gap state density in a-Si:H was settled and a fully automated system of measuring
the gap states was developed. In 1982 a simplified technique to determine the gap states by using aSi:H Schottky barriers was developed. Plasma damage induced during the dry etching of amorphous
silicon was evaluated from electrical properties of a-Si:H Schottky diodes and by using x-ray photo
electron spectroscopy. In 1986 a new type of thin film transistors with an active region consisting of
a-Si:H/a-Si, xNx:H superlattices was developed, and the electronic states at the a-Si:H/a-Si, xNx:H
heterojunctions were evaluated from the device characteristics. In 1987 in order to prepare the
superlattices with good quality heterojunction interfaces, a-Si:H/a-Si3N4:H layers were fabricated by

a direct photo-CVD technique and the heterojunction interfaces were characterized by
photoluminescence and in-plane conductivity.

In 1988 to 1990 the band tail states for amorphous

multilayers consisting of a-Si:H and plasma nitrided a-Si3N4:H before and after thermal annealing or
after rehydrogenation were characterized by observing the optical absorption and the
photoluminescence spectra. In 1993 stable a-Si:H films were prepared at a high deposition rate by
controlling cathode potential to lower energy of ions incident to the growth surface. Furthermore, the
optical and electrical properties of a-Si:H/a-Ge:H multilayers were evaluated as functions of a-Ge:H
well width and a-Si:H barrier width, being interpreted in terms of quantum size effects. In 1994 thin
film transistors with the a-Si:H/a-Ge:H multilayers as a device active layer were designed and fabri
cated, showing that the defect density in the multilayer structure is significantly reduced.

(3)

Growth techniques of amorphous silicon
Up to 1983 many deposition techniques to prepare high quality amorphous silicon and silicon

based alloy films such as the thermal decomposition of silane and disilane, the glow discharge decom
position of silane with magnetic field, the glow discharge deposition of microcrystalline Si and aSi, Nx:H films, and the direct photochemical deposition of a-Si:H from disilane were successfully
developed. Also, a high-rate deposition technique using silane was newly developed. Modeling of
the growth kinetics of amorphous silicon was carried out based on the optical emission spectroscopy
of silane plasma. In 1984 amorphous silicon superlattices were synthesized as a new class of photo

voltaic materials. The structure of the heterojunction interfaces and the thermal stability were studied.
Further, a novel superlattices structure which could utilized as a window material of solar cells was
developed. Moreover, radical beam CVD technique without any ion bombardment on the growing
surface was developed. In 1986 quantitative determination of the band discontinuities at
heterojunctions was made from the valence band spectra. In 1987 the band offsets of B-doped a-Si:H/
undoped a-Si, yNy:H (y=0.38) and B-doped a-Si, xCx:H (x=0.23)/undoped a-Si:H heterojunctions
were quantitatively evaluated. A new high rate deposition technique of polycrystalline silicon films
having an optical gap of l.leV was developed by using laser-induced chemical reactions of adsorbed
— 349 —

Si2H6 molecules on a cooled substrate. Also, in 1988 initial stage of silicon film growth in laserinduced cryogenic CVD was investigated to realize digital CVD for obtaining device quality inter
faces. B-doped a-Sil xCx:H/undoped a-SilyNy:H heterojunctions with nearly zero valence band offset
were fabricated and it was proposed that the multilayers for the p-layer in an a-Si:H solar cell might
reduce the carrier recombination at the pi interface and improve the collection efficiency. In 1989,
monolayer growth of silicon was successfully demonstrated in laser-induced cryogenic CVD by con
trolling Si2H6 partial pressure and substrate temperature. Polysilane films with an optical band gap of
about 3.1eV were prepared as a novel wide gap material by the rf glow discharge decomposition of an
SiH4 + H2 gas mixture at substrate temperatures from -86°C to -110°C. In 1990 to 1993 it was demon
strated that, in ArF-excimer laser induced cryogenic CVD, simultaneous TEA-C02 laser irradiation at
10P6 line, which selectively excites the surface SiH3 bonds, significantly reduces the content of the
bonded hydrogen in the silicon layer and leads to the improvement of the crystallinity of the resulting

poly-Si films. As for the preparation of silicon thin films at cryogenic temperature by plasma-en
hanced CVD technique, a new deposition mode in which silicon films selectively grow from the
bottom of very fine grooves was realized by both the quenching of thermal reaction through substrate
cooling down to-110°C and the reduction of ion-induced reactions with a grounded metal grid above
the positively based substrate, being inferred to occur through formation of liquefied precursors such
as higher silanes on the cryogenic surface. In 1993 to 1994 reacting surfaces in contact with a SiH4 or
CH4+SiH4 glow discharge were studied by a real-time, in-situ FT-IR-ATR (Attenuated Total Reflec
tion) technique. It was found that, at a temperature below -50°C, polymerization reactions among
adsorbates proceed on the surface to form polysilane or organic polysilane consisting of (SiH2)n chains
terminated with SiH^. A conformal, layer-by-layer deposition from a SiH, plasma was confirmed at
200°C by AFM observations in the early stages of the film growth.

2. For 1995 FY
(1) In-Situ Observation of Surface Reactions During Plasma Enhanced CVD using FT-IR-ATR.
In 1994, the hydrogen bonding features of reacting surfaces during the a-Si:H were investigated
by employing a real time, in-situ FT-IR-ATR technique. It was found that the a-Si:H surface layer in
contact with a SiH, plasma is composed of higher hydrides (SiHx(x>2)).
In 1995, the change in hydrogen bonding features of a-Si:H surfaces exposing H2 (or D2)
plasma has been studied by using the in-situ FT-IR-ATR. P-polarized ATR spectrum of a-Si:H sur
faces during D2 plasma treatment are shown in Fig. 1. In the early stages of the D2 plasma treatment
(-30s), the decrease of SiHx(x=l,2,3) bonds and the increase of SiDx(x=l, 2,3) are observed, indicat
ing that higher hydrides are converted to lower deuterides. Note that the number of bulk SiH bonds in
the surface layer is decreased by the D2 plasma treatment. As shown in Fig. 2, the number of SiDx
(x=l~3) bonds tends to saturate more than 150sec, while the SiH bond concentration monotonically
decreases. These observations imply that D atoms diffuse into a-Si:H network at 200°C and promote
the desorption of bonded hydrogen in the network near the surface, resulting in the densification of the
network. Moreover, no significant change in the film thickness before and after 5min F^ plasma
treatment is observed by X-ray photoelectron Spectroscopy (XPS). Therefore, the observed annihila
tion of bulk SiH bonds during D2 plasma treatment is not due to the etching reaction but due to the
simply hydrogen desorption which could promote the a-Si:H network formation in the surface layer.
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P-polarized ATR spectra of a-Si:H sur
faces during D2 plasma treatment.
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(2) Characterization of a-Si:H Growth Process by using AFM
In 1994, the surface morphology of a-Si:H deposited at 200°C onto atomically flat Si(l 11) and
Si02/Si(l 11) were studied by using Atomic Force Microscopy (AFM). It was found that a-Si:H depo
sition conformally proceeds on an atomic scale at 200°C.
In 1995, the influence of substrate temperature on a-Si:H deposition mechanism has been inves
tigated by AFM observations of the a-Si:H surface morphology during the deposition on the atomi
cally flat terraces of a Si(l 11) substrate in the deposition temperature range between 20°C and 350°C.
It is found that small a-Si:H islands consisting of a few silicon layers are formed irrespective of depo
sition temperature and film thickness (Fig. 3). The height of the islands is almost independent of
deposition temperature. These results suggest that the a-Si:H deposition is basically controlled by a
layer-by-layer mechanism. On the other hand, the average distance between a-Si:H islands and the in
plane size of islands are found to be increased with increasing deposition temperature. As the deposi-

0.6 iy

120 y-zv

Fig. 3

AFM images of the surfaces before (a) and after 5.0nm thick a-Si:H deposited at 100°C (b)
and 350°C (c). Si(l 11), surface of which is atomically flat, was prepared by dippig in a 40%
NH.F
solution and used as a substrate.
4
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tion temperature is raises beyond 200°C, the average distance between islands is rapidly increased as
shown in Fig. 4, while the in-plane size of a-Si:H islands increases monotonously with an activation
energy of 0.06eV. As shown in Fig. 5, the deposition rate starts to increase significantly for tempera
tures above 200°C, being a similar in the temperature dependence to the average island distance.
Therefore, an increase in the average island distance at temperatures above 200°C can be interpreted
as increases in the surface diffusion-length of precursor and the critical nuclear radius requisite for
stable nuclear growth.
5A

c-30

.

50A

0.061 ev
x 20
0.0042eV
0.011-0.016eV

1.0

Fig. 4
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3.5
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The thermal activation energy of average
distance as a function of substrate
temprature.

Fig. 5

1.5 2.0 2.5 3.0 3.5 4.0
1000/T (1/K)

The thermal activation energy of the
deposition rate of a-Si:H as a function
of substrate temprature.

(3) High-Quality a-SiGe:H Films Prepared Nanometer Deposition/Hydrogen Plasma Treat
ment Method
In 1994, high-quality a-SiGe:H films were prepared at 200°C by alternately repeating the depo
sition of a few nanometer-thick a-SiGe:H layer and exposure to a hydrogen plasma. As a result of the
optimization of the film thickness at each deposition steps and the exposure time to a hydrogen
plasma, very high photoconductivity, >10"5S/cm, and good photosensitivity, >104, are achieved for
samples with an optical bandgap of 1.45eV.
In 1995, the effect of deposition temperature on structural and optoelectronic properties of aSi0 58Ge0 42:H films fabricated by repeating
~3nm-thick deposition and hydrogen plasma an
nealing has been investigated in the temperature

range between 150 and 230°C. With increasing
substrate temperature, the bonded hydrogen
concentration monotonously decreases from 18
to 9at.% and correspondingly the optical
bandgap is decreased from 1.52 to 1.43eV. Note
that the fraction of Si-H2, which is associated
with a structural inhomogeneity, shows the
minimum at a substrate temperature of 175°C,

SUBSTRATE TEMPERATURE (°C)

while the Ge-H concentration smoothly de
creases with increasing substrate temperature as

Fig. 6

shown in Fig. 6. This result can be interpreted
by the following. The effect of hydrogen plasma
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The integrated intensity ratio of signal of
Si-F^ bond to the sum of signal of Si-H
and Ge-H bonds and the Ge-H concentra
tion as a function of deposition substrate.

annealing on the structural relaxation accompanied with the deposition of bonded hydrogen is limited
to the top or near surface region when the substrate temperature increases. In addition, Ge-H bonds in
a-SiGe:H are easily evolved at a relatively lower annealing temperature than Si-H bonds. The

VB

value determined from the slope of Tauc Plot shows a maximum at a substrate temperature of 175°C
where the Si-H2 fraction is the smallest. Considering the steepness of the density of states near the
band edge may be reduced by the presence of the structural inhomogeneity and reflects on the
value, the larger

VB value implies a decrease

VB

of inhomogeneity in the a-SiGe:H network, being in

consistence with the smallest fraction of Si-H2
bonds at 175°C. It is found that a film with an opti
cal bandgap of 1.49eV, a photoconductivity of
4.5X10'5S/cm and a photosensitivity of 9.1X104 un
der AMI (100mW/cm2) illumination are prepared
at 175°C as shown in Fig. 7. The light-induced
degradation of the photoconductivity is also influ
enced with hydrogen plasma annealing. The pho
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a plotted as a function of deposition
temperature.

(4) Modulation Doping of Boron in a-Si:H/a-Ge:H Multilayer Structures
In 1994, modulation doping of phosphorus atoms in the a-Si:H barrier layers and the electron
transfer to the undoped a-Ge:H quantum well were demonstrated. When the molar fraction [PH3/SiHJ
is increased up to 1X1 O'2, the AMI (100mW/cm2) photoconductivity reaches ~lX10'2S/cm and the
conductivity activation energy decreases to ~0.24eV.
In 1995, modulation doped multilayers consisting of B-doped a-Si:H (50A) barrier and undoped
a-Ge:H well layers were fabricated. Energy band structure, optical and electrical properties for the
multilayers have been investigated. By analyzing the valence band spectra of B-doped a-Si:H/a-Ge:H
heterojunctions measured by X ray photoelectron spectroscopy, it is shown that the valence band edge
of B-doped a-Si:H shifts toward the conduction band with an increase of the molar fraction [B2Hfi/
SiHJ. The energy band profile of B-doped a-Si:H/a-Ge:H heterojunction is changed from typel to
typell at boron doping of [B2H6/SiHJ=2X 10"2 (Fig. 8). Boron doping up to [B2H6/SiHJ=l .7X10"3
enables us to prepare a highly conductive (1.4Xl0"3S/cm) and p-type narrow gap (1.44eV) material
with keeping the value of the optical bandgap as indicated in Fig. 9. This indicates that the efficient
transfer of holes to undoped a-Ge:H quantum wells from B-doped a-Si:H barrier layers occurs. Be
cause of a significant decrease in the potential depth by boron doping, an increase of the conductivity
activation energy at a B-doping ratio of 3.4X1 O'3 is attributable to insufficient hole confinement in the
a-Ge:H well. Further increase in the B-doping above 1% results in the disappearance of the a-Ge:H
growth quantum well for holes and hence the hole conductivity and its activation energy for the
multilayers are almost the same as that for bulk a-Si:H with the same B-doping level.
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Measured valence band and conduc
tion band alignment for B-doped aSi:H/undoped a-Ge:H heterojunctions
as a function of doping ratio [B2H6]/
[SiHJ.

Fig. 9

The dark conductivity , its activation
energy and photoconductivity for Bdoped a-Si:H (50A)/undoped a-Ge:H
(10A) multilayers as a function of dop
ing ratio [B2H6]/[SiH4].

(5) Preparation of N-doped a-Ge:H by using High Hydrogen-Dilution Plasma CVD
For the development of tandem-type amorphous-silicon-based solar cells, a high-quality narrow-bandgap material is needed. Thus, in addition to a-SiGe:H, other a-Ge:H-based alloys such as aGeN and a-GeN:H have been produced and investigated. It has been shown that hydrogen dilution in

plasma-enhanced CVD improved the quality of a-SiGe:H alloys and that the hydrogen plasma could
bring about a relaxation of the a-SiGe:H network.
In 1995, the network of hydrogenated amorphous germanium (a-Ge:H) has been modified with
nitrogen by employing the rf glow discharge decomposition of a hydrogen-diluted gas mixture of NH3
and GeH4. An increase in the H2 flow rate causes a dramatic reduction of the optical bandgap from 2.8
to l.OleV. This bandgap shrinkage is attributed to a reduction of the nitrogen content in the films as
verified by FT-IR spectra. The hydrogen content in the film is evaluated from the absorption intensity
'i i
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Fig. 10 Normalized Ge-N bond content and
Ge-H bond content as a function of H2
flow rate.
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Fig. 11 Dark conductivity, its activation energy
and photoconductivity (AMI, 100mW/
cm2) as a function of H2 flow rate.
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due to the Ge-H wagging mode at -570cm"1 as shown in Fig. 10. The Ge-H bond concentration
increases by a factor of 2 with increasing H2 flow rate, while the number of Ge-N bonds decreases
dramatically. The reduction by two orders of magnitude in the number of Ge-N bonds by hydrogen
dilution is attributable to the hydrogen abstraction reaction of nitrogen on the growing film surface.
The dark conductivity, its activation energy and AMI (100m W/cm2) photoconductivity are plotted as
a function of H2 flow rate in Fig. 11. At an H2 flow rate of 14sccm, the optical bandgap is ~2.8eV
which the conductivity activation energy is -0.3 leV, showing that the film is n-type and the Fermi
level is controlled by the donor-type states such as four-fold coordinated nitrogen. With increasing H2
flow rate, further decrease of the activation energy and significant increase of the conductivity are
observed. This could be attributed to the existence of four-fold coordinated nitrogen atoms in the aGe:H network. Note that the change in the activation energy is only about 0.12eV. To explain the
conductivity increase of about 5 orders of magnitude, the fact that the film network changes from a-

GeN:H to a- or pc-Ge:H matrix must be taken into account in addition to the decrease in the activation
energy.
Future Tasks
i)

In-situ real-time observations of hydrogen bonding features in the growing surfaces of a-Si:H,
a-SiGe:H or a-SiC:H prepared by a pulse-modulated plasma and an inductively-coupled plasma
CVD method (ICP) will be carried out quantitatively by using FT-IR-ATR. We will also evalu
ate the changes in growth surface morphology of a-Si:H alloy or pc-Si deposited on the atomi
cally flat silicon substrate by using AFM/STM. These investigations will bring us a better
understanding about the behavior of adsorbed molecules or film precursors during deposition in
atomic or molecular level and enable us to fabricate the high-quality, low defect density a-Si:H
and a-SiGe alloys.

ii)

For a-Si:H/a-Ge:H, a-Si:H/a-SiC:H and TCO/a-SiC:H heterojunctions, the behavior of bonded
hydrogen and a defect creation and annihilation process will be disclosed by employing the FTIR-ATR, XPS, UPS and CPM, and on the basis of new insights the synthesis of high quality
hetero-junction materials and the development of an interface control method for high-effi
ciency pin solar cells will be performed.
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DEVELOPMENT OF NOVEL TECHNOLOGIES FOR FABRICATION OF
HIGH QUALITY SILICON THIN FILMS FOR SOLAR CELLS
Isamu SHIMIZU
Tokyo Institute of Technology, The Graduate School
1. OBJECTIVES
A systematic study is made for controlling the structures of Sinetwork of growing surface or sub-surface for by means of atomic
hydrogen under the in situ real time observation with a spectro
scopic ellipsometry. Primary aim of this study was to develop a
novel technique to fabricate high quality polycrystalline silicin thin
films on glass by means the Two Step technique (1), and a-Si:H
exhibiting the improved stability for light soaking (2).
2. WORK PROGRAM
In this study, we focussed our attentions on the control of
chemical reactions on the growing surface or sub-surace during
construction of Si-network in the mesoscopic scale using some free
radicals such as SiHn (n= 1,2,3) or halogenous radicals, SiHnXm (X:,F
n+m=3) together with atomic hydrogen which are generated by the
reactive plasma. Our goal is to develop some novel techniques of
making silicon thin films exhibiting excellent photoelectric features
on glass or polymer films. For this aim, we must construct the
closed loop control system for fabrication of thin films.
First of all, we employed a spectroscopic ellipsometry (SE) for the
real time observation of the silicon surface and established its
usefulness, in particular, in making polysrystalline silicon thin films.
Second, atomic hydrogen generated by microwave plasma was
adopted as the mediator for controlling Si-network in the sub
surface under the real time observation with the SE.
We, in practice, developed a novel technique given a name of
"Two-Step Growth" of high qulaity polycrystalline silicon thin films
on glass substrate.(l) In addition, we succeeded to fabricate high
quality wide-gap a-Si:H wider than 2.0 eV by "Chemical
Annealing".(2)
3. SUMMARY (1995-1996)
3-1 UP TO FY 1993
Fundamental studies have been performed on the surface
reaction in construction of Si-network from the fluoiinated
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precursors given in the form of SiFnHm(n+m=3) in our previous
work. Accordingly, the formation of the ordered structure
(crystals) was preferential due to the strong chemical interaction
between F and H. And thus, attempts have been made to apply
these reactions to fabricate polycrystalline silicon thin films on an
enpensive substrate such as glass. To control precisely the surface
reactions, we developed the real time observation with a
spectroscopic ellipsometry and the intentional control by feeding
atomic hydrogen onto the growing surface.
In addition, we developed a .novel technique termed "Chemical
Annealing" to promote the structural relaxation on the growing
surface with the aid of permeation of atomic hydrogen into the sub
surface. We made a-Si:H thin films with narrower gaps exhibiting
the improved stability for light soaking.
3-2 FORFY 1995
(2) Fabrication of high quality polycrystalline silicon thin film on
glass substrate
Poycrystalline silicon (Poly-Si) grown on some inexpensive
substrates such as glass or plastic films are accumulated a great
attension to be applied to the elctronic devices requiring a large
area, i.e., display devices, solar cells and photosensors. Some
difficulties are lying before us to realize this objective; namely,
Poly-Si must be grown at substrate temperature lower than 400
C(l) and high quality inerface must be made at the contact between
the substrate and Poly-Si(2). To realize the precise control of
material structures constructed in the non-equilibrium condition, it
is essential to develop a closed loop system consisting of an in situ
real time observation of the structure in its mesoscopic size
together with the tools for the real time control of the structure.
To make the seed crystals on glass, we used the Layer-byLayer(LL) technique where the deposition of very thin layer (10
nm thick) and the treatment with atomic hydrogen are alternately
repeated. The pseudo-dielectric function corresponding to the
critical point of Ez (hv=4.2 eV) changes makedly during depostion of
films by the LL-technique. Rather low level of ez is maintained
during the dposition because the amorphous phase is dominant.
During H-treatment, on the othe hand, ez value increases rapidly
and falls gradually through the maximum. The rapid increase in
the Ez is explained in terms of the grain growth in solid phase.
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The slow reduction is, on the other hand, due to the chemical
etching resuting in the surface roughness. Poly-crystalline thin
layer exhibiting a texture structure oiineted (220) was made by
LL-technique. The monovalent elements such as F and H were
eliminated down to 1018 and 1020 cm-3, respectively resulting from
crystallization. Defect density of about 1016 cm-3 was obtained by
ESR measurement due to the efficient passivation of dangling bonds
with hydrogen.
Single crystalline silicon is epitaxially from SiF2H (A) on cSi(100) at rather low substrate temperature as low as 300 C. In
Fig.l, the changes in e% during the growth of films by varying the
mixing ratio of the souce gases (on the left) are illustrated. On the
right, the depth profiles of F in the films measured by SIMS are
shown as well. As shown the curve 4, no marked changes in 82
value are observed in the epitaxial growth with an exception of the
initial "dip". F remained in the film was suppressed down to 1017
cm-3 except the piled up at the boundary which corresponds to the
"dip" in the real time ellipsometry. The contamination of substrate
is responsible for the degradation of crystallinity. The
crystallinities are degraded in the order of curves 3,2 and 1 by
changing the mixing ratio as shown in both figures, which are
consistent with the structures obtained from measurements with
Raman, TEM or RHEED. Consequently, single crystal silicon
exhibiting highly ordered structure is epitaxially grown on cSi( 100) at rather low temperature as low as 350 C by choosing
proper chemical species as the precursor.
We attempted to grow silicon films on the seeds made on glass
substrate by LL-technique. Figure 2 shows the real time
observation of e% during the growth and spectra before and after
the growth of films. The ez value is connected smoothly except the
initial "dip", implying that Poly-Si exhibiting the similar
crystallinity to that of seeds is grown continuously. The texture of
Poly-Si grown on the seeds observed inXRD (see (b) in Fig.2) is the
same as that of seeds, which gives a strong support to an idea that
the Poly-Si is grown epitaxially on the seeds.
Finaly, the photovoltaic performances are measured for the
devices of P/I/N structure. High quantum efficiency over 80 % is
obtained in the device consisting of the undoped silicon of 1 |xm
thick. These evidences suggest that the electron-hole pair
generated in the undoped layer are efficiently passed through the
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and the depth profiles of F measured for films grown on cSi(100) by varying SiF4 flow rates
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layer due to rather long mobility-life time products, which leads us
to a conclusion that Poly-Si made on glass by the two step process is
promissing for the application to solar cells.

