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Overview
of
New Energy Projects

Developing new energy sources is one of the main pillars of Japanese
energy policy. The New Energy and Industrial Technology Development
Organization (NEDQ) was established in 1980 to coordinate these national
efforts. It provides support to and conducts studies concerning the develop-
ment of oil-alternative new energy technologies. Reviewing all projects at
timely junctures with public and private sector cooperation, NEDO has
steadily produced exceptional results from its operations.

Since the two oil crises, Japan’s primary energy supply structure has been
gradually accommodating the introduction of oil-alternative energy sources
such as nuclear energy and natural gas, along with energy-saving measures.
With energy prices now at relatively low levels, the energy situation is fairly
stable. On the other hand, energy demand in volume terms, though slowing in
growth recently, is on a steady rise, reflecting the comfortable, affluent life that
comes with the maturation of economic society.

The trend of energy supply and demand on the international market is also
relatively stable. But the international energy structure, which centers on
petroleum, remains fragile. Population increases, advancing industrialization,
and improving standards of living, particularly in developing countries, are
expected to lift energy demand significantly in the years ahead. There is
mounting concern, therefore, that energy utilization will face restraints in the
form of limited resource availability.

In addition, environmental issues, such as global warming, have become
serious dilemmas as they severely affect not only world energy supply, which
depends greatly on fossil fuels such as oil, coal and natural gas, but also
international society and the world economy overall.

Energy and environmental problems must be tackled using measures taken
from a global perspective. What is needed is accelerated development,
introduction, and promotion of environmentally-benign energy utilization
technologies and transfer of those technologies to developing countries. A step
in this direction was made when alegal framework was created through a series
of changes made in the spring of 1993, including enactment of the Law
Concerning Improvement of Related Laws for Enhancement of the Energy
Supply and Demand Structure. As a result, subsidy programs related to the




introduction of energy conservation technology and oil-alternative energy
sources, reinforcement of energy-conservation technology development ac-
tivities, and activities to demonstrate the effectiveness of oil-alternative energy
sources were added to NEDO’s responsibilities.

NEDO is pressing ahead with the further development of new energy
sources and the introduction and diffusion of new energy technologies.

1. Outline of Technological Development Projects
(1) Solar energy utilization technology development

Solar energy is both clean and abundant, and great expectations