(2) Fabrication of wide-gap a-Si:H by "Chemical Annealing"
Selection of free radicals is one of the key in making stable Sirandom network at rather low temperature due to enhanving
structural relaxation on the growing surface. We proposed a novel
technique termed "Chemical Annealing (CA)" where the structural
relaxation was intentionally promoted by permeation of hydrogen
radical into the sub-surface Figure 3 shows the optical bandgaps (Eg
eV) plotted as a function of the hydrogen contents (C at%). The
numbers in the figure are the substrate temperature (Ts C). - The
solid line shows an empirical relationship obtained so far. As are
seen int these results, the optical gaps of films made by CA are
obviously widened without accompanying an increase in Ch values.
SiHn(n=l,2) configurations in the network were markedly
changed, resulting from the H-induced relaxation. SiH bond is
dominant in the device-quality films, whereas SiHz becomes
dominant in the films made by CA. The optical gaps increase
linearly with an increasing with the content of 5%. According to
Raman study, short range ordering is improved in the network
exhibiting wide-gaps, which is consistent with the low defect
density as low as (3-5)xl015cnr3 . High photoconductivity and low
electric conductivity in the dark gives a good agreement with the
low defect density.
No marked changes in the impurities such as O, C, or N were
obtained by SIMS measurements. We found rather low relative
density of 0.88 compared with that of c-Si(2.33 g/cm3) in the widegap a-Si:H (Eg=1.9 eV, Ch=17 at%) which can not be elucidated in
terms of voids. Because the size and density of voids measured by
SAXS are 2.3 rnn and 0.75 vol%, respectively. These evidences lead
us to a conclusion that a new phase of silicon network whose
mesoscopic configulation is different from that of the diamond-like
structure may be formed resulting from H-induced structural
relxation. This novel phase shows the improved stability for light
soaking.
h
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150°C

0.015C

Fig.3 The optical gap (Eg eV) plotted as a function of hydrogen
content (CHat%) for a-Si:H fabricated by ‘‘Chemical Annealing”
The numbers in the figure indicate the substrate temperature. The
solid line shows an empirical relation ship between Eg and CHfor
the films deposited continuously.
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4. FUTURE TASKS
We continue the development of thechnique for fabrication of
polycrystalline silicon thin films on glass by "Two-Step Growth" in
respect to application of solar cells fabrication. In addition, the
precise controle of surface reactions for reconstruction of silicon
network with the aid of atomic study is investigated as well for the
aim of making high stable a-Si:H thin film for the solar cells.
5. PUBLICATIONS
1: "Relation between defect density and local structures of a-Si:H"
M Azuma,K.Nakamura,T.Yokoi,Y.Yoshino and LShimizu;
Mat.Res.Soc.Symp.Proc.,377(1995)191-196
2: "In situ real time studies of the formation of polycrystalline
silicon thin films on glass grown by a later-by-layer technique"
T.Akaska and I.Shimizu, Appl.Phys.Lett.,66 (1995)3441-3443
3: Control of grain size and texture of poly-Si with atomic
hydrogen under in situ ellipsometric observation"
K.Nakamura,T.Akasaka, D.He and LShimizu, Mat.Res.Soc.Symp.
Proc.358( 1995)871-876
4: Roles of atomic hydrogen in chemical annealing, K.Nakamura,
K.Yoshini,S.Takeoka and LShimizu, Jpn.JAppl.Phys.,34 (1995)
442-449
5: "Fabrication of high quality silicon related films with band gap
of 1.5 eV by chemical annealing" J.Non-Cryst.Solids 198200(1995) 1046-1049
6: "Fabrication of high quality poly-Si thin films under in situ real
time spectroscopic ellipsometry" J.Non-CrystSolids 198200(1995) 883-886
7: "In situ observation of surface of semiconducdve thin films using
spectroscopic ellipsometry" R.W.Collins and LShimizu" OYOBUTSURI, 65(1996)237-243
8: "Preparation of a-Si:H from dichlorosilane" LShimizu, "OYO
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Interface Studies of Amorphous Silicon
M.Konagai

Tokyo Institute of Technology
Objectives
The objective of this research is to establish the fabrication techniques of a-Si single-junction
solar cells using photo-CVD with a stabilized efficiency of over 9%.

Work Program
(1) Development of high efficiency a-Si solar cell with a delta-doped p-layer
The delta-doping technique has been proposed by our research group and we also developed a
deposition technique for the high quality a-Si films and ZnO transparent conductive oxide. In this
year, to improve the cell efficiency, our work is focused on the following items;
Role of H2 dilution in the deposition of a-Si films and its effect on the solar cell
degradation,
Double-heterojunction a-Si solar cells,
Deposition of ZnO by ALD(Atomic Layer Deposition).
(2) Growth mechanism of high quality Si films(a-Si and epitaxial Si)
The most important issue to improve the efficiency and the stability of a-Si solar cells is the
development of fabrication techniques for high quality i-layer. For this purpose, we investigate the
following topics:
Theoretical analysis of photochemical vapor deposition of Si thin films,
Boron neutralization in Si epitaxial films.

Summary 11980-1995)
1. Up to FY 1994
(a)
(b)

(c)
(d)

(e)

(f)

It was demonstrated that the employment of buffer layer, which consisted of a compositional
grading layer, at the p/i interface was very effective to improve the interface properties.
Preparation of the following materials by photo-CVD were developed:
undoped, n-type and p-type a-Si:H films,
highly conductive n-type and p-type fic-Si films,
a-SiGe:H films,
a-SiC:H films.
For the improvement of electrical & optical properties of p-layer, we have proposed a delta
doping technique. Using a delta-doped p-layer, an initial efficiency of 13.0% was achieved.
We deposited a-Si films with a new source gas such as SiH2Cl2. The light soaking effects of
the obtained film were measured and it was found that the samples deposited with SiH2Cl2
showed slower degradation against the light exposure compared to those deposited without
SiH2Cl2.
We developed the hydrogen dilution technique to deposite high quality a-Si films. By applying
the obtained films to the i-layer of single junction p-i-n a-Si solar cells, the cell with a stabilized
efficiency of 8.5% was fabricated.
The fabrication technique of ZnO as a new TCO material was developed using Zn(C2Hs)2 and
H20 as reactants. Using ZnO as a front electrode, a-Si solar cell with an efficiency of 12.5%
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(g)

was obtained.
The computer simulation model of a-Si solar cells which could simulate the solar cells
operation was developed. Using this simulation program, the influence of interface states at the
p/i interface and the role of a buffer layer were analyzed.

2. For FY 1995
(1) Development of high efficiency a-Si solar cell with a delta-doped p-layer
(a)The role of Hz dilution in the deposition of a-Si films and its effect on the solar
cell degradation
In FY1994, in order to fabricate the high efficiency and high stability cells, we tried to optimize
the a-Si i-layer deposited by hydrogen dilution technique along with other related cell parameters. The
highest stabilized efficiency of 8.5% was obtained in the cell (1.0 cm2 area) with a 190nm-thick ilayer. In this year(FY1995), the numerical model has been used to estimate the dangling bonds
density and energy level in the deposited film by comparing with the temperature dependency of dark
conductivity in initial and light-soaked states. It was found that the center level of the dangling bonds
slightly shifted toward the valence band edge as the bandgap of the film widened due to the H2
dilution. This shift in the dangling bonds level in the i-layer resulted in the increase of open circuit
voltage of a-Si solar cell with the light soaking time as confirmed by the simulation and the
experimental results.
Figures 1 a) and b) show the resuts from the solar cell simulation model in which the i-layer
parameters obtained from the dark conductivity modeling are used. The cell structure is the p-i-n
structure without the p/i interface buffer layer. The effect of light soaking is simulated as the uniform
increase in the i-layer dangling bond density. As seen in the figure, the Voc of the Hz-diluted cell
increases and then decreases again as the i-layer dangling bond density increases, while the Voc of the
undiluted cell decreases.
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This result agrees well with the light soaking experiment(Fig.2) which shows the increase in
the Voc of the Hz-diluted solar cell within the 6 hour of light soaking and the decrease after longer
exposure period. This phenomenon can be described as follows; since the Fermi level of the Hadiluted i-layer shifts toward the valence band edge after light soaking, the electric field distribution in
the i layer can be improved in the near open-circuit voltage condition.
For the cell with the p/i interface buffer layer, the Ha-diluted cell experimentally showed a small
decrease in the Voc with light-soaking time. We also tried to simulate this effect by introducing the
graded bandgap buffer layer into the cell with the Ha-diluted i layer. The buffer-layer thickness of
5nm is assumed. The calculated result shows the same tendency as the experimental results as
shown in Fig.3, that is, the cell with the buffer layer has a higher V0c comparing with the cell without
one but has higher Voc degradation. From the. results above, it can be concluded that it is adequate to
explain the degadation behavior of the Hz-diluted cell by using the i-layer bulk properties alone.
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Fig.2 Prolonged light-soaking experiment of the
Hz-diluted solar cell. Hz/SiHi flow ratio is 2.5.

Fig.3 Computed open-circuit voltage and fill
factor of the solar cell with the p/i interface
buffer layer and Hz diluted i -layer, as a
function of i-layer dangling bond density.

The role of Hz dilution in the Photo-CVD of a-Si films has been investigated by using Dz as a
diluent instead of Hz. The increase in the D content in the a-Si film with the Dz/SiH4 dilution ratio
indicated that the Hz dilution could increase the atomic hydrogen concentration near the growth
surface. By using Dz dilution, a stabilized efficiency of 8.9% has been obtained.

(b)Double-heterojunction a-Si solar cells
The barrier height at the n/metal interface does not affect the conversion efficiency of the cell
when the n-layer is thicker than 20nm. However, the conversion efficiency drops when the thickness
of n-layer is reduced to 5nm even for a low barrier height. As the n layer becomes thinner, a part of
n-layer near its interface with i-layer may become a depletion layer. As a consequence, the built-in
potential which is determined by the difference of the Fermi levels between the p- and n-layers, can
not be maintained high. Basically, the placement of ZnO between n-layer and metal is only for
enhancing the optical reflection from the rear contact. However, since the ZnO is a degenerate n-type
semiconductor with a high carrier concentration, ZnO may influence the pinning of the Fermi level
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and should modify and reduce the barrier height at the n/metal interface. Based on this assumption,

a-Si solar cells having a thin n-layer combined with ZnO at rear contact have been proposed.
Furthermore, a new a-Si solar cell structure with a wide bandgap n-layer has been proposed to
eliminate the hole current flow from the i-layer to the n/metal contact. The proposed cells have a
double-heterostructure of glass/TCO/delta-doped-p(widegap)/buffer/i/n(widegap)/ZnO/Ag/Al.

(c)Atomic Layer Deposition of ZnO
In order to enhance the uniformity of film thickness and grain size of ZnO films, the atomic
layer deposition (ALD) technique was employed to control the deposition of the film at atomic level.
By using the ALD technique, it is expected that grain size as well as the electron mobility of films can
be increased, consequently, the transparency of films can be improved. DEZn and H2O reactant
gases were alternatively fed into the chamber with argon as a carrier gas.
Figure 4 shows the dependence of the deposition rate, which was determined by the average
growth thickness per cycle, on the substrate temperature. The average growth thickness per cycle
increases with temperature below 105 °C. Then, the deposition rate remains constant with increasing
temperature between 105 and 165 °C with a value of corresponding to the thickness of a monolayer of
ZnO (100). Above 165°C, the growth thickness per cycle decreases with increasing temperature.
It was also found that the average growth thickness per growth cycle seems to saturate at the
ZnO (100) monolayer thickness in certain range of DEZn and H2O flow rate. It was observed that
the film had a good uniformity in thickness and grain size. Furthermore, high electron mobility of 30
cm2/Vs was obtained for the undoped ZnO film with the thickness of only 200nm.
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(2) Growth mechanism of high quality Si films
(a)Theoretical analysis of photochemical vapor deposition of Si thin films
The better understanding of the deposition mechanism of a-Si film is required for the
improvement of its quality. It is believed that the atomic hydrogen plays an important role on the
deposition of a-Si thin films. Up to now, the theoretical and experimental characterization of the
deposition process of a-Si has been mainly studied by using the plasma-chemical vapor deposition
(plasma-CVD). However, the determination of chemical reactions is rather difficult in the plasmaCVD because many kinds of radicals are produced by the primary process in the plasma-CVD.
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In this study, we investigated on the role of atomic hydrogen on the surface reaction during the
deposition of a-Si films and the correlation between SiHg and H radical on the deposition process in
the mercury-sensitized photo-CVD has been theoretically and experimentally demonstrated.
For the analysis, the concentration of Hg* was calculated by the Perrin's procedure and then
the concentrations of SiHg and H were estimated from the chemical reactions of each molecule with
adequate rate constants. Figure 5 shows the dependence of the film structure both on the total
pressure and on the flow rate ratio of H2 to SiEU. The film structure was measured by RHEED and
Raman spectroscopy. The solid line shows a theoretical contour line of H/SiHg ratio at which the
value is 0.035. The /nc-Si films were obtained above this line and a-Si films below this line. It is
found from the figure that the structure change from a-Si to /zc-Si can be well explained by the
H/SiHg ratio. The roles of atomic hydrogen are considered as follows: the termination of dangling
bonds which enhances the migration of SiHg radicals and the breaking of the weak Si-Si bonds
which makes the film rigid. Furthermore, the low-defect density a-Si films were obtained on these
boundary conditions, indicating that the high-quality a-Si films could be obtained by controlling the
radical-flux ratio of H to SiHg on the surface.
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Fig.5 The dependence of film structure on the growth parameters.

(b) Heavy B doping in the epitaxial Si
Heavily B-doped epitaxial Si films were prepared by Photo-CVD at a substrate temperature of
200°C. B atoms in the as-grown films were almost 100% neutralized. However, the hole
concentration increased to lxlO20 cm-3 upon annealing. It is suggested that the mechanism of B
neutralization is related to H atoms incorporated during the film growth.

Future Tasks
In this FY, the enhancement of the cell performance have been achieved by improving the
quality of ZnO film and by optimizing its use at the front and rear contacts of the cell. The efficiency
and the stability of the cells have been also improved by introducing the i-layer prepared by the
hydrogen dilution technique. Therefore, in the following years, we will continue to employ these
techniques for the preparation of high efficiency and high stability single-junction p-i-n a-Si solar
cells. Moreover, since the a-Si solar cells prepared by using D2 dilution showed an improved quality,
we will also try to improve the fabrication technique of the cells in order to overcome any problems
relating to its application to the solar cells.
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Study on Structural Defects in Silicon-Based Amorphous Materials
Tatsuo Shimizu
Kanazawa University

Objectives
Silicon-based amorphous materials will be fabricated by various methods and
their physical properties such as the origin of defects and the mechanism of photo degra
dation will be investigated microscopically to establish a fundamental for solar cells with
high efficiency and low degradation.
Work Program
(1) In order to clarify the origin of the photodegradation in a-Si:H, influence of the
photocreated defects on light-induced ESR will be investigated.
(2) Behaviors of photo-induced spin will be studied in a-Sii-^N^iH and a-Sii-^O^H.
(3) Try to construct a model of the photo creation of neutral Si dangling bonds con
sistent with various experimental results.
(4) Dependence on interface-creation methods will be investigated for interface defects
in a-SisN^H/a-Si:H structure.
Summary (1980-1995)
We have been carrying out the investigation on the relation between defects and
the role of hydrogen in a-Si:H and its alloys with carbon, nitrogen, oxygen, germanium,
and tin by means of nuclear magnetic resonance, ESR, infrared absorption and Raman
scattering. Main results of our study are the followings:
1. Up to FY 1994

(1) Hydrogen atoms incorporated in the dispersed form have a role of decreasing
the defect density. Since the structural strain is the origin of increasing the
defect density, the structural relaxation brought by the dispersed hydrogen
atoms is a key factor of reducing the defect density.
(2) By investigating the photodegradation by means of ESR, we have found a
strong correlation between the density of photoinduced defects and the struc
tural flexibility.
(3) By evaluating defects by means of constant photo current method (CPM) and
LESR in a-Si:H and its alloys with carbon and nitrogen, we got useful infor
mation about charged states of the defects and the surface defects.
(4) It was found by measuring ESR at high temperature that the defect density
increases at higher temperature. This is the first direct evidence of the thermal
equilibrium defect.
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(5) By measuring ESR, LESR and CPM in a-Si:H doped with N up to 1 %, some
of N atoms were suggested to be charged defects.
(6) An ESR signal with a complicated structure which is observed in a-SisN^H
is analyzed using isotopes and ab-initio calculation, and the origin of it is
identified as an N-N pair. Especially in films deposited with a fast rate, the
N-N pair appears prominently.
(7) Fast- and slow- increase processes were found in the fight-induced neutral dan
gling bonds in Si-rich a-Sii-rN^zH.
(8) Defects photocreated at 77 K are found to have wide distribution of annealing
activation energies toward low energy compared with those photocreated at
room temperature in a-Si:H.
(9) Spatial distribution of defects created by white fight along the film thickness
was clarified. It was also found that the density of defects in highly defective
surface layer does not change largely by fight irradiation.
2. For FY 1995

(1) Contribution of Floating Bonds to the Photocreation of Defects
We have proposed a new model for the photocreation of neutral Si dan
gling bonds in a-Si:H based on the presence of floating bonds.
1. Weak-bond breaking due to fight soaking
WB° -> 2D°
2. Pair annihilation
FB- + 2D° —*■ D° + electron
3. Electron capture
D+ + electron —> D°
4. Pair creation
2Si° -> FB" + D+
Here WB, FB and D designate a weak bond, a floating bond and a dangling
bond, respectively, and the superscripts 0, + and - designate neutral, pos
itively charged and negatively charged states, respectively. The model can
explain the metastabilization of the broken weak bonds without the movement
of H atoms. The broad, the narrow and the dangling-bond components of the
light-induced ESR signal have been attributed to holes captured at negatively
charged floating bonds, electrons trapped at antibonding states of weak bonds
and photo excited carriers captured at charged dangling bonds, respectively.
(2) Characterization of the Defect States in High-Temperature-Annealed and LightSoaked a-Si:H
The electrical conductivity, light-induced ESR (LESR) and constant pho
tocurrent method (CPM) measurements were performed on a-Si:H films which
had been high-temperature-annealed (HTA) and those which had been lightsoaked (LS) at room temperature. The results were compared for HTA and
LS samples with similar levels of the neutral dangling bond density. It is
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found from the electrical measurements that LS samples exhibit more promi
nent decrease in the electrical conductivity as shown in Fig. 1, suggesting the
structural change prevailing over the whole network. It is also found from the
LESR and measurements for HTA and LS samples that the neutral dangling
bonds are created profoundly compared with the charged dangling bonds by
light soaking, while both the neutral and charged dangling bonds are created
by high-temperature-annealing. On the other hand, the light soaking at 77
K makes the ratio of the density of charged dangling bonds to that of neu
tral dangling bonds larger than the light soaking at room temperature. As
for the narrow and broad components of the LESR signal, light soaking and
high-temperature-annealing induce quite different effects: both the density of
the narrow component and that of the broad component are increased by hightemperature-annealing as shown in Fig. 2(a), while the density of the broad
component is increased and that of the narrow component is decreased by light
soaking as shown in Fig. 2(b). These results are explained by considering the
contribution of negatively-charged floating bonds mentioned in the preceding
chapter.

3. Effects of Subgap Light Illumination on the LESR Signal in a-Si:H
Effects of subgap light illumination were studied for light-induced ESR
at 77 K. The subgap light was illuminated simultaneously with the bandgap
light, and a resultant ESR signal was analyzed by decomposing it into three
component lines: the dark component (D°) with g = 2.0055, the narrow com
ponent with g = 2.0044 and the broad component with g = 2.011. The spin
densities of all the three component lines decrease by illuminating subgap light
as shown in Fig. 3. Since the D° component has an origin of the dangling
bond states deeper in the gap than the other two components, the decrease
in the spin density of the D° component is smaller than those of the other
two. The effect of subgap light alone was also investigated: The ESR signal
increases by illuminating subgap light with hv < 0.99 eV, but not by that with
hv < 0.69 eV. These experimental results can be explained by considering the
energy levels of these spin centers in the gap.

4. Light-Induced Spins in a-Sii-^Na,:!!
Both compositional and temperature dependences of the light-induced
ESR (LESR) were studied in a-Sii-^N^:!!. The LESR signal is decomposed into
three component lines as in a-Si:H. The spin densities of the three component
lines increases with increasing the nitrogen content, although the increase rate
in the spin density of the narrow component is smaller than those of the broad
component. The spin densities of the component lines decreases with increasing
temperature. For a sample with x = 0.27, the temperature dependence and
the effect of subgap light were investigated in detail. The narrow component
disappears above 200 K and the dark component does not show the lightinduced increase above room temperature as shown in Fig. 4. The spin density
of the broad component disappears by illuminating subgap light with hv < 0.99
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eV, while it decreases but remains by illuminating subgap light with hu < 0.69
eV, indicating that the energy levels of the spin centers of the broad component
distribute in the gap beyond 0.69 eV from the valence band edge.

5. Light-Induced Spins in a-Sii_sOx:H
The light-induced ESR signal in a-Sii-^O^zH has a fast-increasing com
ponent (FC) and a slowly-increasing component (SC) as in a-Sii_xNx:H. FC is
annihilated by illuminating subgap light, while SC is not decreased by illumi
nating subgap light. The spin at the dark annealed state and those for FC and
SC have slightly different g-values: the g-value for the dark annealed state is
the largest and that for FC is the smallest. The light-induced ESR signal in
a-Sii_a;Oa;:H can be deconvoluted into three component lines as in a-Sh^N^H.
But the behaviors upon subgap light illumination are little different in these
two alloy systems.

6. Defects around Interface between a-Si3N4 and a-Si:H
Defects around interface between a-Si3N4 and a-Si:H are characterized
by means of ESR and light-induced ESR. Two kinds of samples were prepared:
The first one is obtained by plasma-nitrization of a-Si:H surface, and the second
one by multilayer deposition of a-Si:H and a-Si3N4. In the former sample, the
density of neutral dangling bonds increases in the first stage of nitrization and
then decreases, while the density of total dangling bonds including charged
ones is not decreased so much as that of neutral ones as shown in Fig. 5.
In the latter sample, the light-induced ESR signal is deconvoluted into three
component lines as in a-Si:H. The charged Si dangling bonds and the spin
centers for the narrow component exist more around the interface than in the
bulk.

Future Tasks
In this FY, we proposed a new model for the photocreation of neutral Si dangling

bonds based on the presence of negatively charged floating bonds. This model can
overcome some difficulties in the previous models. However, we should explore more
details in this model and make some experiments for the confirmation of this model.
A final goal of our research is, of course, not the establishment of the model, but the
reduction of the photo degradation based on the model. In order to realize a large scale
solar photovoltaic power generation by amorphous Si, it is indispensable to continue
researches toward such a goal both from experimental and theoretical sides.
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Research and Development of Elemental Technologies
for Thin-Type Solar Cells.
T. Sekigawa, R. Shimokawa, N. Yui, H. Takato, T. Takahashi, K. Ishii, E. Suzuki,
K. Nagai, H. Kawanami, M. Tanimoto, K. Sakuta, Y. Iwata, N. Koyama and S. Sawada
Electrotechnical Laboratory
Objective

The characterization and evaluation technologies of crystalline materials,
surface/interface recombination, cell structures, cell characteristics and

cell

fabrication processes for the thin-type solar cells are being developed.
Work Program
The characterization and evaluation technologies of crystalline materials,
surface/interface recombination, cell structures, cell characteristics and cell
fabrication processes for the thin-type solar cells are being developed.

An

investigation on mechanism to reduce carrier life time with respect to crystal
defects is started.
A cluster-beam technology is developed which can be applied to fundamental
study on interactions of cluster beams with solid surfaces, in order to reevaluate
possible application of clusters to thin film deposition as one of the candidates of
crystal growth methods.
SummaryO 989

995)

1. Up to FY 1994
A high resolution monochromatic light beam induced current measuring system
(MBIC) has been developed. Interface recombination velocity at grain boundaries
and carrier loss near the grain boundaries could be measured for several kind of
poly-crystalline silicon solar cells and wafers. Hydrogen passivation effect on the
grain the boundaries was examined resulting in that the hydrogen passivation
improved effectively photoelectrical characteristics of strain I ess boundaries, while
it was less effective to those of irregular boundaries with large strain.
TEM analysis on crystallographical defects of thin poly-crystalline grain boundary
or grain inside, showed that the hydrogen passivation effect were almost perfect on
the grain boundary or inside of the grain where the defect density was less than 10
5/cm2, but not where it was more than 106/cm2. Also, it was found that
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its effect was small on the slight-off-angles grain boundaries and the irregular
grain boundary regions with dislocation networks and many twin grain boundaries.
A study on the correlation of the crystal structures and electronic characteristics
for the electro-magnetic cast silicon wafers was started. After MBIC measurement
was done for electro-magnetic cast Si cells with large stress and those with H +
implantation

and

thermal

annealing,

PL

mapping

measurement

at

room

temperature and Secco etching were carried out. A band edge PL peak was
observed at wave length of 1154 nm and slightly shifted to long wave length
direction. The PL due to deep level states was not observed. It was shown that
carrier life time was small at grain boundaries acting dislocation source due to
thermal stress

and

PL

level

became

weaker there.

Though one

to

one

correspondence was not yet clear, good correlation among PL level, MBIC level and
dislocation density was observed.
The dual mercury probe method has been proposed developed as a novel
evaluation technique of minority carrier properties. Surface recombination
velocity, S of chemically treated, oxidized or highly phosphorous doped silicon
surface was estimated by this method. HF immersed surface showed S of the order
of 10cm/sec while S of a bare Si surface was as large as 10 5 cm/sec. A highly
phosphorous doped surface (1019 ~ 102 0 /cm3) showed an effectively small S of the
order of 10cm/sec. The determination method of r and diffusion coefficient D
from the frequency-domain phase shift data as well as the amplitude data has
been developed. It has experimentally been shown that, even for poly-crystalline Si
wafers, r and D can be evaluated. Also, this method was found to be applied for
electro-magnetic cast silicon wafers to evaluate both their carrier life time and
diffusion constant distribution separately. There seemed to be a kind of relation
between wafer production process and carrier properties such as life time and
diffusion constant, but further investigation was necessary.
We have developed the scanning spectroreflectometer(SSR) for hemispherical
reflectivity mapping, and using this SSR we have investigated the reflectance of
textured poly-crystalline cast-Si cells microspectroscopically. It was found that
textured grain surfaces show the regularity of the same surface structures ({111}
faces exposure) as the textured mono-crystalline Si surfaces do. Measuring
method of radiance factor has been developed by using the SSR with integration
sphere so as to evaluate optical reflectance and diffusive reflection properties of
the ceramic substrates.
The textured anti-reflection(AR-) film combined the AR-film with optical
confinement was developed. It was found that the effect of optical confinement by
textured ZnO films was able to be improved as far as long wavelength region by
means of controlling the film thickness.
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Three- yu. m-thick single-crystalline silicon solar cells were fabricated using a
bonded silicon-on-insulator (SOI) wafer in order to investigate the passivation
effect due to the surface potential at the SOI layer/SiO 2 back interface changed
by externally applied bias voltages. When the SOI Iayer-Si02 back interface was in
the accumulated condition, short-circuit current (Jsc) and open-circuit voltage (Voc)
were improved. The 23% increase in Voc was obtained by controlling applied bias
voltages. On the other hand, 4.2-At m-thick poly-crystalline silicon solar cells with
alumina ceramic substrate were fabricated. By optimizing carrier concentration in
crystallized layer and reduction of surface reflectance of the cell, Jsc of
25.5mA/cm2 which is comparable to that of cast silicon solar cell was first obtained.
The cell efficiency was 6.52%. Theoretical calculation on the short circuit
current(Jsc) vs. film thickness for thin-film Si solar cell on an ideal light diffusive
reflection substrate with various reflection coefficient R showed that enough Jsc
can be obtained for the case of large R even if a silicon film is very thin, ex. Jsc of
36mA/cm 2 for a Si film thickness of 4 At m. Therefore, new alumina ceramic
substrates of very high R of 99.8 % with good light diffusivity were developed.

Experimental fabrication of thin-type solar cells using SOI wafers were
continued to investigate the surface passivation on the cell characteristics. When
the film thickness became thinner, the cell characteristics was more strongly
affected by the Si/SiO 2 interface, but at the same time, its improvement by the
surface passivation of applied external bias voltage was more effective. Numerical
analysis by 2-D device simulator, MEDICI, introduced carrier generation effect by
solar irradiation showed that enough passivation could be obtained by applying bias
so as to induce inversion or accumulation layer at the surface even if the original
surface characteristics was not so good.
The spectral response of poly-crystalline solar cells at operating point were
evaluated by a newly proposed method which uses a small signal white light
super-imposed on a bias white light. Lumped parameters of cell equivalent circuit
could be derived by almost the same way in the case of single crystalline solar cells.
The small signal white light superimposed method which was proposed last year was
applied to evaluate output characteristics of poly-crystlline Si cells in the range
from short circuit point to operating one. No effects of traps was observed for cast
Si cells under solar irradiation of 50, 75 and 100 mW/cm2.
Basic studies on materials for luminescent solar concentrators (LSCs) were
carried out. Several kinds of styryl and perylene dyes were doped into organic/
inorganic thin films and fluorescent characteristics were evaluated. Two-years
outdoor exposure test of these samples showed no detectable degradation of the
fluorescent properties. Effective concentration ratio of 8.2 was recorded in a
prototype LSC made of PMMA containing a new perylene dye. A Monte Carlo
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simulation program was developed in order to analyze the characteristics of LSCs
which could reasonably explain the experimental results. Two types of LSC-cell
couplings were evaluated: edge- and bottom-coupling. A cluster-beam source
based on a laser-ablation scheme was developed in relation to thin film growth
which could generate metallic and semiconductor clusters of up to one thousand
atoms. The fundamental characteristics of the cluster-beam were studied. An
experimental device was under construction which was to enable one to study basic
interactions of the clusters with solid surfaces.
2. For FY 1995
(1) Analysis on the thin poly-crystalline Si substarte
In order to characterize defects with residual strain or low strain energy of
electro-magnetic cast Si wafers, new very sensitive etching solution was developed.
It is composed of HF-HN03CH3C00H system and has very low etching speed. Using
this new etching solution, very small defects, which had not been detected so far by
using conventional one, could be detected. Particularly, very small defects or
surface dirty spots of crystal surface, which could affect PL signal, could be
detected, and good correlation between the PL method and the MBIC method in
the analysis was obtained.
(2) Fabrication technology on the solar cells
Development of thin film Si solar cells by electron beam-melt-crystalization
method was started this year. The same cell structures as in laser beam method was
used. The electron beam shape is rectangular one of 0.02x0.6mm and the electron
beam was scanned with 0.2mm pitch and the substrate was heated at 900 °C .
Process conditions of beam power and scan speed to get good melt-crystalize were
found as shown in Fig.1. Using newly developed alumina ceramic substrate with very
high reflection coefficient of 98 - 99%, crystal Si thin films were experimentally
fabricated under these process conditions. The films are 3 - 8 Aim thick, p-type with
carrier concentration of 1017cm "3 and have carrier mobility of 60 - 80cm2/Vsec.
Fig.2 shows spectral characteristics of a typical sample(solid line) which has good
agreement with theoretical calculation^) done by assuming complete diffusive
reflection on the alumina ceramic substrate. Broken line shows former alumina
ceramic substrate case. Reflection coefficient in the range of 1200 - 1450nm is due
to the substrate and low reflection in the range of 750 - 1050nm shows that
light-trapping effect is improved by the new substrate.
Two dimensional numerical analysis on thin-type solar cells on SOI substrate was
carried out by using conventional 2-D device simulator MEDICI(TMA). A vertical
boundary with constant interface recombination velocity Sg was introduced in bulk
for the first order simulation of poly-crystalline cells. Fig.3 shows calculated
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efficiency dependence on the Sg for two different SOI thickness d as 10 u. m and
100 Atm and two different life time r as 10 ms and 1 00ms. Sg=0 corresponds single
crystalline case. In the same life time case, it is confirmed that the efficiency is
higher in the thicker SOI thickness. Sg has less effect in the thinner SOI but better
boundary passivation to get Sg of less than 103/sec is necessary for maintaining
good efficiency. Also, self-biasing effect on surface passivation was examined. The
self bias can be applied, for example, through transparent conductive electrode by
using the cell voltage itself to invert or accumulate oxide/semiconductor interface
resulting in reduced surface recombination velocity effectively. Fig.4 shows
calculated typical I - V characteristics . As applied voltage becomes higher, holes
accumulate at the interface and then effective surface recombination velocity goes
donwn. In fact, the output current goes up as bias voltage does, which shows surface
passivation is possible by self-bias.
(3) Cluster-beam source and cluster-surface interactions
Cluster-beam evaluation and cluster-surface interaction Silicon, Iron and
Copper cluster-beams of the size up to a few thousands were generated by means
of a laser-ablation scheme and the dependence of the size and velocity
distributions on the source conditions was studied. The cluster beams were
irradiated by a pulsed laser beam and photo dissociation process was observed to
investigate stability of the clusters of the different sizes and possibility of the size
distribution control. In addition a new experimental device was completed to study
fundamental interactions between well-characterized clusters and solid surfaces in
relation to evaluation of a possible application of the cluster beams to thin film
growth. The effects of momenta and internal excitations of the clusters on the
interactions were to be investigated.
Future Tasks
A study on the correlation between structural analysis and electronic activity of
the grain boundaries or surfaces must be further continued to apply it for
thin-crystalline or thin-film-crystalline Si and develop evaluation method for their
characteristics. Experimental fabrication of thin-film Si solar cells by using newly
developed alumina ceramic substrate with very high reflection are continued so as
to confirm light-trapping effect. High open circuit voltage cells by applying surface
potential control must be experimentally verified as simulation showed.
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Fundamental Research on Amorphous Silicon Solar Cells
A. Matsuda, H. Oheda, S. Yamasaki, N. Hata, M. Hondo,
Y. Toyoshima, I. Sakata, G. Ganguly, A. Suzuki, T. Kamei,
H. Okushi, H. Nonaka, N. Orita, H. Katagiri, S. Ichimura,
K. Kokubun, T. Nakamura, T. Sekigawa, M. Yamanaka
Electrotechnical Laboratory
Objectives
Fundamental materials research on amorphous silicon and
related thin films will be carried out, with the objective
of achieving low cost amorphous silicon thin film solar
cells, using a new concept for materials research termed
"Process control via process diagnostics".

Work Pr.Qgram
Problems to be solved in amorphous silicon related
materials for application in thin film solar cells can be
classified into two broad areas; (1) reduction of the
defect density and improvement of the carrier mobility in
the material with a view to improvement of solar cell
performance, and (2) clarification of the mechanism
underlying the photo-induced degradation phenomenon and
means to control it.
In order to realize these purposes,
sophisticated process diagnostic techniques need to be
developed for the understanding of gas-phase and surfacereaction processes during growth of thin films from glowdischarge plasmas, which will lead to improvements in film
quality including the interface properties of homo- or
hetero junctions. New evaluation techniques also need to
be developed to investigate the microscopic network
structure(s) responsible for the photo-induced degradation
phenomenon.
Summary (1980 - 1995)
1. Up to FY 1994
Hydrogenated amorphous silicon (a-Si:H), fluorinated
amorphous silicon (a-Si:F:H), chlorinated amorphous
silicon (a-Si:Cl:H), and amorphous-microcrystalline
mixed-phase Si :H (p.c-Si :H) were prepared via glowdischarge (GD) decomposition of SiH4, Si2H$ and/or SiF4
as well as SiH2Cl2.
Growth mechanism of these materials was studied using
novel plasma- and surface-reaction diagnostics such as
OES (Optical Emission Spectroscopy), MS (Mass
Spectrometry), LIF (Laser Induced Fluorescence), CARS
(Coherent Anti-Stokes Raman Spectroscopy), IRLAS
(Infrared Laser Absorption Spectroscopy), GM (Grid
Method, SCM (Step-Coverage Method), and IRRAS (Infrared
Reflection-Absorption Spectroscopy), which have been
developed mainly at ETL. A guiding principle was
delineated for designing high quality thin film
materials on the basis of the knowledge obtained using
the above process diagnostic techniques.
The guiding
principle was applied to the preparation of amorphous
SiGe:H and SiC:H alloys in addition to a-Si:H.
Alloy
materials prepared using the triode as well as the H2~
dilution methods exhibited high photo-to-dark
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conductivity ratio with reduced defect densities.
Defect density of a-Si:H was also reduced down to
10^/cm^ (one order of magnitude lower than the
conventionally prepared so-called device quality aSi:H) using new techniques named PADS (Precursor
Assisted Defect Suppression) and DREP (Defect Reduction
by Energized Precursors). Carrier mobility of a-Si:H
was drastically improved by two orders of magnitude
utilizing ionic species during film growth.

Structure of these materials was characterized using
many new evaluation methods such as ICTS (Isothermal
Capacitance Transient Spectroscopy), PAS (Photo
Acoustic Spectroscopy), MPC (Modulated Photocurrent
Method), EMC (Hetero-junction-monitored Capacitance
Method), TOP (Time of Flight method), and Pulse ESR
(Electron Spin Resonance) methods, mostly developed or
modified in ETL.
The electronic structure of the
material relating to the photo-degradation mechanism as
obtained by these novel methods along with the results
from conventional characterization, runs counter to the
photo-degradation models proposed by several groups
which involve weak-bond 'breaking and charged danglingbond conversion.
Relevant technologies including the above have been
partially transferred to more than 30 Japanese
industries for the past 15 years.
2. For FY 1995
(1) Relationship between photo-induced degradation
behavior and impurities in a-Si:H
Photo-induced degradation is the most urgent problem
to be solved. Several models trying to explain the
phenomenon have been proposed. Among them, the model
based on the impurity incorporated in a-Si:H is
thought as the most plausible one. Although many
research institutes have tried to control the impurity
level by introducing ultra high vacuum system, it was
the limit to reduce the oxygen content for instance in
a-Si :H down to lO-^/cm^.
However, this value is close
to the saturation value of dangling bond density after
the light soaking using intensive pulse laser, meaning
that we need to reduce the impurity level much less
than l()17/cm3 to check the actual correlation between
the degradation and impurity. For this purpose, we
designed an extremely-ultra high-vacuum (XHV) system
equipped with two series silane gas purifiers and with
shroud structure covering the almost whole area of
inside wall of the reactor to change its temperature
at 250C during pre-evacuation and at -30C during
growth of a-Si:H. Using this system a-Si:H film was
prepared under standard conditions; substrate
temperature of 250C, silane gas flow rate of 20SCCM,
pressure of 30mTorr and radio frequency power of
SOmW/cm^. The film deposited exhibits extremely low
impurity levels, determined by secondary ion mass
spectroscopy (SIMS), as shown in Fig.1. Oxygen
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impurity level, was successfully reduced down to

10l5/cnv3.

0 Backgrounc

C Background
/ N Background

DEPTH (jim)
Fig.1. SIMS profile of impurities in a-Si:H prepared
using XHV system.

Nevertheless, the purified films having the impurity
level less than 10-*-6/cm3 showed quite similar photoinduced degradation to the conventionally prepared
films having oxygen-impurity level of 10^-^/cm^. It is
obviously concluded from the fact that impurities such
as oxygen, nitrogen and carbon incorporated in a-Si:H
are no direct cause of photo-induced degradation of
the film.
(2) Reproducible control of the network randomness in
a-Si:H
Control of electron and hole mobilities, intimately
related to the network randomness of amorphous
semiconductors, has been tried by means of the control
of ion energy impinging to the film growing surface.
This trial has been made in ETL two years ago only
changing the mesh bias voltage to control of ion
energy in the triode structure, but reproducibility is
low and only very narrow region of the sample showed
high mobility at that time, therefore, it was very
hard to discuss the relationship between the network
randomness and stability against light soaking in aSi:H. This is due to the fact that ion energy
distribution impinging to the film-growing surface was
rather wide when using the technique mentioned above.
To control the ion energy and its distribution more
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Fig.3. Hole mobility of a-Si:H prepared under
different substrate bias conditions.

precisely and reproducibly, newly developed electrode
configuration for the plasma CVD as shown in Fig.2 is
proposed. Main silane plasma is completely confined
between cathode and mesh electrode using cylindrical

wall and mesh electrode is electrically grounded using
condensers, producing very silent sub-plasma showing
low electron temperature as low as 0.lev below the
mesh electrode. Using this electrode configuration, aSi:H is prepared by changing the substrate bias
voltage. As shown in Fig.3, the hole mobility at room
temperature of the film deposited under the substrate
bias voltage condition of 18V shows high value by two
orders of magnitude as compared to that of
conventionally deposited a-Si:H. This reproducible
control of carrier mobility gives us a chance to check
the relationship between the network randomness and
the photo-induced degradation behavior.
Future Tasks
The mechanism of film growth and the reactions determining
the defect density in a-Si:H has been identified on the
basis of the results obtained from a wide variety of
process diagnostics, and a drastic reduction of defect
density as well as a big improvement of carrier mobility
have been demonstrated.
These results will be introduced
in the actual solar cell fabrication processes and the
improvement of cell efficiency will be achieved in the near
future. Of course, better understanding of the microscopic
film growth process is required for further improvement of
materials properties in a-Si:H, a-SiGe:H, a-SiC:H, doped
materials, and microcrystalline Si. Moreover, in order to
clarify the mechanism underlying the photo-induced
degradation of the films, development of new
characterization techniques will be crucial for
identification of the microscopic or mesoscopic network
structure (s) responsible for this phenomenon.
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Analysis and characterization to practical thin-film solar cell
Hiroyuki Oyanagi, Yasumasa Okada, Hirotaka Yamaguchi, Ryu Shioda,Shin'ichi Kuroda,
Osamu Igarashi, Hiroshi Tanino,Yunosuke Makita, Akimasa Yamada, Shinji Kimura,
Akira Obara, Shigeru Niki, Hajime Shibata, Paul Fons
Electrotechnical Laboratory, AIST, MITI

Objectives
Chalcopyrite compounds and related alloys such as CuInSe2 and Cu(InGa)Se2 are
promising materials for application in solar cells because of bandgap controllability and a very
high absorption coefficient. This program aims at the characterization of these chalcopyritetype semiconductors and related materials to deduce the correlations between the properties
and the growth conditions and establish the guide-lines to produce high-quality thin films for
solar cells.

Work Program
To be carried out are analysis and characterization of (1) material properties, (2) processinduced characteristics and (3) fundamental device structure on chalcopyrite semiconducting
materials.

It is intended, respectively, (1) to extract dominant factors in the materials

including heterointerfaces that control the performance of devices, (2) to indicate a guiding
principle for optimization of the fabrication process to obtain high quality material through
investigating what control defects and boundaries in films during the process, and (3) to
present a clue for technological development yielding highly efficient solar cells by making a
advanced study to introduce innovative structures or configurations for devices and materials.

Summary (1991-19951
1. Up To FY1994
A high-vacuum multi-source evaporator was designed and constructed to prepare thin films
of chalcopyrite-type semiconducting materials. Using this apparatus, it was succeeded to grow
single crystal thin films of CuInSe2- These films have been characterized through RHEED
(Reflection High Energy Electron Diffraction), X-ray diffraction, Hall effect measurement, PL
(photoluminescence spectroscopy) and other methods then defect energy levels have been

evaluated.
The local structure of bulk CuInSe2 was analyzed by EXAFS (Extended X-Ray
Absorption Fine Structure) technique then a fluorescence detection EXAFS was applied to the
CuInSe2 thin film (2 pm) with various In/Cu ratio prepared by a coevaporation technique. The
Cu-Se and In-Se bond lengths were determined from the Cu K- and Se K-EXAFS
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oscillations. The results showed that the local structure of CuInSe2 is maintained and a phase
separation was not observed for a wide range in the In/Cu ratio.

The local structures of

heterointerfaces, such as GeSi, GaAs/Si and InAsP/InP were elucidated by use of a recently
built surface structure analysis system and synchrotron radiation.
Polarized Raman measurements of CuInSe2 crystals was performed at low temperatures
and we succeeded in identifying all of the Raman-active modes. Epitaxial thin films of
CuGaSe2 and CuInSe2 single crystals were successfully grown by H2S (H2Se)-halogen
transport method. In addition, the analysis of reflection electron-diffraction (RED) patterns for
chalcopyrite-type materials was completed.
In FY1993, optimization of growth CuInSe2 growth conditions is undertaken using
electron microprobe and low temperature photoluminesence results of as-grown films. The
photoluminesence spectra exhibits narrower peak widths and sharp spectra features compared
with earlier results reported in the literature. Two sharp peaks are attributed to the
recombination processes while the remaining six peaks are attributed to phonon replicas due to
the strong electron-phonon coupling present in epitaxially grown thin films of CuInSe2- A Ga
cell is introduced and growth of CuGaSe2 epitaxial thin films is started. For CuGaSe2 films it
is noted that the Cu/Ga ratio in the as-grown film is approximately 0.8 that of the Cu/Ga
molecular beam growth fluxes. Similar results were noted for CuInSe2 films with the
additional observation that films grown under Cu poor (rich) conditions were observed to Se
rich (poor).
2. For FY 1995
(1) MBE-Growth and optical properties of Cu(In/Ga)Se2
(a) Epitaxial CuInSe2
Low temperature photoluminesence characterization of heteroepitaxially induced defects
was performed on both CuInSe2 and CuGaSe2 thin films. The origins of several near band-

edge defect-induced spectra features were identified and precise locations were measured
relative to the band edge. Film relaxation by the introduction of misfit dislocations was studied
as a function of epitaxial layer thickness for CuInSe2 films. This work was motivated by an
observed change in surface reconstruction observed by reflection high-energy electron
diffraction during growth of CuInSe2 thin films. As-grown films were observed to be strained
significantly beyond 80 A critical layer thicknesses predicted by theory. Further investigation
by two-dimensional reciprocal space mapping indicated that strain mediated diffusion of Ga
from the GaAs substrate was responsible for the critical thickness value.
Temperature dependent photoluminesence measurements from T=2-102 K were also
performed on as-grown CuInSe2 epitaxial thin films. Two distinct emission lines were noted
in the vicinity of the band edge. An emission at 1.0386 eV (E%i) was observed to become
broader with increasing sample sample temperature which persisted even at 102 K. An
additional distinct, sharp emission was observed at 1.0311 eV (Ixi) which disappeared at a
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significantly lower temperature than other peaks and was only observed in films with weak
donor-related emissions. These emissions were attributed to the ground-state free exciton
(FEn=l) and exciton bound to neutral acceptor [A®,X], respectively. The band gap of epitaxial
CuInSe2 was determined to be 1.046 eV at 2 K using the reduced mass hydrogenic model.
The as-measured location of the I%1 emission was consistent with the calculated position using
Hayne’s rule and the above value of the bandgap.

Fig. 1 AFM image of Cu-rich CIS.
(b) Epitaxial CuGaSe2
CuGaSe2 epitaxial thin films grown on GaAs substrates have been characterized by
photoluminesence and X-ray diffraction. Using the temperature dependence of the free
excitonic peak, the excitonic binding energy was determined to be 16 meV. The band gap of
CuGaSe2 was determined to be 1.7310 eV. An acceptor bound excitonic level was
additionally identified and its binding energy was determined to be ~3 meV. Strong phononelectron coupling was observed.
(2) Structural characterization
(a) Thickness and Cu/In ratio dependence of lattice parameters
CuInSe2 (CIS) single crystal films grown by molecular beam epitaxy were examined using
X-ray diffraction. It is found that high solar efficiency is intimately related with the defect
structure of the material. We studied the thickness dependence of a- and c-spacing of CIS
epitaxial layers. The thickness dependence of both parameters shows that the epitaxial layer
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was tensile-stressed due to the thermal expansion coefficient of the CIS a-axis being about a
factor of two larger than that ofGaAs. For the samples with various Cu/In ratios (typically 1
micron thick), both a- and c-spacing were measured. Both lattice parameters were determined
correcting for thermal stress as well as strain due to lattice mismatch. The unit cell volume
were estimated from the stress-corrected a- and c-spacing. We find that the corrected lattice
parameters of Cu-rich CIS were nearly consistent with the standard values. However, for In
rich CIS, the c/a ratio is 2.028 and the cell volume was smaller than the standard value, which
was estimated to be 98.4%. It seems that the In rich films include many vacancy type defects.
(b) In-plane anisotropy
The as-grown films were cut into rectangle shapes with the GaAs [1.1.0] direction as long
side, and [-1.1.0] as a short side. The FWHM of omega scan peak around the <001> axis of
four symmetrical (1.1.10) reflection were then measured. An anisotropy with respect to the
<110> direction was found by comparing the four FWHM. In the [1.1.0] direction, the
FWHM is larger than that of the [-1.1.0] direction. Elongated island structures observed along
[-1.1.0] by atomic force microscopy in early stages of MBE growth are consistent with such
an anisotropy of the FWHM. It is also consistent with an anisotropy on the misfit-dislocation
density, i.e., values along the [1.1.0] direction is larger than that of the [-1.1.0] direction. The
FWHM anisotropy is compared with (1.1.10), (116), (114) and (112) reflections which are
inclined from the (001) plane, respectively. Furthermore, no asymmetry of the FWHM of
MBE-grown AlGaAs films on GaAs were observed for the (115) reflection.

Fig. 2 Schematic "prismatic" model as a mosaic structure of CIS film.
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Thus we conclude that the origin of an anisotropy of the FWHM is related to the degree of a
lattice mismatch. We propose a "prismatic" model as a mosaic structure of CIS film as shown
in Fig. 2.
(c) Precise lattice parameters of a bulk CIS single crystal
Standard values of lattice parameters of CIS is important for characterization of a defect
structure. The bulk CIS single crystals grown THM method were characterized using chemical
etching technique and X-ray diffraction, and the growth of a single crystall over 10 mm radius
is found. The FWHM of (008) reflection with CuKal is 0.09 deg. with un-monochromatic
X-ray to be compared with 0.06 degree of GaAs single crystal and 0.33 degree of MBEgrown CIS epi-layer. Precise lattice parameters are decided using Bond method as a=5.785lA
± 0.0003A, c=l 1.62395A from d-spacings of (008) and (1.1.10) plane, which are slightly (4
xl0'4) larger than JCPDS's values (a=5.782lA, c=l 1.6191 A). Since the measured integrated

intensities of (309) and (633) chalcopyrite reflection almost coincided with calculated value, it
is likely that cation sites are not disordered.

(3) Epitaxial growth of Cu(In/Ga)Se2 by halogen-transport method
(a) Mo depositions on sapphire (AI2O3)
Mo depositions on sapphire (AI2O3) were effected by H2 reduction of M0O3, and the
crystallinity of the films was characterized by reflection electron diffraction (RED)(60 kV).
The substrate materials used in this investigation were as-received polished (1102)- and
(OOOl)-oriented AI2O3 (6 x 8 x 0.34 mm3). Mo films of about 0.06 mm in thickness were
obtained within a growth time of 50 min. along the [110] direction of the film. It is reasonable
to expect that the crystal giving the pattern is composed of (110)-oriented crystallites since on
the (0001) AI2O3 substrate, three sets of (110)-oriented crystallites are grown every 120°
about the [0001] axis of the substrates.
(b) Growth of CuInSe2 on Mo substrate
The crystallinity of the CuInSe2 films was characterized by RHEED. The accelerating
voltage employed was 60 kV. Expected reflection patterns along each azimuth for every 30°
rotation on the (112) plane of the chalcopyrite structure have already been given by the present
author. The crystal is composed of twelve (112) crystallites which are rotated every 30° about
the [001] axis of (001) Mo. Considering that the (001) plane of Mo is fourfold-symmetric
about the surface normal, there exist four equivalent positions for the deposited nuclei to
occupy. Therefore, the twelve (112) crystallites are classified into four equivalent groups, each
of which is composed of three (112) crystallites. It is deduced that the crystal is composed of
four sets of (112)-oriented crystallites rotating every 90° about the [001] axis of the (001)Mo
substrate. As mentioned above, (112)CuInSe2//(001 )Mo was unexpectedly realized instead of
{001} CuInSe2//(001 )Mo. The result could be explained in terms of a minimum lattice-mismatch
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criterion taking into consideration that Mo has a bcc structure. Considering that Mo has a
body-centered cubic structure, some atoms constituting the first layer of CuInSe2 may be
aligned perpendicular to face-centered positions of the (001) Mo substrate. For
(001 )CuInSe2//(001 )Mo , according to the directions indicated in the projection, the mismatch
between CuInSe2 and Mo is -8.0 % in both the [110]Mo and [110]Mo directions. On the other
hand, in the case of (112)CuInSe2 // (001)Mo, the mismatches are -8.0 and +6.3 % in the
[110]Mo and [110]Mo directions, respectively. Thus, the latter is a more favorable growth than
the former if considered from the standpoint of the criterion of the minimum lattice mismatch
between grown layers and substrates.
Future Tasks

Further characterization of the photoluminesence signature of various impurity and defect
related levels will be pursued for both CuInSe2 and CuGaSe2 epitaxial thin films. Annealing
effects on the structural, optical, and electronic properties of CuInSe2 films will also be
investigated. Additionally, epitaxial thin films of CuIni_xGaxSe2 will be grown and
characterized. With the introduction of a ultra-high vacuum interconnected II-VI growth
chamber, epitaxial thin films of window material will be deposited as well. Optimal growth
conditions for heteroepitaxial window material will be determined. In order to understand the
influence of an impurities and a defects to electric and optical properties, it is important to
precisely characterize its defect structure and to improve a growth technique. The <110>
anisotropy of CIS epi-layers should be studied as a thickness dependence in relation to a
degree of lattice mismatch. The structure of Cu-deficient phases in In rich CIS should be
investigated in detail while precise lattice parameters of a bulk CIS single crystal should be
measured with near stoichiometric composition.
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Fundamental Research on Extra-high Efficiency Si Solar Cells
T. Sekigawa, E. Suzuki, K. Ishii, H. Takato, N. Yui amd R. Shimokawa
Electrotechnical Laboratory
Objectives
To develop advanced characterization techniques of Si solar cell
materials,elemental solar cell design and fabrication techniques, and sophisticated
surface passivation techniques as essential parts for realization of extra-high
efficiency Si solar cells.

Work Program
To materialize extra-high energy conversion efficiency, both minority carrier
lifetime as high as possible and surface recombination velocity as low as possible are
required. However, no practical characterization technique for evaluation of higher
lifetime has been available. To the aim, research and development of a novel
measurement technique of higher minority carrier lifetime based on the
measurement of photoluminescence (PL) from high-quality Si wafers are continued.
Also, developement of a new utilization technique of solar spectrum range which is
not used effectively so far is initiated.
Summary (1992-1995)
I. UP to FY 1994
We aimed at utilization of transient and/or frequency characteristics of photo
luminescence (PL) from Si wafers to evaluate the minority carrier lifetime. From the
theoretical investigation of PL from Si wafers excited by intensity-modulated probe
light, it was found that minority carrier lifetime mainly governed by non-radiative

carrier recombination can be evaluated by the frequency-domain PL
characteristics. Based on this finding, we examined detection systems of PL from Si
wafers, and set up almost the PL measurement system.
The further theoretical investigation revealed the fact that the
frequency-domain PL characteristics normalized by the low frequency limit is
almost independent on wafer thickness, minority carrier diffusion coefficient and
wavelength of probe light, and is determined only by the minority carrier life time. It
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was found, furthermore, that the PL characteristic is almost independent even on
surface recombination velocity in the low frequency region. From the comparison
between the theoretical calculation and experiment for an n-type, (100)-oriented
FZ Si wafer at room temperature, we obtained about 30 p. s as the minority carrier
lifetime for this sample. Furthermore, the preliminary experiment showed that the
minority carrier lifetime evaluated by the PL method has temperature dependence,
that is, the lifetime increases with increasing temperature. Improvement of the PL
measuring system by introducing higher sensitive detection system and stronger
exciting light intensity was tried. From the comparison between theory and
experiment by this improvement on an n-type FZ Si wafer at room temperature,
minority carrier life time of 130 ^s was obtained. This value is still a little bit smaller
than the value of 200 i± s estimated by the dual mercury probe method. But it
became possible to measure about one order larger life time.
We have started to set up a rapid thermal annealing system for pursuing structure
or mechanism to utilize infrared or ultraviolet range of solar spectrum.
2. For FY 1995
In order to investigate possibilities to utilize infrared or ultraviolet range of solar
spectrum for higher coversion efficiency, rapid thermal annealings(RTA) were done
on Si wafers irradiated by proton or helium ions to form crystal defects
intentionally. Si wafers of n-type, (100), 10 - 20 Q -cm were used. The proton ion
implantation with 18Mev , 1014 - 3x1015 doses and about 10 Aim peak from the
surface were carried out. The RTA was done in dilute oxygen
atmosphere(N2:02=10:1). RTA temperature(700 - 900°C) and time(5 - 60sec) were
taken as experiment parameters. After RTA, Shottky diodes were formed with Au
electorodes and evaluated optically through spectroscopic characteristics
measurement and electrically by l-V, C-V and DLTS measurements.
Fig.l shows schematic experimental procedure. Fig.2 shows atypical experimental
result of spectral response of short-circuit current of samples formed by using 1015
cm"2 proton implanted wafer. RTA time was fixed to 15 sec and RTA temperature
was taken as a parameter. Peak shifts to short wave length range were observed in
samples with low temperature RTA, and showed degradation of minority
carrier(hole) diffusion length or life time. Higher RTA temperature could recove
their characteristics as 800°C sample one was recovered to almost initial one before
the implantation. In the range of wave length longer than 1200 nm, RTA samples
had larger sensitivity than initial non-implanted one. This effect became less for
higher RTA temperature samples and then was due to longer effective absorption
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length by scattering effect in residual crystal defects. Unfortunately, all samples
had similar response shape in the infrared range and no sensitivity increase by
carrier generation was observed. Moreover, inversely biased samples were
evaluated to check carrier recombination through defect states created by the
implantation. In this case, sensitivity increase was observed and it was lager in less
enough RTA samples than enough RTA samples resulting in reduction of carrier
recombination through the defect states. However, all samples had similar response
shape in the infrared range and no carrier generation was observed too. The same
was true in other all samples with different implantation doses(1014 - 3x1015 cm-2),
RTA temperatures(700 - 900 °C ), RTA times(5 - 60sec) and inverse bias
voltages(-20, -50) to conclude that no sensitivity increase in the infrared range by
crystal defects was observed.
The crystal defects created by the proton implantation and subsequent RTA were
also evaluated by DLTS measurement. Three majority carrier(electron) trap peaks,
El ,E2 and E3 were observed in samples with 700°C RTA. The peak height decreased
in 800°C RTA samples and major peak E3 was disappeared. No peaks appeared in
900°C RTA samples showing almost complete annealing of defects. Energy positions
from conduction band edge of the peaks were 0.24eV(E1), 0.31 eV(E2),0.38eV(E3),
0.28eV(E1') and 0.33eV(E2'). Also, electron traps near mid-gap(about 0.55eV) of Si
were observed remarkably in 700°C RTA samples. Among those peaks, E1 and E3 ,
similar traps to which have been reported in electron or ion beam irradiated Si, are
defect states originated from divacancies with different charged states. E2 has
been reported to be a defect relevant to hydrogen.
Future Tasks
To materialize an ultra-high efficiency Si solar cell, it is required to investigate the
ultimate utilization of solar spectra, e.g., the actual usage of infrared light with
lower energy than the Si band gap and the effective carrier generation by violet
light with high energy. Through the research done on the former, we could not find
possibility of defect photovoltaic within our experiments in the wide range. For
future works, however, it is required to investigate the creation of an effective
stepping stone energy level such as a defect-impurity complex and the effective
usage of light scattering by defect layers which is partially suggested during the
work so far. In addition, the possibility of multi-carrier generation by a high energy
photon should be studied from the latter viewpoint.
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- 397 -

1600

Fundamental Research on Extra-high Efficiency III-V
Compound Semiconductor Tandem Solar Cells
T. Sekigawa, H.Kawanami, I. Sakata, K. Nagai, K. Matsumoto and K. Miki
Electrotechnical Laboratory

Objectives
To characterize and evaluate the heteroepitaxial layer and the interface of the
III - V compound semiconductors on Si substrate by optical, electrical and
structural methods for the promotion ofthe fundamental research on extra-high
efficiency III — V compound semiconductor tandem solar cells.

Work Program
Fundamental characterizations and evaluations are carried out for
the
extra-high efficiency III — V compound semiconductor tandem solar cells using the
III - V compound semiconductors on Si substrate. Especially, the heteroepitaxial
process technology, characterization and evaluation technologies for thin
crystalline films, device process technologies are developed.

Summary (1991-1995)
1. Up to FY 1994
The initial stages of the III-Vcompound semiconductor film growth on Si are
preliminary investigated. It was observed that the adsorption conditions of the first
atomic layer of the film control the growth process and the quality of the film. Also,
the initial growth model which explains well the experimental results was proposed.
The model is based on the surface steps which control the growth process. The
preliminary analysis by EXAFS for Ga-bonds has indicated that the Ga-bonds are
different from these of bulk GaAs and they depends on the substrate temperature
at which the first As layer is deposited.
Characterization for Si thin layers buried in GaAs were carried out by Raman
spectroscopy. The spectra which were explained by the phonon confinement effects
in the small region of the Si thin layer were observed. The layer thickness
irregularity or the defects are explained to cause the effects.
Characterization

for the

initial

growth

and

intefacial

structure

of

hetero-epitaxial process of GaAs on Si by RHEED and EXAFS were started. In-situ
atomic scale surface observation system for the film during the growth of compound
semiconductors on Si was installed. Hydrogen atoms on the heteroepitaxy of GaAs
on Si substrates was confirmed to have an effect of lowering the induced deffects
through measurements of PL and solar cell characteristics. The heteroepitaxial
growth of InGaP, which has optimum band gap to construct multi-junction solar cells
with Si, was tried. It was shown that interface buffer layer is necessary to get high
quality grown crystal film.
As a new atomic scale technique to observe the growth process before, during,
and after the film growth in real time and in real space at actual growth
temperatures, scanning tunneling microscopy (STM) were extended to surface
dynamics at elevated temperature, we demonstrated STM observation with atomic
resolution at elevated temperature of the 1x1-7x7 phase transition on the Si( 111)
surface at temperatures of around 900 ° C, also we observed the evolution of
surface step morphology on Si(111) in real time.
The evolution of surface step morphology on a Si(001) substrate at various
temperatures up to 600C was examined by STM. The substrates with a tilt angle
less than 0.08 degree, and tilt angles of 0.5,1,3, and 4 degrees from (001) to [111 ]
were used. When the tilt angle was less than 1 degree, two kinds of monatomic steps
were observed. When the tilt angle was more than 3 degrees, it was observed that a
biatomic step is stable up to 800° C. It was concluded that the biatomic step on the
stepped surfaces of tilt angle more than 3 degrees is stable, and the stepped
surfaces are very suitable for heteroepitaxy of GaAs on Si.
Also, a real time STM observation of initial stage of crystal growth during Si/Si
homoepitaxy were systematically tried in order to apply it to GaAs on Si
heteroepitaxy.
2. For FY 1995
The growth of InGaP on Si was continued by the two step procedure same as
reported for GaAs on Si. The MBE system used in these experiments was an ultra
high vacuum (UHV) system consisting of a growth chamber, an analysis chamber and
a sample entry chamber. Surface of the substrate and the growth of the epitaxial
layer were studied in situ by the RHEED system with a 20 KeV electron beam. The
wafers used in the experiments were Si(001) 4 degree off towards a [110]. An initial
low growth layer with a thickness of 20 nm was grown at 300 °C. Then the substrate
temperature was increased to the main growth temperature of 560 „ C to grow
finally about 1 Aim thick layer. The growth rate was about 0.4 aim/h for InGaP and
about 0.2 al m/h for GaAs. Fig.l shows RHEED patterns in growth. Almost no 1/2
streak patterns were observed and natural super lattice was dificilt to grow in the
-
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growth condition. It was confirmed by RHEED patterns after growth that single
domain crystals were obtained. Growth modes can be seen different as streak or
spotty patterns was observed when using direct growth or different buffer layers.
Fig.2 shows surface photographs of the samples. All samples have mirror like
surfaces and surface morphologies are independent to buffer layers. Fig.3 shows PL
spectrum of an InGaP/GaAs/Si structure. Higher energy peak shows red shift and
lower energy peak does not show any shift. This is typical in InGaP film with natural
super lattice and it can be said that natural super lattice was formed even if no
surface reconstruction occurred in RHEED patterns. Fig.4 shows PL intensity vs.
various buffer layers which shows effectiveness of buffer layer of epitaxial Si or
GaAs to improve film quality. However, the effectiveness of epitaxial Si layer as a
buffer layer shows less control of the surface of Si substrate.
Future Tasks
It was found that preparation of well controlled surface of Si substrate is
important to obtain good quality InGaP films through the growth experiment of
InGaP on Si substrate done so far. Therefore, buffer layer effects must be more
precisely studied by using well controlled surface of Si substrate and practical
method to get more higher quality grown films must be found.
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Fig. 1 RHEED patterns for InGaP/Si:
(a) InGaP/Si, (b) InGaP/Si/Si,
(c) InGaP/GaP/Si, (d) InGaP/GaAs/Si

Fig.2 Nomarski micro-photograph of InGaP/Si
(a) InGaP/Si, (b) InGaP/Si/Si,
(c) InGaP/GaP/Si, (d) InGaP/GaAs/Si
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Fig.3 Photoluminescence spectra of InGaP/GaAs/Si
for various buffer layers
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Fig.4 Peak height of photoluminescence spectra
for various buffer layers
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Research on New Concentrator Modules

T. Tanimoto, K. Sakuta, N. Salto, Y. Iwata,
A. Yaoita, S. Sawata and T. Tanaka
Electrotechnical Laboratory

Objectives
To develop new concentrator modules for various high-efficiency solar
cells,

using luminescent concentrators which can concentrate

solar

radiation without tracking and has the ability to split and shift the
wavelength of the incoming radiation.

Work Program
To improve the coupling efficiency of the luminescent concentrator

module (LCM) by matching the refractive indexes at the interface between
the luminescent plate and the solar cell.

To improve the simulation

program to be able to handle luminescent concentrators with various
shapes.

Summary (1989 - 1995)
1. Up to FY 1994
Basic studies on the materials for luminescent solar concentrators
were carried out.
selected,

and

Several kinds of styryl dyes and perylene dyes were
organic/inorganic

thin

fluorescent dyes were made and evaluated.

films

containing

these

Outdoor exposure test of

these samples was continued, and no significant degradation has been
observed for the perylene dyes.
Effective concentration ratio of 8.2 was observed in a prototype
luminescent concentrator made of PMMA containing new perylene dye.

A

new "bottom-mounting" configuration for the coupling of solar cells
to luminescent plates was conceived and tested, which has the advantages
such as a easy assembly and a better protection of the cells.

The

coupling efficiency was found to be high when the aspect ratio was
sufficiently large.

A prototype "bottom mounting" concentrator module with the size of
960mm x

420mm

and the

geometrical
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concentration

ratio

of

21 was

fabricated using commercially available single crystalline
solar cells.

silicon

An enhancement of the short-circuit current by a factor

of 2.2 was observed.

Another advantage of an enhanced performance under

the partial shadowing conditions was demonstrated.
A

Monte

Carlo

characteristics

simulation
of

program

luminescent

to

analyze

concentrators

demonstrated good matching with experiments.

concentration

was

developed

and

A parametric analysis

shows that the optimum value for design parameters, such as the dye
concentration, depend on the required concentration ratio.

2. For FY 1995
(1) Fundamental research on materials and modules
Outdoor exposure test of the luminescent plate samples were continued
and no significant degradation has been observed on some perylene dyes

after almost 4 years.

Slight increases in absorptance at the long

wavelength edge were observed in some samples.
It was found that a significant decrease in the coupling efficiency
occurred when the refractive index of the coupling material was greater
than that of the luminescent
reflection.

plate because

of the total internal

Anew silicone resin with a refractive index of 1.52 (PMMA :

1.49) was tested and showed better efficiency.
(2) Prototype concentrators
A revised prototype module with better coupling material mentioned
above was

fabricated

and evaluated

using a solar

simulator.

The

enhancement factor of the short-circuit current was greatly improved
from 2.2 to 3.0 (Fig.1).
(3) Simulation
Modification and improvement of the Monte Carlo simulation program,
developed for the numerical analysis of the luminescent concentrators,
were continued to handle various shapes and cell configurations.

Future Tasks
Basic researches on materials and the investigation of the module loss
mechanisms

are necessary

to improve

the efficiency

of LCMs.

New

applications for LCMs should be investigated to make good use of their
unique characteristics.
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Current (A)

Mark 2

Mark 1

Without Concentrator

Voltage (V)

Fig. 1

I-V characteristics of the luminescent concentrator module
prototype mark 1 and 2.
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Analysis and Evaluation on Photovoltaic Systems
Kosuke Kurokawa
Electrotechnical Laboratory
Objectives
To make analysis and evaluation on photovoltaic systems in order to
give support to technical development for the practical use of
photovoltaic systems.
Work Program
(1) Analysis and evaluation of Photovoltaic systems
To make detailed analysis on PV system performance introducing new
type PV cells, and to develop a new type battery for enhancing PV
system performance.
(2) Analysis and evaluation of storage system for PV systems
To analyze and evaluate new type batteries for PV systems.
Especially, to analyze and evaluate all vanadium electrolytes redox
flow battery and to improve the performance of the air side
electrode in vanadium-air batteries.
(3) Reliability evaluation method of amorphous silicon PV cells
To develop long term reliability prediction models of amorphous
silicon (a-Si) PV cells by the datum of accelerated tests and
recovery tests obtained in a laboratory, and to investigate the
relation between the heuristic expression and the internal defects
of a-Si PV cells.
Summary(1984-1995)
1. Up to FY 1994
An on-site measurement technology has been investigated for PV
system evaluation and analysis. The results of the sampling rate of
the on-site measurement were adopted in JIS C8906 of Japan Industry
Standard in 1993. An albedo consideration model for the solar energy
map from GMS cloud image was developed in 1993. The accuracy of
yearly solar energy map was found to be about 2.5% compared to the
meteorological data in Japan. The mapping of east Asia was started.
A research on equalizing effect of the areally totalized solar
radiation was started in 1993 to improve the kW value of PV systems.
A prototype redox flow battery (RFB) for PV systems has been
developed. A simulation program for PV systems was developed in
1991. The research of all vanadium redox battery, as well as the
research on the vanadium collection from the smoke of oil-burning
power plants, started in 1990. A vanadium-air battery was invented.
An accelerated aging test system for a-Si PV cells using the
combined conditions of radiation and heat was developed. Accelerated
tests and the recovery tests were conducted on some a-Si PV cells
under various conditions to develop life prediction models. Long
term degradation patterns of efficiency of a-Si PV cells were
estimated by computer simulation using a degradation model, a
recovery model and weather data. The prediction model was improved
by comparing the simulated data and the measured data. The interval
- 406 -

estimating formula for efficiency was obtained. The relationship
between the change of the conversion efficiency and the change of
the charged defect density in the energy gap was examined. The
long-term reliability of a-Si PV cells made in 1988 over more than
ten years is estimated using simulation results and the experimental
data exposed for five years. The decrease of the conversion
efficiency is estimated to be 25% to 35%.
2. For FY 1995
(1) Measurement and evaluation of PV systems
(a) Design parameter clarification and analysis on areally
expanded PV systems
The influences of the ohmic loss, the diode loss in the array
field, and the wind velocity dependence of the temperature
coefficient were clarified. Moreover, the correction coefficient
by the solar spectrum was analyzed.
Two options of the PV system expansion were surveyed; a community
option and a balk option as a large scale introduction.
Introduction scenarios were made and technical problems were
analyzed for each option. The potential and pos-sibility of the
PV systems introduction were evaluated in each case. Especially,
the following items were evaluated in the community option; the
technical development policy
in
the
widely
expanding
Sun
GMS
phase,
the
effects
of
GMS-observtddbedo
installation
azimuth
and
inclination angles, and the
introduction possibilities of
various systems.
(b) Solar energy mapping using
cloud
image
from
geo
stationary meteorological
satellite
The global solar radiation
was estimated using albedo
consideration
(AC)
model
GtobdimiitfwaH
Fig.1. Albedo consideration model
shown in Fig.1. The observed
pyrheilo
albedo
from
geostationary
rn tier
meteorological
satellite
(GMS) is separated into the
albedo
of
earth
surface
/wireless
(background) and the albedo
telecom.
of the cloud and atmosphere
in the AC model, and the
changes of the region and
time have little influence on
base station
the result. The resolution of
this map is so high, 15kmX
Fig.2. Configration of measuring
equipment
15km even in the equator,
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-/
that it can be used as a
design tool for PV systems.
The database construction of
the solar' energy map from 1992
to 1995 was initiated.
(c) Areal distribution measure
DOROTHY
l FL0RA-i 4
ment of solar radiation
-A
____
k"
The total output of PV systems
1
i#
distributed
in
a
certain
CATHERINE )V
(
BRENDAr/Ajpj
7s
region is expected to be aver
aged. The analysis and evalu
ation
of the
global
solar
Fig.3. Arrangement of measuring
radiation data at six points
points
set up by FY 1994 started to
clarify the characteristics of such an averaging effect. Fig. 2
shows the configuration of the
measurement system. The number
of
terminal
units
were
increased to nine in FY 1995.
Fig.3 shows the arrangement of
the
measuring
points
in
Tsukuba city. Fig.4 shows the
monthly global solar irradi
ation at each measuring point.
The unevenness found in each
point is thought to be due to
Fig.4. Monthly global irradiance
the surrounding conditions of
at each point
each measuring point. Fig. 5
shows the fluctuation factor of _
the irradiation at each point ^0.12
and the fluctuation decrease
0.10
ratio in averaged data. The §0.08
irradiance were measured every £g gg
minute,
and"
the
'
standard ~~
= g Q4
deviation
from
the
moving j§
average of 30 points was used u~
to calculate the fluctuation
Oct.
Nov.
Dec.
factor.
The
fluctuation
=A sB aC oD dE oF -Ave. eff.
decrease ratio of over 30% is
Fig.5. Fluctuation factor at each
obtained in October. The data
point and fluctuatdecease
from 10:00 to 14:00, when the
ratio
kW value of PV is high, was
used in these analysis.
(d) Measurement and evaluation of PV systems
A 70 kW PV system was installed on the roof of the Education and
Training Center (ETC) in Tsukuba Research Center of Agency of
Industrial Science and Technology (AIST) in 1994. Table 1 shows
the measuring items of this system. The following evaluation
parameters and the decrease factor of the system efficiency was
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Table 1. Measuring items
analyzed using the measured
data.
unit
symbol
items
- shadow
correction
co
kWnv2
incline irradiance
Ga
efficient: Kh
ambient temperature
- temperature correction co Ta
A
module short circuit current
Isc
efficient: Kpt
t
array temperature
Tc
- array
load
adjustment EA1~EA7 output of PV array
kW
kW
correction coefficient: Kpm
output of PV system
Pp
V
Vp
output voltage of pv system
- inverter efficiency: Kc
A
output
voltage
of
pv
system
I
p
- system output coefficient:
K ( =Kh ‘ Kpt ‘ Kpm ' Kc)
-shadow and irradiation loss:
LH[kWh]
- array efficiency decrease by increasing temperature: Lpt[kWh]
- loss of mismatch in maximum power point tracking: Lpm[kWh]
-inverter loss: Lc[kWh]
- PV system output energy: Ep[kWh]
Fig. 6 shows the results from July to November in 1995. It is
clear that the decrease in the module efficiency due to the
increasing temperature is large in summer. It is found that the
shadow of the pine trees decreased the efficiency in winter. The
average value of system output coefficient K in these period
was 65%.

(2)

Long-term
reliability
soo
evaluation of PV cells
500
The characteristics of CopperIndium-Gallium-Serene
(CIGS) ^ 400

PV cells largely depend on the §| 3oo
content of gallium (Ga) . The200
accelerated aging tests byhigh radiation were carried
®
out on four CIGS PV cells with
9/7 9/27 10/21 11/10 11/30
different Ga content. Table 2
date
shows the Ga content and the
Fig.6. Operation results of
characteristics
of
the
PV
70kW system
cells used in the test. The
structure of the sample is ITO/ZnO/CdS/ CIGS/Mo/Glass. CIGS was
made using the multi deposition and the electrode was deposited
Au. The xenon lamp with AM 1.5 spectrum was used as the light
source,
and
the
ambient
Table 2. Characteristics of CIGS
temperature
was
25°C.
The
PV cell
irradiation time was 163 hours,
in
the
first
stage
unc
sample
OG05 OG12 OG14 OG18
10 OmW • cm'2
irradiance,
1054=
Ga content ratio(at%)
0.9
1.7
3.3
12.2
hours in the next stage undei
area(cm2)
0.105 0.066 0.087 0.23
20 OmW-cm"2, and 300 hours in efficiency 7) (%)
8.35
9.19
11.4
10.2
the final stage under 400mW- Jsc (mA- cm"2)
32.5
37.3
35.1
23.9
Voc (V)
0.397 0.404 0.484 0.611
cm"-2
FF
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0.648

0.609

0.670

0.704

of the samples was 4 to 5°C
under 10 OmW ■ cm'2 with forced
air cooling,
and increased
four times under 4 0 OmW ■ cm"2.
The
efficiency
measurement
was
made
under
10 OmW ■cm-2
interrupting the accelerated
aging test. The accumulated
E30G05
irradiation was 3471kWh-m"2,
©0012
which corresponds to about
V0G14
A0G18
2.4
years
of
the
average
1000
1
total solar irradiation in
irradiation time(hr)
Japan.
Fig.7 shows the change of the Fig.7. Stability of GIGS PV cells
under irradiation
conversion efficiency T) with
time. No degradation is found after the final stage. It can be
said that degradation is not accelerated in the irradiation range
of this experiment. There is even some samples which shows
increase in T) and Jsc by several %. These increase phenomena are
not temporary.
Besides the change of electric characteristics such as Voc, Iso,
FF, 77, etc. with time, it is also important for the knowledge of
the change in physical properties in PV cells to understand the
change of other values such as the equivalent circuit constant
Rs, Rsh, and n value. We have developed a new method to calculate
the equivalent circuit constants and n value from the I-V curve
which includes the noise and the fluctuation of the irradiance.
This is an improvement of the Warashina's method by excluding the
noise using smoothing and reciprocal averaging. It was also shown
to be useful for the evaluation of the proper range of the
acceleration test conditions to analyze cross correlation between
these parameters and the time series of performance data.
(3) Analysis and evaluation of storage batteries for PV systems
It was clarified from the simulation on a fine day that the
intermittent operation mode of the RFB developed in FY 1994 was
useful for PV systems. Moreover, the annual simulation results
of the RFB model only of the stack were compared with the lead
acid battery. Fig.8 shows the system configuration used for the
comparison. The PV array capacity is 100kWp, the load is constant
at lOkW, and the inverter efficiency is constant at 91%. HASP
data in Tokyo was used as the weather condition. The system
efficiency nsys is defined as
EPl+[(Pi-Pq)*<VEPSk]

Osys

E*

xn^xioo

where PL: electric power supply to load(kW), p0, p1: the initial
and final state of charge at the simulation of storage battery,
c0: rated capacity (kWh) of storage battery, P^: backup electric
power (kW), <t>: irradiation on PV array,
inverter efficiency
(%) , and 51 means annual integration. Fig.9 shows the simulation
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results. It is clear that the
capacity in the case of RFB is
about 20% less than in the
case of lead acid battery.
The
slit of stack in the
vanadium
slow
flow
redox
battery was modified because
the pressure loss was larger
than predicted.
The
carbon
fiber electrode and the ion
exchange membrane were checked
Fig.8. System configuration for
using a mini cell because the
simulation
thickness
of
the
cell
increased. An excellent result
was obtained, although the low
resistance
electrode
had a
problem in assembly.
In usual battery tests, the
constant
charge-discharge
current
tests
are
combined
with
the
charge-discharge
pattern
current
tests,
depending on the applications
and the purpose of the test.
For example, the partial state
Fig.9. Simulation results
of
charge
(PSOC)
charge-discharge pattern is proposed for the storage battery for
PV systems. However, these conventional tests were not suitable
for the analysis of the cathode absorption current in the sealed
lead acid batteries and the charge-discharge efficiency in near
the full charge condition. A potential step Coulo-galvanometry
method was developed for these analysis of storage batteries
(Fig. 10). Fig.11 shows the result of this method applied for a
small sealed lead acid battery, which shows the existence of two
step discharge processes. This method was found to be effective
in deciding basic parameters
for
the
charge-discharge
model and in elucidating the
charge-discharge mechanism of
storage batteries.
The vanadium-air battery has
been developed as a new type
battery since FY 1994. To
improve
the
discharge
performance of this battery,
(b) parallel rate
the electrode catalyst used (a) series rate
detemining step
determining step
for phosphorus acid type fuel
Fig.10.
Principle
of
potential step
cells was used as the air
Coulo-galvanograph
electrode,
and
the
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performance
test
has
been
2. 09V-»2. 19V— 2. 39V
carrying
out
on
a
small
prototype.
The possibility of
vanadium-organic
batteries,
i 0.3
which improves the performance
of vanadium-air batteries, was
reported in FY 1994. To decrease
the charging voltage, various
organic materials are supplied
to the positive electrode at
400 500 600 700 800 900
Q
(C)
charging
condition.
The
comparison of various organic
Fig.11. Example of Coulomaterials
or
reduction
galvanograph at small
lead acid battery
materials, such as the organic
materials
from biomass processes,
hydrogen
sulphide
from
desulfurizing processes, was carried out.
In addition, the manufacturing technology of the electrolyte, the
membrane, electrodes, etc. were analyzed and evaluated to improve
the performance of vanadium redox flow batteries.
Future tasks
(1) Measurement and evaluation of PV systems
- to make the design parameter of the various system clear and
accurate under the various installation conditions.
-to clarify the possibility of the bulk option system for Gobi
etc. through the more detailed analysis.
-to complete the solar energy map database and improve accuracy.
- to make better standard curve and to develop statistical analysis
technique for areal distribution of solar radiation by increasing
measuring points and area.
(2) Long-term reliability evaluation of PV cells
- to develop the prediction method of the long-term operating
performance in various PV cells from the short-term accelerated
aging test.
- to clarify the suitability and the stress level of the
accelerated aging test.
- to investigate predicting a long-term performance of various new
type PV cells.
(3) Analysis and evaluation of storage batteries for PV systems
- to clarify the annual performance under the intermittent
operation by the simulation.
- to investigate the performance of the vanadium slow flow redox
battery by connecting with a PV array.
- to clarify the possibility of vanadium-organic batteries as an
environmental technology by combining with waste water treatment
systems.
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Research on Advanced Solar Component
Tadayoshi Tanaka, Takuya Doi, Takumi Takashima, Yuji Ando
Toshihisa Masuda and Takahiro Fuji!

Electrotechnical Laboratory
Objectives
Solar radiation, because of its inexhaustibility and cleanliness, has been recognized as one of
mankind's major energy options. The purpose of this research work is to develop solar thermal
energy technology including the development of components using chemical reaction to promote the
effective use of solar energy even under poor solar condition such as experienced in Japan as well as
to contribute to global environmental protection.

Work Program
(1) High Performance Technology of Solar Chemical Process
We proposed the method of increasing the reaction rate by the

gradient arrangement of the

concentration and the component of a catalyst in both endothermic and exothermic reaction processes
of 2-propanol/acetone/hydrogen. On the basis of this method, we made experiments to find out the
optimum arrangement of catalyst for resolving the thin film solution of 2-propanol falling on a catalyst
in the endothermic process. In exothermic process, we conducted the experiments to observe the inner
state and the degree of conversion of 2-propanol in the process of heat transfer in a cylidrical double
tube reactor during the exothermic process as well as to reduce byproducts generating during a
reaction.
(2) High Efficient Technology of Components
For new development of solar thermal thermal utilization technology, we proposed the concept of
solar thermal cell, converting solar thermal energy into electricity and make feasibility study of this cell
composed of both systems of above chemical reaction and fuel cell.

Summary (1989-1995)
1. Up to FY1994
(1) High Performance Technology of Solar Chemical Process
Chemical reaction used in the present work is 2-propanol/acetone/hydrogen system, where
2-propanol yields acetone and hydrogen in about 80 O by liquid phase dehydrogenation reaction
existing a catalyst such as fine nickel particles. We carried out continuously the experiments of
dehydrogenation of 2-propanol to find out optimum catalyst. Based on experimental results for three
years, we promoted the endothermic reactor of dehydrogenation of 2-propanol with the capacity of
200 1 attached rectification column. From this experiment, it was shown that endothermic reaction
was affected by the rotating speed of a stirrer. Furthermore, we found out the optimum
thermochemical condition to increase the efficiency. Based on these experimental results, we proposed
the reactor of falling thin film type to promote the dehydrogenation of 2-propanol.
In an exothermic process, we done to calculate numerically the dgree of conversion of 2-propanol as
well as to conduct the experiments of generasting 2-propanol.
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(2) High Efficient Technology of Components
For long distance transport of solar tthermal energy, we manufactured a thrmal insulation pipe, made
of only thermal insulation material. From experimental and analytical studies, it was found out that it
contributed to reduction of the heat loss in comparison with a traditional piping.
In 2-propanol/acetone/hydrogen system, we calculated thermal efficiency of total system on the basis
of the results obtained from the experiments of both of endothermic and exothermic processes. Based
on above reaction, we surveyed the direct energy conversion technology of thermal energy into
electricity.
2. For FY1995
(1) High Performance Technology of Solar Chemical Process
We proposed the method resolving the film of 2-propanol falling on a substrate dispersed a catalyst.
To attain this purpose, we prepared a catalyst for falling film type reactor. Figure 1 indicates the
falling film reactor whose size is 180mm wide x 220mm long. The catalyst is composed of 5w%
Ru-Pt suspended in a felt carbon. Figure 2 is the typical result obtained from experiments. Horizontal
axis is plate temperature, T. Vertical axis is thermal efficiency,

a defined by the ratio of the supplied

heat to the heat consumed by the reaction. Black circle is the previous experimental value of the state
suspended a catalyst in 2-propanol.Open circles are the present experimental values conducted by the
reactor indicated in Fig.l. As shown in Fig 2, present values is about 3 times the previous value.
From this result, thermal efficiency is improved by using the falling film type reactor.
In the exothermic reaction, we conducted the experiment in a cylindrical reactor including a catalyst
held Ru on the activated carbon and observed the degree of conversion of 2-propanol. Main results are
indicated in Fig.3. The degree of conversion increases with rising the temperature. However, it is
shown that byproducts increases with rising the temperature from the experiments done last year.
Therefore, we decide that suitable temperature range is 150 ~180°C.
(2) High Efficient Technology of Components
We proposed solar thermal cell, producing electric power from thermal energy. To realize the new
cell, we study theoretically on the cell composed of both systems of above chemical reaction and fuel
cell. In the operating temperature of about 80"C, it is estimated that open circuit voltage of the cell is
about 0.14V and thermal efficiency is about 16%.

Future Work
We are investigating R & D of solar thermal energy technology for practical use of solar thermal
energy. For further progress of solar thermal energy technology, we have the following research
items from above activities.
(1) In the dehydrogenation process, we promote photo-thermal catalyst as well as to improve a
falling film type reactor by the optimum arrangement of catalyst by the component and cocentration
for the increase of performance.
(2) In the exothermic reaction, we conduct the experiments to gain the exothermic heat by the suitable
arrangement of catalyst and heat exchange process.
(3) For new progress of solar thermal energy technology, we try to design and to make prototype
solar thermal cell. For the realization of the concept, it is necessary to define its electric and
thermochemical characteristics near catalytic electrodes.
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Chemical Refrigeration and Cold Storage System Using Solar Heat
M.Tatsuta
New Energy and Industrial Technology
Development Organization (NEDO)

Objectives
Development of stand-alone type chemical refrigeration and cold storage system
technologies using the chemical reaction heat of hydrogen-absorbing alloys with
hydrogen gas to generate a refrigeration below —

20"C

utilizing solar heat

between 13 0"C and 15 0 °C .

Work Program
(1)Study of High-Performance Refrigeration Materials
New hydrogen-absorbing alloys with an excellent reversibility in reaction with
hydrogen gas required for generating refrigeration heat below — 20"C, including
equilibrium and reaction rate characteristics of the alloys with hydrogen gas
are to be studied, focused on Ti-based alloy.
(2) Study of

High-efficiency Reaction Heat Transfer Technologies

To establish technologies for a stand-alone refrigeration system for —20“C or
below using solar energy, a high-performance heat exchanger for the hydrogen
absorbing alloys mentioned above and an air-cooling heat exchanger are to be
studied.

Summary (1993~1995)
l.Up to FY1993
(1)Study of Refrigeration Materials
New hydrogen-absorbing alloys with performance required for generating
refrigeration heat below —

10°C,

including equilibrium and reaction rate

characteristics of the alloys with hydrogen gas were studied. Furthermore,
fundamental investigations on the alloys with potentials to provide the system
with a thermal output of a lower temperature down to — 30°C---4 0°C were
performed.
(2)Study of Refrigeration Unit Technologies
To establish technologies for a chemical refrigeration system of a temperature
level below — lO'C using solar heat,

new types of hydrogen-absorbing alloy

vessels with a high-efficiency heat exchanging performance were investigated.
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Furthermore,

technologies of air-cooling heat exchanging of the alloys with

heat media to carry the reaction heat, which is needed to make the system to be
stand-alone, were investigated fundamentally.

2. Up to FY1994
(1)Study of Refrigeration Materials
As for the low-temperature alloy, a La-Y-Ni-Mn alloy with CaCu5 structure, which

was found to have appropriate equilibrium and reaction rate characteristics at
a low temperature below — 10“C, was selected as a refrigeration material
candidate.

Furthermore, Ti-Mn alloys with a Laves phase structure, which was

found to have a potential to generate a refrigeration temperature down to —30
“C-- 40“C.
As

for

the high-temperature alloy,

a La-Ni-Mn-Al alloy with suitable

characteristics to use at a temperature around 140*0 of solar heat was selected
as a refrigeration material candidate.
(2)Study of Refrigeration Unit Technologies
To establish technologies for a chemical refrigeration system of a temperature
level below -10°C using solar heat,

new types of hydrogen-absorbing alloy

vessels with a high-efficiency heat exchanging performance were investigated.
Furthermore,

technologies of air-cooling heat exchanging of the alloys with

heat media to carry the reaction heat were fundamentally investigated. To attain
refrigeration temperature below — 10*C, an experimental refrigeration system
was designed, constructed and tested.

3. For FY1995
(1) Study of High-Performance Refrigeration Materials
The alloy materials with an excellent reversibility in reaction with hydrogen
gas was investigated to develop for the solar-energy stand-alone refrigeration
system

of

— 20°C level or below, focused on Ti-based alloys.

Firstly, the relation between alloy composition and alloy preparation process
of Ti-Mn-V alloys with a Laves phase structure which can store a large amount of
hydrogen were investigated to improve

hysteresis and plateau slope.

As for the low temperature alloy, a melt-spinning process was examined to
homogenize a Ti-Mn-V-Cu-Al alloy to reduce the plateau sloping. As shown in
Figure 1, this process was found to contribute to improving the hysteresis, but
no effect was found in the plateau region. This result suggest that other
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factors like alloy composition than phase structure should be considered to
improve the reversibility by reducing the plateau region.
Then, to determine effective substitution elements on hysteresis and plateau
sloping, a Ti-Zr-Mn-V alloy was modified by some elements like Fe, Co and Ni. As
a result, Ni was found to be effective on reducing

hysteresis and plateau

sloping. Finally, a Tio.85Zro.i5Mni.oVo.4Nio.,; alloy, which has suitable equilibrium
hydrogen

pressure of 0.066MPa

at —20°C was developed. This alloy has 0.75wt%

in an effective amount of hydrogen transfer, 0.49 in HS factor.
Furthermore, the phase structure of the Ti0

85Zr0 15Mn10V0_4Ni0_6

alloy which was

annealed and consecutively quenched down to room temperature by the solid-phase
quenching equipment developed in this year was observed.

Figure 2 shows SEM

images and X-ray images of the Tio.^Zro.^Mn! .0V0.4Ni0.6 alloy annealed and/or
solid-phase quenched at 1050°C . In the solid-phase quenched alloy,

larger

precipitation areas enriched by Ti were observed than the as-annealed alloy.
From this result, it was concluded that the solid-phase quenching process can
control the phase structure of alloys.
As for the high-temperature alloy, simultaneous substitution of Al and Y in
LaNis alloy was examined to control equilibrium hydrogen pressure and improve
the reversibility, where Al reduces hysteresis and Y increase the hydrogen
pressure excessively decreased by Al.
Consequently, as shown in Figure 3, a Lau 8Y0.2Ni4.4Al0.6 alloy with 0.88MPa in
equilibrium hydrogen pressure at 130*C was developed. This alloy has 0.6wt% in
an effective amount of hydrogen transfer and 0.5 in HS factor.

(2)Study of High-efficiency Reaction Heat transfer Technologies
To develop a high-performance heat exchanger,

it is necessary to evaluate

effects of hydrogen-absorbing alloy's expansion,

and cyclic temperature

fluctuation during the batch operation on heat exchanger performance. A
relationship between the hydrogen-absorbing alloy expansion and effective
thermal conductivity of the alloy layer was analyzed. To measure the effective
thermal conductivity by using a steady heat flow method, a vessel of stainless
steel

was filled with La0.8Y0,2Ni4.8Mn0i2 alloy powder. Polyethylene foam of

0.032W/(m • K)

in thermal conductivity was employed as a standard material of

thermal conductivity,

and both the surface temperature and the center

temperature were kept constant by circulating water. As shown in Figure 4,
relation between hydrogen pressure and effective thermal conductivity fitted
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fairly to a modified Kunii and Smith's equation with a term of the alloy's
expansion effect.
Durability of the hydrogen absorbing-alloy heat exchanger against temperature
fluctuation was studied. As for assessment of durability of the heat exchanger
against temperature fluctuation, it is necessary to study the performance of
heat exchangers unit without and with alloy powder (actually durability during
the hydrogen reaction). In this year, however, a heat exchanger filled with
alloy powder was tested because the results were expected to reflect the actual
system performance. The initial durability of a heat exchanger filled with
LaNi4-55Al0-45 alloy powder was tested under an actual operating condition of the
system .Dynamic properties at 5N1/(min*kg-alloy)

in hydrogen flow rate was

measured, where temperature cycles repeating between 140‘Cand 25*0 was employed
to conduct

hydrogen absorption/desorption cycles between two containers with

the heat exchanger and the alloy. The initial durability was estimated to
analyze change in the pressure difference caused by alloy's reaction rate and
the heat transfer rate under static and dynamic conditions.
As shown in Figure 5, no significant change in the pressure difference were
observed. Therefore, the heat exchanger was considered to maintain the initial
heat transfer performance after 500 cycles.
As for development of air-cooling heat exchanging technologies, it is necessary
to develop the air cooling system for use under fluctuating heat radiating
conditions inevitable in the batch operation.
A radiating rate simulation program was developed and employed to assess heat
transfer performance of the air-cooling system. As a result, it was found that
the air and water-cooled heat exchangers with 50 W/K in radiating rate enable
the hydrogen absorbing-alloy heat exchanger to radiate about 75% of the total
sensible heat in 1 min, and thus proved that the heat exchangers can be used
under the radical temperature fluctuation during the switching operation.
To study possibility to attain

lower refrigeration temperatures in an air/

water-cooled system, a dynamic simulation program was developed to present the
refrigerating process. As shown in Figure 6, measured refrigerating temperature
under a typical operating condition agreed well with calculated one by this
simulation program.
By developing the simulation technologies described above,
possible to estimate performance during continuous operation.
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it has become

Future Tasks
As for "Study of High-Performance Refrigeration Materials",
develop a hydrogen absorbing alloy

it is needed to

with an excellent reversibility in reaction

with hydrogen gas through best combination of the composition with the
production process .
As for "Study of High-efficiency Reaction Heat Transfer Technologies",

it is

needed to develop a high-performance heat exchanger fitting to new hydrogen
absorbing alloys with an excellent reversibility in reaction.
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Annealed alloy
Roll-quenched alloy

Hydrogen content, Xf (H/M)

Fig.l P-C isotherms of a TiMn1-4V0-4Al0.1Cu0.1 alloy.

10

fi

10 fx m

m

(b) X-ray image of Ti distribution

(a) SEM image

(1) Tio.g5Zro.15Mn3_oVo.4Nio.6 alloy annealed at 1050*0

10/1 m

10 [x m
(b) X-ray image of Ti distribution

(a) SEM image

(2) Tio.g5Zro.15Mn3.oVo.4Nio.6 alloy solid-phase quenched at 1050*C
Fig.2 SEM images and X-ray images of the Tio.85Zro.i5Mni.oVo.4N:i-o.6 alloy annealed
and solid-phase quenched at 1050*0.
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Fig.3 P-C isothrms of a La0.8Y02Ni4.4Al0.6 alloy.

Void fraction: 50vol%
Number of cycle : 10

Kunii-Smith's equation
k e = e k/'+(1 - e){2 / 3 Ik s+$ /k/'}"1
Void fraction equation

£ = £°— PC(1- £0)
i— Experimental result
—-

Calclated result

k e: Effective themal conductivity [W/m • K]
k /': Themal conductivity of hydrogen [W/m-K]
k Themal conductivity of alloy [W/m • K]
<J):

(Effective length of hydrogen film)
/(diameter of powder)
g;
Void fraction
£0; Void fraction (C=0)
P; Volume expansion
C: Composition (=H/M)

0.1
Pressure, MPa

Fig. 4 Effective thermal conductivity of

low-temperature

Lao.8Yo.2Ni4.8Mno.2 alloy

- : after SOOcycles
: as-activated
(half cycle time 7min)
Disorption
at 90"C
Absorption
at 20'C

Dynamic Static
(SNI/min) /

Pressure difference

Hydrogen content, wt%

Fig.5 Channge in the pressure difference between dynamic and static
states in the hydrogen absorbing-alloy exchanger.
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Fig.

Comparison of calclation results with experimental results
in the refrigeration process.
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Research and Development of Advanced Glazing
M.Tatsuta
New Energy and Industrial Technology
Development Organization (NEDO)

Objectives
The technology of solar energy utilisation is an attractive alternative to the use of oil for cooling and
lighting load. The light modulating window based on the electrochromic color and bleach reaction is known
to be one of the most promising solar control systems for this purpose. In the present project,
electrochromic glazings that are stable for outdoor use and have excellent optical properties, are being
developed.
The final objectives are to achieve :
-Weathering durabilityrmore than 10 years in outdoor use
-Cyclic lifermore than 100,000 cycles

-Maximum sizeiover 60 cm in width
-Transmittance change:over 50% in visible
-Intermediate state of coloration:possible.

Work Program
(1) Study on durability and cyclic life
Evaluate the reproducibility and drift of device performance. Conduct a general test to evaluate practical
function required for advanced glazing.
(2) Device technology for large-area application
Analyze dust and pinholes that cause short circuit in the device and thus low production yield. Based on
electrochromic technology developed, make a conceptual plan of the manufacturing facility for large area
glazing.
(3) Peripheral technology for electrochromic glazing
Evaluate and improve the peripheral technology necessary for electrochromic glazing. Determine the
specification of constituent materials together with process parameters.
(4) Total evaluation in terms of practical glazing
Evaluate the electrochromic technology that is the unification of basic technologies in the glass, electronic
and window industries.
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Summary( 1991-1995)
1. Up to FY 1994
(1)InFY 1991
We studied the fundamental properties of chromogenic materials, electrolytes, and transparent
conductive oxides (TCO). An automatic system of substrate cleaning was specially designed and
introduced. Literature survey on peripheral technology for advanced glazing was conducted but focused
on pre-existing technologies.
(2)In FY 1992
An all-solid-state electrochromic device illustrated in Fig. 1 was made to evaluate optical
modulation effect. Neutral coloration was observed. Cyclic durability test was then carried out to extract

inherent problems in the device. Devices were fabricated in a clean room to reduce the pinholes in tne
stack. For scale-up, lamination materials and technique were examined.
(3)In FY 1993
We confirmed that the small electrochromic device (5x5cm) is stable at 60"C for more than 1,000
hours and has a cyclic durability more than 100,000 cycles. Based on die accelerated weathering test, it was
found that this device is stable after 2,000 hours exposure at 60±3°C (on black panel) equivalent to 10
years of AM 1.5 solar irradiation.
(4)In FY 1994
Unifying these acquired technologies, we succeeded to produce a large all-solid-state
electrochromic glazing (60x40cm, largest size in the world at that moment). This was achieved as a result
of rigorous process control and simulation of device performance. Then the basic process parameters were
determined to produce large area glazing.

2. For FY 1995
(l)Study on durability and cyclic life
First, we produced various devices having different size (5x5cm, 10x30cm, 30x60xm and
40x60cm) and characterized their appearance, response and optical properties. In Table 1, optical properties

are listed. We have confirmed that all devices have visible transmittance change greater than 50 %.
As for the electrochromic materials, WOs and NiO were found to be suitable for our purpose. Up
to FY 1994, protonic electrolyte SbOx had been used but this material was not stable at higher temperature
(>60<C). As described in our patent (JP,H7-59285), SbOx film doped with lithium was tested and excellent
thermal durability was demonstrated.
In terms of uniformity of coloration and response of the device for large area electrochromic
glazing, variations of each film thickness and properties affect it. However, the response of the larger
device is dominated by the sheet resistance of TCO's and particularly the effect of resistance of top TCO
is crucial. To avoid a gradation during coloration, the sheet resistance of top TCO must be less than 13
£2/D if the bottom TCO has 10 £2/D. The resistivity of top TCO tends to be higher because it is deposited
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on hydrated film stack.
Accelerated weathering and real-time durability tests have been carried out continuously to
elucidate the difference between slow and fast degradation modes. This is because the former can not be
detected using accelerated testing. Also outdoor exposure test of devices and installation of 3 0x3 Ocm
electrochromic windows to room side of the south facing window were carried out. So far no serious
difference nor deterioration was found.
(2) Device technology for scale-up

We have introduced focused ion beam machine to remove dust causing short circuit and to observe
cross cut section of the film stack. We have revealed that anomalous nuclear growth starts around the dust
on the substrate, which causes short circuit.
Regarding process design suitable for large area, we can conclude that we do not have to install
ultra-clean systems like those in semiconductor factories. Instead, we must be careful to the process
environment (eg. local clean systems), substrate cleaning and stable deposition conditions to minimize
arcing. Because our technology is based on film deposition, we can take the advantage of adopting all
solid-state electrochromic system.

(3)Peripheral technology
Because we have been developing our technology (eg. edge seal, lamination methods and materials,
etc) that is applicable for large area glazing (eg. safety glass, double glazing, etc), we can not forecast any
difficulty for scale-up.
Our all solid state electrochromic window can be operated using only 1.5 volt DC, which can cause
significant cost reduction to driving circuit. As compared with circuit with constant current, this constant
voltage circuit is attractive because common busbars can be installed within the frames of the glazings.

(4)Total evaluation of the electrochromic technology
We have made a prototype of all-solid-state electrochromic window (40x60cm) with frame and

operating circuit for demonstration purpose. This is an evidence for our technology completed in this
project.

Future Tasks
The technology of all-solid-state electrochromic devices was thus completed. This technology will
contribute to realize next generation chromogenic windows.
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Fig.1 Cross Cut Section of All Solid State Electrochromic Glazing

OElectrochromic Reaction
xH++W03

[Clear] +xe"#HxW03 [Blue]

xOH" + NiO [Clear] #NiO (OH) x [Gray] +xp+

Totally
- [Clear] ^ [Dark Gray]
Neutral coloration

Table 1. Optical properties of electrochromic glazing
Operation

Visible
Transmittance

Mode
Bleached
Intermediate
.Colored

(Tv)

72. 6
32. 8
1 7. 6

Visible
Reflectance
(Rv+)

1 O. 3
7. 2
7. 6
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Solar
Transmittance
(Te)

54. 9
2 1.5
1 O. 7

Solar
'
Reflectance
(Re+)

1 4. 8
1 3. 1
12.7

SURVEY FOR THE SYSTEMS UTILIZING SOLAR HEAT
M. Tatsuta
New Energy And Industrial Technology
Development Organization (NEDO)
Objectives
In Japan, where energy resources are scarce, the effective utilization of new energies
has long been a theme of interest. In addition, expectations for the effective utilization of
a clean new energy have increased together with the increase in the seriousness of
environmental problems. The goals of this survey are to provide a means of grasping the
present situation concerning solar heat utilization technology and to propose a concrete
technological development program, mainly for industrial use.
Work Program
(1) Survey of the current status of solar heat utilization technology
The recent technological development situation was surveyed concerning solar heat
utilization technology as well as heat collection technology, heat accumulation
technology, heat shipping technology, materials technology, hybridization technology,
and systems technology to obtain a grasp of the past situation concerning solar heat
utilization technology research and development.
Local surveys were also made in European countries such as England and Germany,
and the United States.
(2) Establishing solar heat utilization concepts

©Grasping the actual solar heat utilization situation and survey of needs
A user survey related to existing solar heat utilization systems was made and hearings
were held with knowledgeable people to grasp the current utilization situation, the
advantages and problems of systems that utilize solar heat, and to abstract the heat
utilization needs in the industrial and private sectors.
(2) Establishing solar heat utilization concepts
Hopeful solar heat utilization concepts were established based on the above (1) survey
of heat utilization needs.
(3) Evaluation of solar heat utilization systems
The solar heat systems in the various fields mentioned in item (2) above were analyzed
and evaluated as to society, safety, economy and the environment.
(4) Establishing a development program for solar heat utilization technology
- Technological development programs
- Simulation development programs
- Solar heat technological testing fields
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Summary
(1) Current status of solar heat utilization systems
(D In Japan
Research and development on solar heat utilization technology began in Japan in
earnest with the "Sunshine Plan" a year after the first oil shock in 1973. This research
continues even today in various forms. This has already resulted in products such as
solar hot water heaters and solar systems for home use. This research and
development, however, placed more importance on essential technology research and
development than on practical application research and development.
©Overseas
Research and development related to solar heat is being performed in many countries
throughout the world. And, in all of these countries, supplementary funds are being
provided for the promotion of research and development as well as diffusion.
During the current survey, local surveys were also made in England, Germany and the
United States and it was discovered that there are fundamental differences between the
ways in which Europe and the United States are coping with the energy problem.
In other words, since the United States possesses a huge land area and abundant
natural resources, it is possible to guarantee energy for use within the country. For
example, even if environmental pollution occurs in part of the country, this will have little
effect on the country as a whole or neighboring countries, so the situation can be
handled as an internal affair of the country. Consequently, research on renewable
energy sources has been put on the back burner, so to speak.
Some solar energy research and development is still continuing but, for economy
reasons, the trend for the country as a whole is toward reduction of budgets and the
number of organizations involved.
In European countries such as England and Germany, however, the land areas are
small, and boundaries between the various countries are either narrow straits or on land
therefore, environmental pollution by one country immediately has an adverse effect on
neighboring countries because of the westerly prevailing winds and westerly flow of
tides. Also, both of these countries are poor in natural resources compared to the United
States, so mutual interdependence between the various European countries is
indispensable if energy sources are to be guaranteed. Consequently, the impression
received was that concern about environmental problems is increasing and that there is
considerable consciousness of the fact that solar energy research and development
should continue, even if it is not economical.
(2) Abstracting and evaluating solar heat utilization concepts
In order to clarify the solar heat utilization concepts to be researched and developed in
the future in Japan, information was collected from knowledgeable people from
committees and related industries, universities and societies, and questionnaires were
sent to users.
As a result, the committees expressed the opinion that, concerning the practical
application of solar heat, it is necessary to both clarify the need for solar energy as
opposed to other energies and to develop government policies, and to proceed with
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research and development from the viewpoint of users.
Knowledgeable people from industry and universities also expressed the opinion that it
is necessary to improve designs and reduce heat loss, and that a service system for
installation work and maintenance should be taken into consideration.In response to the
user questionnaire, many people expressed the opinion that improvements could be
made concerning the high initial cost, and the fact that use is not possible in certain
seasons. There were also many voices calling for national and local governments to
provide supplementary funding and promote solar energy.
Promising concepts were abstracted from the results of the above survey. These were
then evaluated in relation to four factors: society, stability, economy and environment. As
a result, the following six items were selected as social needs, and as concepts that have
a high possibility of achieving technical and economical practical application.
- Clinical sterilization by boiling
- Heating for surface treatment of metals
- Cultivation of soccer ground turf
- Water purification using photocatalysts
- Distributed type small electrical generators
- Sewage treatment using biotechnology
(3) Determining a solar heat utilization technological development program
Programs related to technological development
Of the six concepts mentioned above, "Cultivation of soccer ground turf" is already fairly
close to the product stage; therefore, this item proposes a program for technological
development aiming at the practical application of the remaining five concepts.
The concepts of cleaning up water pollution by using clean solar energy as in "Water
purification using photocatalysts" and "Sewage treatment using biotechnology" have an
extremely important significance for national and local government bodies and their
policies, and should be given priority from the viewpoint of coping with the energy
problem in Japan.
The concept of "Distributed type small electrical generators" is necessary for generating
electricity in remote areas and on islands. There are two methods of generating
electricity: generation using Stirling engines and generation using thermoelectric
elements. Research is already underway on both methods but it is thought that more
time is required for the development of essential technology to improve on the
compactness and practicality.
To make "Heating for surface treatment of metals" practical, efforts must be made to
reduce the initial cost for enterprises and the development of long-term heat
accumulation technology is indispensable.
From the above, to make solar heat energy practical, technological development for
"Water purification using photosynthesis" and "Sewage treatment using biotechnology"
must be given the highest priority, after which the development of technology for

(D

"Distributed type small electrical generators" and "Heating for surface treatment of
metals" can be considered important. It is thought that the high level of technology in
Japan leads the world, especially in the fields of catalysts, biotechnology, and the
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utilization of biological solar heat.
"Clinical sterilization by boiling" will be necessary for assistance activities in developing
countries and remote areas where the infrastructure is not complete. Thus, it is
necessary that research and development continue, regardless of whether it is
advantageous or disadvantageous economically, and reach the practical application
stage as quickly as possible.

(2) Simulation development programs
Concerning the development of simulation software, the following tools and systems
should be the subjects of future studies.
- Passive solar house design tools
- Active solar system best mix type design tools
- System evaluation and analysis
- Solar heat utilization system building design systems and design simulators
In developing these types of software, it is necessary to take a lesson from the present
situation in Japan and clarify the roles and responsibilities of persons related to the
software (designers, solar heat utilization equipment manufacturers, construction
companies, etc.), selection and priority sequence of the required software, setting of the
main object of development, etc., and to obtain as much cooperation as possible from
development organizations and overseas.
In considering the passive software, building design tools, etc., which development will
confront, there could be some value in creating, through simulations instead of actual
development, villages and towns that utilize solar heat and in using various data to
perform tests on a computer.
(3) Solar heat utilization technological experiment field proposal
To relate the essential technologies developed to concrete solar heat utilization systems
in the future, it will be necessary to utilize the research results, develop fields for practical
experiments that merge the various technologies, experiment continuously, accumulate
data, combine results and obtain a grasp of user needs through soft research. Also, by
widely disseminating the test facilities (systems) and test data, it will be possible to
familiarize the citizens to become much more with solar heat utilization systems, increase
trust and clarify directions for research and development in the next stage.
Future Tasks
In future solar heat utilization system research and development, it will be necessary to
place stress on research and development geared to practical application. Themes for
the future can be classified into three sectors: (1) Development of technologies for the
utilization of solar heat; (2) Solar heat utilization system simulation software; (3) Fields for
solar heat utilization testing.
(1) Development of technologies for the utilization of solar heat
From the long term viewpoint, it is necessary to promote technological developments to
reduce initial costs. The present high initial cost is the biggest impediment to the
practical application of solar heat utilization systems.
Even in the user questionnaire, many people expressed the opinion that solar heat
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utilization systems are easy on the environment and running costs are low, but that they
cannot be used because the initial cost is too high. It is necessary to perform leading
edge research and development regardless of the cost but, to diffuse these solar heat
utilization systems, it is important to also perform practical research and development at
low cost.
In Japan, solar energy is considered to be a form of natural energy present in all areas

but, in Germany and England, solar energy is a resource bestowed by nature, a passive
form of energy that cannot be controlled by human acts. Consequently, it is not thought
to be a good energy source that can be utilized actively by introducing advanced
technology.
As the development of solar energy advances in the future in Japan, it will be considered
a passive form of energy. Also, in consideration of local lifestyles in Japan, it is
considered important to promote a unique development plan that is suitable for the solar
conditions in Japan when reviewing previously developed technological items and when
introducing new technologies.
(2) Solar heat utilization system simulation software
Due to recent advances in computer related technologies, it is now possible to combine
solar heat utilization systems, match the system and building, and even perform
substantiation experiments, by means of simulation on a computer. This should help
reduce development and installation costs.
In the United States, such research is underway at such places as Lawrence Berkeley
Research Laboratory and Florida Solar Energy Research Laboratory. Simulation
programs such as WINDOW4, which simulates the amount of heat that enters and leaves
through a window, and PowerDOE, which makes it possible to reflect energy efficiency
and economy in designs, are being developed. In England, the software National Home
Energy Rating was developed and is being evaluated for use by the New Town
Development Committee in evaluating energy conservation. Simulation software for the
purpose of determining energy conservation and comfort is also being developed by
Franhoffer in Germany.
Research and development of such simulation software related to solar heat utilization
systems, however, is practically unheard of in Japan. The reasons are that until now
stress has been placed on essential technology research and development, and
because there is a lack of basic data because continuous field tests were not carried out.
This is a new field that should be researched in the future.
(3) Solar heat utilization experiment fields
Various field tests were performed in the projects of the Sunshine Plan started in Japan
in 1974, but most of these field tests lasted only 1'2 years, and even the longer tests
ended after several years. Since then almost none of the facilities have been operated,
and many have been destroyed.
In comparison, large scale, organized field tests have continued for many years in
Europe.
In Japan as well, it is important to perform continuous large scale field tests related to
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solar heat utilization systems suitable for solar conditions in Japan in order to make the
systems more practical and convert them into products.
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1. R & D Heading
Main heading:
Sub-Heading:

Development
of
Technology
for
the
Practical
Application of Solar Systems in Industry, etc.
International Joint R & D Programme of Solar Thermal
Energy Utilization Systems

Mineo Tatsuta New Energy and Development Organization, Solar Energy
Department, Director General
2. Objective of the Research
A number of solar energy utilization technologies have been developed
to the point of practical application under the Sunshine Project.
The purpose here is to conduct joint technical development with
countries that are well endowed with solar energy resources in order
to establish those technologies in the form of "appropriate
technologies" that match with the conditions of the countries
concerned. At the same time, it is intended to develop human resources,
encourage the wider utilization of solar energy, and raise the
capacity for responding to the saving of energy and the resolution
of environmental problems.
3. Contents of the R &D Project
(1)

Design of the Pilot Plant
By reducing the full-size model timber drying factory, which was
designed in 1994, to a scale more suited to a pilot plant (smallest
unit of the model timber drying factory: 100 m3), and also by
taking actual site conditions into consideration, joint work on
the specific design of the pilot plant was carried out with the
engineers of the partner country.

(2)

Basic Design of the Instrumentation System
As well as examining the items of data which should be recorded
and evaluated in the operation and experimentation to be
conducted at the pilot plant, joint work was carried out with
the engineers of the partner country in carrying out basic design
of the instrumentation system which will perform such data
recording and evaluation.

(3)

Procurement, Transportation and Manufacture of Equipment, etc.
for the Pilot Plant
Of the equipment and instruments required for construction of
the pilot plant, those items involving long manufacturing lead
times, confirmation of basic technology or the mastering of
manufacturing technology were identified with the engineers of
the partner country, and the manufacture and transportation of
those items was carried out.

(4)

Training of the Indonesian Engineers
Related staff from the partner country were invited to Japan to
take part in a training seminar, and a further training program,
centered around a combined seminar, was also carried out in
Indonesia.
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4. Course of Events up Until Now
1993

Following a survey of the four ASEAN countries of Thailand,
Malaysia, Indonesia and the Philippines, it was decided to
conduct international joint research and development into
the "Solar Heat Drying System" in the Republic of Indonesia.
Also, by gaining an under standing of the needs, and so on,
that exist in the said country, conceptual design was carried
out on an industrial model factory using the system.

1994

As well as conducting joint design of a full-size model
timber drying factory based on the assumption of commercial
application of the system, examination was carried out into
the potential of the system in the business sense and into
the environmental effect to be gained from introduction of
the system. In addition, a model design and feasibility study
were carried out to consider system application in the case
of cacao drying.

5. Outline of the Research Results
(1) Pilot Plant Design
1) Outline of the Construction Site
The construction site for the pilot plant was provided by a
private company that came to participate in the project via a
cooperation contract it concluded with the implementing agency
on the Indonesia side. Figure 1 indicates the access routes to
the construction site.
An outline of the host company and current conditions of the
site are given below.
Company name:

PT. KREASI ADHITAMA

Location:

Jl. Raya Serang Km. 8.5 Kawasan Industry
Manis
TANGERANG
(industrial
land
approximately 35 km to the west of Jakarta
city center, approximately one hour by

expressway)
Site dimensions:

Overall factory site:
approx,
north-south, 100 m east-west

13 0

m

Pilot plant site: approx. 30 north-south, 26 m east-west
Current state of site: Within grounds of existing furniture
factory, simple asphalt-paved stockyard
State of utilities (water supply, electricity, etc.):
Electricity is supplied to the site (380 v) ,
and capacity is no problem. Groundwater is
used at the existing factory, and it is
possible to use the existing feed pumps and
buffer tanks. Moreover, there is no problem
concerning quality of the groundwater and
capacity of the pumps and tanks.
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Figure 1 Access to the Pilot Plant Construction Site

2) Determination of the Basic Design Conditions
a. Confirmation of the Basic Concept
The basic thinking with regard to the design of the pilot plant
can be summarized in the following points.
• The pilot plant shall be designed to verify the performance,
etc. of the 1,200 m3 model factory that was designed in 1994.
• The drying capacity of the pilot plant shall be the smallest
unit of the model factory, which is 100 m3.
• The pilot plant shall be clearly demarcated in terms of both
function and structure from the facilities owned by PT.
Kreasi.
• The solar collector shall be integrated with the roof of the
drying chamber.
• As a rule, it shall be possible to operate on solar heat alone
during the daytime.
• A backup, wood chippings boiler shall be used at nighttime
or when there isn't enough sunlight.
• The same thinking adopted in the model design shall be used
with regard to the types of timber and drying schedules.
•
Regarding the necessary collector area, this shall be
assumed as approximately 230 m2 per 100 m3, as was the case
in the model design.
- 436 -

b. Pilot Plant Design Conditions and Basic Layout
In consideration of any design limitations that may be placed
by the form of the construction site, and in view of any problem
points that may arise with the running of the host company,
the following design conditions shall be complied with.
Moreover, the basic layout displayed in Figure 2 has been
adopted.
• Regarding the carrying in of timber, in order to avoid any
problems in terms of control, etc., fork lifts shall be used
because this is the method already used by PT. Kreasi.
• In line with the use of fork lifts for timber carrying, the
entry/exit door shall be placed at the long end of the drying
chamber.
• In view of the dimensions of the main types of timber used
by PT. Kreasi, a new stacking method that uses 4.5 cm thick
timber shall be adopted.
• In line with the adoption of the new timber stacking method,
the inside dimensions of the drying chamber shall be slightly
changed to 13.2 m X 7.2 m x 3.42 m.
3)

Detailed Examination and Design of the Pilot Plant
In accordance with the basic conditions laid down for pilot
plant design, detailed examination and specific design was
carried out (see Figure 3) . The main examination contents are
described below.
• In consideration of transportation problems and the ease of
execution, the collector unit size was revised from 7.2 m
X 2m to 3.6 m x 2 m and the number of units was increased
to 32.
• The fan capacity was made approximately 30% higher than the
capacity normally required in Japan, so that it could handle
the wind volume regarded as best within collectors in
Indonesia.
• The shape of the ducts and positioning of the dampers, etc.
were reviewed and improved in order to reduce costs and
improve efficiency.
• Upon reviewing the safety ratio of the ventilation fans, it
was decided to raise the fan capacity.
• The capacity of the backup boiler was made 1 ton, which makes
it the smallest class of boiler produced in Indonesia.
• In order to prevent the flying of wood chippings (backup fuel)
and cut down on labor, it was decided to introduce a simple
automatic feeding device.
• As a hot water humidification system would entail problems
such as blocked nozzles, and so on, it was decided to adopt
a steam humidification system.
• Regarding the automatic operation control system, it was
decided to adopt a heat and humidity control system, partly
in view of the fact that this is already used by the host
company.
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Figure 2 Basic Layout of the Pilot Plant
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(2) Basic Design of the Instrumentation System
1) Basic
Examination of
the
Pilot
Plant
Operation
and
Experimentation Plan
In order to operate the pilot plant so as to conduct complete
drying experimentation from start to finish, it is considered
that a single basic cycle will need to be something like that
outlined in Figure 4.
According to this, approximately five weeks will be required
to conduct a single experimentation cycle. When the time needed
to analyze and compile experiment results is also taken into
consideration, it is judged that a maximum of six or so
experiments can be carried out each year.
Approx. 1 week

Approx. 3 weeks

Approx. 1 week

Inspection of sample
timber and

Collection of data from the drying
experiment

Inspection of sample
timber following the

preparation

experiment, and
rounding tp

Figure 4 Basic Experiment Cycle
2)

Basic Examination of the Pilot Plant Experiment Instrumentation
Plan
Upon carrying out careful examination, it was decided that the
following items should be measured in the drying experiments
at the pilot plant.

a. Items to be continually measured at all times
All weather quantity of solar radiation

one site

Outside temperature (thermometer and set in box)

one site

Outside humidity (thermometer and set in box)

one site

b. Items to be continually measured during experiments
Collector inlet temperature (thermometer and set)

two sites

Collector inlet humidity (thermometer and set)

two sites

Collector outlet temperature (thermometer and set)

two sites

Collector outlet humidity (thermometer and set)

two sites

Collector internal temperature

three sites

Temperature inside drying chamber

12

Exhaust air temperature (thermometer and set)

two sites

Exhaust air humidity (thermometer and set)

two sites

Steam (for heating) temperature

one site

Steam (for humidification) temperature

one site

Condensation water temperature

one site

Duct (for collector) internal wind speed

two sites

Duct (for exhaust) internal wind speed

one site

Steam (for heating) flow rate

one site

Steam (for humidification) flow rate

one site

sites

Four sites
Power consumption (43 measurement sites in all)
Drying timber moisture content (to be jointly used with Six sites
automatic control system sensors)
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c. Items to be measured at timely intervals during experiments
Approx. 30 sites

Wind speed between boards

Items to be measured before and after experiments
Cracking, warping, discoloring, etc. of the sample
timber (dried timber)

3) Basic Framework of the Pilot Plant Experiment Instrumentation
System
Figure 5 gives a conceptual illustration of the experiment
instrumentation system.

Experiment
Instrumentation System

PRINTER

MONITOR
1
COMPUTER

Monitoring System

<:

__ 1

MONITOR
1
COMPUTER

O

O

DATA
LOGGER

DATA
CONVERTER

8

□□□□
□□□□
□□□□* 3

1
I

Automatic Control System

Figure 5 Experiment Instrumentation System

(3) Procurement, Transportation and Manufacture of the Pilot Plant
Equipment, etc.
Of the equipment and instruments required for construction of
the pilot plant, those items involving long manufacturing lead
times, confirmation of basic technology or the mastering of
manufacturing technology were identified with the engineers of
the partner country, and the manufacture, transportation and
storage of those items was carried out.
Regarding equipment and instruments which are difficult to
procure in Indonesia, they were ordered and manufactured in Japan
and exported to Indonesia.
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1)

Equipment, etc. Procured in Indonesia
Solar
Solar
Solar
Solar

Collector, etc.
collector units
collector header
collector end ducts

32 units
1 unit
2 units

Heat collector fans and ventilation fans
Heat collector fans
Ventilation fans

2 units
2 units

Wood chippings boiler, etc.
Wood chippings boiler body
ID fan
Dust collector

1 unit
1 unit
1 unit

2) Equipment, etc. Procured in Japan
a. Carbon fiber sheet
(not produced in Indonesia)

500 m1
2

b. Circulation fans
8 units
(Fans able to cope with high temperature
and high humidity conditions are not produced locally)
c. Instrumentation equipment

1 unit

6. Future Issues
In order to effectively construct the pilot plant and conduct
operation and experimentation there, it will be necessary to
determine clear standards for evaluating the plant operation. In
other words, in order to verify the full-size timber drying factory
designed in 1994, ample examination will need to be carried out into
the items that should be evaluated and the methods of evaluation,
before the concrete operation and experimentation plan is compiled.
In particular, it is considered that the selection of items needed
to verify the technology in question as an "appropriate technology"
is the most important issue for future examination.
7. Industrial Property Rights, Technical Guidance, and R & D Results
such as Written Presentations and Oral Presentations, etc.
(1)
(2)

Lectures
Patent applications

None
None
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Development of Large Scale Wind Energy Conversion System
M. Tatsuta
New Energy and Industrial Technology
Development Organization (NEDO)

Obiectives
To serve as an environment-friendly means of wind-energy production
lower in cost than hitherto making the most of isolated land windy and
remote from residential areas, an advanced 500 kW three-bladed
wind-axis wind generator system of rigid construction will be developed
and manufactured, backed by necessary research on element technologies
therein involved.

Work Program
The major activities conducted under the research program for the fiscal
1995 may be capsuliezed as follows.
(1) Research and Development of Element Technologies (Part IV)
(a)Development of control system
(b)Development of 500 kW turbine rotor blade
(c)Development of Utility grid parallel-in control system
(2) Manufacturing (Part III)
(a)Rotor blade (A set of working and spare blades)
(b)Utility grid parallel-in control system
(c)Tower

Summary (1991~1995)
1. Up to FY 1994
(1)Fiscal 1991
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The 500 kW three-bladed wind-axis wind turbine conceptual design
(Part I) was worked out, for the engineering study of specifications
for individual wind turbine components and basic structural
integrity requirements including the strength required, in
particular, of the speed-increasing gear, support tower, nacelle,
etc.
Also, the special emphasis was put on establishing engineering
requirements to be specified for the 500 kW wind turbine rotor with
a system of the three large blades.
Studied concurrently were the expected wind turbine performance as
well as the power output and operation control system.
(2) Fiscal 1992
Based on what were learned through the researches conducted in the
fiscal 1991, the 500 kW wind turbine conceptual design (Part II)
was developed.
Accordingly the required of each individual component was
reevaluated.
Also, the control systems, rotor blade fabrication procedure,
equipment transport and site-erection schemes, and trial operation
procedure were studied.

At the same time, an investigation was

performed for component equipment manufactures/suppliers.
Also, as part of the development of element technologies (Part I),
an experimental speed-increasing gear and the large rotor blades
were trial-manufactured, the latter including the trial blade
fabrication using alternative flon in spraying resin in the
resin-fiber buildup process.
(3) Fiscal 1993
Based on the results of the preceding two-year research and
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development activities, the development of element technologies
(Part II) in the fiscal 1993 was undertaken by trial-manufacturing
and testing the rotor blade pitch control mechanism and control
systems, testing the rotor blade for strength, load testing the
speed-increasing gear, analyzing the nacelle cover and speedincreasing gear casing vibration noises, and devising improved
versions of the yaw drive system and yaw brake.
Also, initial manufacturing (Part I) included the fabrication of
the nacelle consisting of steel bedplate and FRP nacelle cover, blade
rotary bearing provided at the blade mount, yaw turntable bearing
provided between the nacelle and tower, and generator.
(4)Fiscal 1994
Based on the results of researches in fiscal 1993 and preceding years,
the development of element technologies (Part III) was undertaken
which included the rotor blade pitch control mechanism continuous
operation/overload test, blade structural strength test, speedincreasing gear load test, and nacelle cover vibration test.
Also, the manufacturing (Part II) turned out a line of major
component equipment, including the rotor head for holding three
rotor blades together, the rotor blade pitch control mechanism for
adjustment of blade pitch angle, the speed-increasing gear featuring
low noise of operation, the yaw drive system to turn the nacelle
for yawing motions, the yaw brake system for holding the nacelle
immobile, the hydraulic system serving the blade pitch control
mechanism, and the electric control equipment.

2. For FY 1995
In fiscal 1995, the development of element technologies (Part IV)
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was undertaken based on what had been learned through the researches
conducted in fiscal 1994 and preceding years, including various
kinds of performance test and the manufacturing of part of the
working 500 kW wind turbine
(1) Development of Element Technologies (Part IV)
(a) Development of Control System
The generator safety interlock and wind axis orientation control
system were developed for the wind turbine monitoring, to ensure
the safety and optimum control of wind turbine operation.
(b) Development of New Rotor Blade Profile
A new rotor blade profile facilitating the smooth flow of
external force applied was developed to prevent the out-of plane
displacement from taking place near the blade root and analyzed
by finite element method for stress distribution, to established
the aerodynamic advantage offered by the new blade profile.
(c) Development of Utility Grid Paralle-In Control System
An utility grid parallel-in control system was developed to
restrain the rush current resulting from the parallel-in
operation and also to improve the low-load power production
efficiency.
(2) Manufacturing (Part III)
(a)New Profile Rotor Blades (A set of Working and Spare Blades)
A set of the new profile rotor blades, three working and one spare
blades, were manufacturer.

The new profile blade features an

aerodynamically improved outer skin configuration near the blade
root to facilitate the smooth flow of external force applied as
well as the overlapped lamination of reinforcement mats of glass
fiber at the trailing edge to ensure a high level of adhesive
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strength.

(b) Utility Grid Parallel-In Control System
The utility grid parallel-in control system designed capable of
restraining the rush current resulting from the parallel-in
operation to less than twice the induction generator rated
current was manufactured.

The system is capable also of

automatically carrying out the parallel-in and -out operations
as well as of adjusting the phase angle and voltage of effective
value as desired.

(c) Support Tower
A standalone wind turbine support tower steel in material and
of monopole construction was manufactured.

The tower is of

built-up structure, joined together by means of highstrength-boled flanged joint at three places in its vertical
length.
Also, and elevator is provided inside the tower.

Future Tasks
The 500 kW wind turbine developed and manufactured until fiscal 1995
will be erected at a site for field testing in fiscal 1996 and thereafter
to verify its reliability, performance, etc. for future refinement for
future commercial application.

The tests to be conducted during the

time are itemized as following.
(1)Reliability Demonstration Test
(a)Measurement of blade stresses and stresses in wind turbine
structural components.

(b)Verification of equipment reliability
(2) Performance Verification Test
(a) Determination of wind turbine basic characteristics
(b) Determination of blade pitch control characteristics
(c)Verification of utility grid parallel-in control system
function
(d)Verification of rotor blade pressure distribution
(3) Test of Vibration Characteristics
(a) Determination of structural vibration characteristics
(b)Verification of rotor ststen torsional vibraiton
characteristics

— 447 —

Operational Studies on a Large-scale Wind Energy Conversion System
MTatsuta
New Energy and Industrial Technology
Development Organization (NEDO)
Objectives
To develop a large-scale Wind Energy Conversion System (WECS) which targets reductions in
generating costs and the efficient use of land The study involves system construction, operation
research and an evaluation ofoperational characteristics.

Work Program
Since the wind direction and speed measuring system on the nacelle of the WECS is positioned
behind the rotating blades, the measured data is assumed to be significantly affected by turbulence
associated with attenuated wind as compared to actual wind To resolve the differences, wind
condition observations were conducted to obtain a prediction which is capable of accurately
predicting wind speed at the blade surface ofthe WECS.
Summary (1991-19951

l.UptoFY 1994
(1) Environmental Impact Investigation
Construction of a large-scale WECS, through a New Energy and Industrial Technology
Development Organization (NEDO) project, is scheduled at the Tappi Promontory of the
Tsugaru Peninsula in Aomori Prefecture.
Since part of the construction site lies in the Tsugaru Quasi-national Park, the impact on the
environment was investigated during the FY 1991 through FY 1992 period The results
confirmed no significant problems and construction of the WECS in the quasi-national park
was approved by the governor ofAomori Prefecture in October, 1994.
Recent WECS construction studies in foreign countries, where wind power generation has
been developed and now operating, reveal a negative environmental impact including noise,
- 448 -

landscape, influence on migratory birds and radio interference. In FY 1994, an investigation
addressed the present state, countermeasures and regulations with respect to WECS in these
countries and the result was that the construction at Tappi would pose no problems.
(2) Economic Investigation
In FY 1995, tire costs of wind power generation were assessed The present situation at eight
sites, domestic and foreign, were analyzed and compared
Wind power generating costs include construction (including the WECS body), operation,
maintenance, interest payments, longevity and generating costs. Analysis ofthese items shows
that in both Japan and overseas, construction costs amount to as much as 70-88% of the
generating cost Power generating cost investigations led to the conclusion that production in
quantity is the most effective way to reduce WECS costs. Additionally, good wind condition
sites, low interest funds, improved longevity and simplifying distribution are important

2. ForFY 1995
The FY 1996 program includes constructing a 500 kW WECS followed by conducting various
tests to evaluate performance.
One ofthe tests is designed to derive the relationship between wind speed and power output This
requires accurate measurements of wind speed at the blade surface of the WECS. However, the
wind speed and direction measuring system is installed on the nacelle of the WECS, positioned
behind tire rotating blades, and the measured data is assumed to be significantly affected by
turbulence associated with attenuated wind as compared to actual wind This has led us to make
observations which will lead to the derivation ofan expression to accurately predict wind speed at
the blade surface.
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(1) Observation Procedure
Wind speed data for the WECS blade surface was collected as follows. One observation point
was located at the WECS point and another reference point was located 46 meters away. The
points were positioned to be on the same line as the annual prevailing East-West wind
direction. The height ofthe observation was 38 meters, equal to the height ofthe hub center.
The wind observation equipment was protected'against lightning and the signal transmission
system used optical fibers to avoid induced lightning.
(2) Data Recording
Simultaneous data observations at the two points were recorded to avoid time differentials in
the time series. As pre-processing procedure, the data sampled for 0.5 sec was equalized for 30
seconds and stored. When necessary, time variances in the instantaneous values for 0.5 sec
sampled over 10 minutes could also be stored.
(3) Result
Consideration of the sampling period, pre-processing equalization times, turbulence strength
associated with wind direction, etc., led to the following results.
(a) Data sampling period
The data sampling period was examined for 0.1,0.25,0.5 and 1.0 sec. The 0.5 sec
period was adequate.
(b) Pre-processing equalization time
Instantaneous and 30 sec and 10 minutes equalized values were compared Increasing
the equalization time resulted in higher correlations. Ten minutes was an adequate pre
processing time.
(c) Relationship between wind speeds for each wind direction
Turbulence strength with respect to wind speed and direction was analyzed for each
wind direction and the wind speed correlation for the two points was derived

In the East-direction, turbulence strength was least fear wind speed and direction and the
wind speed correlation was the strongest
It was concluded that East-direction wind speed data is most adequate when evaluating
WECS performance. The following formula was obtained and is capable of predicting
wind speed at the two points.

y = 0.9948%-0.0908
where y is the wind speed at the WECS construction point and% is the wind
speed at the reference point
In this case tire correlation coefficient R=0.998.

Future tasks
InFY 1996, the construction of a 500 kW WECS and various evaluation tests are scheduled. The
wind observation equipment located at the WECS point will be moved eastward. This
configuration will allow wind speed and direction observations firm both sides of the WECS.
Wind speed at the blade surface will be calculated based on the formula.
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Development of Control Techniques for
Assembly- Type Wind Power Generation System
Mineo TATSUTA
New Energy and Industrial Technology
Development Organization (NEDO)
Objectives
To develop practical techniques for wind—power generation systems.
Work Program
1.

Study of Optimum System Configuration
This study consists of installing, making adjustments on, and test-operating wind turbines
with dual rated outputs (400/100kW).

2.

Study of Optimal Operation Techniques
As an ongoing project from the previous year, this study consists of connecting two 250— kW
wind turbines, whose adjustments during installation and test operation were completed in
fiscal 1991 and 1992, to a grid for investigating the operation status.

Summarv(1990 ^ 1995)
1.

Up to Fiscal 1990
Based on the results of observation of wind conditions, factors including the arrangement and
layout of wind—power generating units were reviewed to determine the installation location
of the collective wind-power generation system. Also, some systems were procured. In
the meantime, the basic specifications of the operation program were reviewed to ensure
optimal operation and control of the collective wind- power generation system in accordance
with load and wind conditions when the system is connected to a grid.

2.

Up to Fiscal 1991
Equipment specifications of other wind—power generation systems were thoroughly
reviewed to determine the appropriate layout and arrangement. Also, the necessary steps
were taken to obtain system construction licenses under the governing laws and regulations
including the Electricity Enterprises Act and Town Planning and Zoning Act. Then, the first
medium—sized wind—power generation system, which had been procured in the previous
year, was installed and adjusted to make it ready for demonstration operation.

3.

Up to Fiscal 1992
The necessary steps were taken to obtain construction licenses for the second
medium— sized wind- power generation system. After completion of these steps, the civil
work required for system installation, adjustment, test operation, and adjustment during test
operation were performed. Also, the integrated monitor and control system was installed,
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and a building to accommodate this system was constructed.
This integrated system was designed to collectively control a variety of functions, including
operation control of the wind—power generation system and the collection of data.
4.

Up to Fiscal 1993
The integrated monitor and control system was expanded and subjected to functional tests.
Also, the two medium-sized wind-power generation systems, whose adjustments during
installation and test operation, had been completed in fiscal 1991 and 1992, were connected
to a grid to investigate the operation status.

5.

Up to Fiscal 1994
Three wind turbines with dual rated outputs (400/100 kW) were ordered and procured, and
the necessary steps were taken to obtain construction licenses for these wind turbines.
Also, the two medium—sized wind—power generation systems, whose installation,
adjustment, test operation, and adjustment during test operation had been completed in fiscal
1991 and 1992, were connected to a grid to investigate of their operation.

6.

For Fiscal Year 1995
(1)

Study of Optimum System Configurations

(a)

Installation and adjustment of wind turbines with dual rated outputs (units 3, 4, and 5)
One of the objectives of this study is to develop techniques that will provide an
optimal configuration of the collective wind—power generation system for use on an
isolated island. Before units 3, 4, and 5 were introduced, a variety of wind turbines
including those from overseas suppliers was reviewed in terms of cost.
As a result, we decided to employ wind turbines from Micon (Denmark). The wind
turbines were purchased in fiscal 1994. In fiscal 1995, foundation work and
installation of these wind turbines were completed.
Final construction costs amounted to only about 1/3 of the cost of existing wind
turbines. If we assume that the utilization factor for these new wind turbines will be
similar to that of existing wind turbines, calculations show that it is possible to reduce
the cost to a level comparable to that of 10-MW diesel generators.
Fig. 1 shows the layout of wind turbines. Because three times the blade diameter or
more is considered as the desirable distance between wind turbines if wind turbines
are laid out along the main wind direction, the three wind turbines were installed 95
m (3.06 times the blade diameter) apart from one another along the northeast.

(b)

Faults on units 3, 4, and 5 due to burning and modifications
During test operation and adjustments preceded by completion of their installation in
October 20,1995, the three wind turbine generators (Nos. 3, 4, and 5) became faulty
due to burned contactors and cables. These faults were found during the period
between mid- November of 1995 and February of 1996. (See Fig.2.)
The generators were investigated until June of 1996 to determine the causes of
faults. As a result of this investigation, in August of 1996, we modified the
generators and verified that they could operate properly.
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Fig.2 Faulty Sections

a.

Causes of faults

O Indirect causes:
We requested that generators Nos. 3, 4, and 5 have voltage and frequency
ratings of 600V and 60Hz when we placed the order. However, because this
generator type had never been delivered to any customer in the 60-Hz power
system area, Micon-standard generators (690V, 50 Hz) were modified. As a
result, the modified generators that were delivered to us had a low power
factor, excessive excitation current, and low blocked impedance that could
readily cause constant flow of the large generator current.
Despite the system design made in consideration of the above, the modified
generators offered a smaller design margin than the Micon- standard generator.

O Direct causes:
We assume that under the above- mentioned conditions some junctions
between contactors and cables were heated by contact resistance and burned in
the power panel because of the following reasons:
•

Compressive bolts were used to connect contactors and cables.

•

The power panel (box accommodating the contactors and other devices) is
not designed to prevent the internal temperature from rising. It seems,
therefore, that the generators were running when the temperature in the
panel exceeded the design ambient temperature. The permissible current
through contactors and cables was determined based on this design ambient
temperature.

•

From the fact that the main circuit breaker (designed to protect the system
against overcurrent in the early test—run stage) and unbalanced current
circuit breaker tripped several times, the permissible current through
contactors and cables was not fully considered when the tripping current
was reviewed (main circuit breaker tripping current: 441A — > 567A,
unbalanced current circuit breaker tripping current: 10A — > 50A). As a
result, a current beyond the design conditions flowed through the
contactors and cables.

b.

Corrective actions
•

Compressive bolts have been replaced by solderless terminals to connect
contactors and cables.

•

A cooling fan has been provided inside the power panel to prevent the
internal temperature from rising.

•

A protective function has been added to monitor the temperature inside the
power panel and the cable temperature, and to stop the wind turbine in
case either of these temperatures increases excessively.

•

The generators have been replaced by those with an improved power
factor, excitation current, and blocked impedance.
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Table 1 shows a comparison between the generator specifications before and after
modifications.

(2)
(a)

Study of Optimal Operation Techniques
Study of operation status:
As an ongoing project from fiscal 1994, the two medium—sized wind-power
generating units were connected to a grid and operated. Table 2 shows the power
generated in fiscal 1995.
The power generated by units 1 and 2 is respectively 616.540 kWh and 668.580 kWh,
respectively, down 4.8% and 0.7%, totally 2.7% over the previous year. Particularly
in December, the generated power decreased as compared with that in the same
month of the previous year, despite the availability of strong winds. The reason for
this is that because no remote monitoring means is available at present, we had to
stop the existing wind turbines at minimum load to ensure safe operation of the grid.
The following shows operation rules to determine when to start and stop units 1 and

2:

O Operation rules:
a. If the total demand on the Miyako grid is about to fall below 15 MW, unit 1 or
2 is stopped.
b. If the total demand is about to fall below 13 MW, units 1 and 2 are both
stopped.
c. if the total demand is about to exceed 13 MW, all units are operated.
d. Note, however, that all units are operated regardless of the total demand
if the wind speed is 10 m/s or less.
* The wind speed is determined by the wind vane and anemometer provided on
top of the nacelle of unit 2.
Future Tasks
Various control procedures will be examined with the integrated monitor and control system
completed in 1996 to determine the best possible way to control the system so the small grids
remain free of variations in voltage level and frequency regardless of the change in the wind
turbine output caused by a change in wind conditions. Based on the results obtained, we will
evaluate each demonstration system as a whole.
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Table 1 Comparison between Generator Specifications before and after Modifications

Item

Specifications

Before modifications

After modifications

Output

100/400 kW

Voltage

600 V

Frequency

60 Hz

Rated rotation speed

1207/1811 rpm

Power factor

0.71/0.78

0.78/0.87

Weight

2,450 kg

2,500 kg

Cooling fan in power panel

No

Additional

Temperature monitor and

No

functions

protection in power panel

Yes
Automatically stops the generator if
the temperature in the power panel
reaches 60 *C .

Temperature monitor and

No

Automatically stops the generatr if
the cable temperature reaches 85 'C

protection for cables
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Table 2 Power Generated in Fiscal 1995

Generated power (kWh)
Unit 1

kW

Time

Month

Accumulated
total

Accumulated
total

Month

Unit 1

29.3

27.5

7.6

29.6

30.8

30.2

7.7

27.0
22.5
31.9

27.5
23.6
31.2
22.9

27.2
23.1
31.5
22.5

69.8
70.3
71.3
70.5

22.4
33.5
38.3
30.3
36.8
45.3
18.0

23.2
36.2
43.1
42.6
39.0
45.5

-

4,035

-

46.1

24.7

642,130

1,204,740

-

14,940

-

-

-

5,941

-

67.8

25.7

647,780

673,470

1,321,250

-

15,950

-

-

-

6,090

-

69.5

48,570
41,890
57,420
40,980
18,990
40,290
62,280
68,910
56,450
68,420
78,850
33,490

49,460
43,900
56,070
42,620
20,470
41,700
67,250
77,640
79,190
72,500
79,180
38,600

98,030
85,790
113,490
83,600
39,460
81,990
129,530
146,550
135,640
140,920
158,030
72,090

78.9
70.4
72.8
63.3
46.1
58.9
76.3
79.4
82.8
74.5
81.3
62.0

78.9
74.6
74.0
71.3

616,540

668,580

1,285,120

2,368,380

1,984,180

4,352,560

Total power in fiscal 1994

1,000
1,520
1,210

1,000

9,840
10,930
11,980
12,970
14,210
15,080
16,710

-

16,710

-

-

-

6,191

-

70.5

-

62,930

-

-

-

22,257

-

63.5

1,710
2,560
1,840
1,090
1,050
990
1,240
870
1,630

•Special mention:
We began stopping operations of the wind turbines in November,
Total hours stopped in Nov: Unit 1: 79hl0min, Unit 2: 43h58min
Total hours stopped in Dec: Unit 1: 75h56min, Unit 2: 7fih43min
Total hours stopped in Jan: Unit 1: 34h42min, Unit 2: 20h31min
Total hours slopped in Feb: Unit 1: OOhOOmin, Unit 2: 02h50min

8,000

4/2
1pm
5/4
0am
6/9
4am
7/22 Sam
8/24 3pm
9/16 6am
10/16 0am
11/1
7am
12/24 11am
1/8
3pm
2/1
Sam
3/1
9pm

568
524
524
471
343
424
568
572
616
554
566
461

568
1,092
1,616
2,087
2,430
2,854
3,422
3,994
4,610
5,164
5,730
6,191

500
500
490
500
500
490
490
500
500
500
500
500

2,520
3,730
5,440

Total

8.0

-

-

Unit 2

Avg, wind
speed
(m/s)

24.7

-

562,610

1.
2.
3.
4.
5.

Accumulated
total

Utilization factor (%)

15,330

Total power in fiscal 1993

Accumulated total

Month

Availability factor (%)

-

541,450

Total power in fiscal 1995

Total

Operating time (h)

Max, power

541,450

Total power in fiscal 1992

Fiscal 1995 Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Fiscal 1996 Jan
Feb
Mar

Unit 2

Received power (kWh)

66.2
65.0
66.6
68.2

22.0
10.2

-

11.0

10.6
22.8

6.1
4.7
5.1
5.1
5.1

6.8
8.5
9.1
9.3

20.8

34.8
40.7
36.5
37.9
45.4
19.4

28.1

30.4

29.3

7.0

27.0

30.2

28.4

7.6

8.0
9.1
7.4
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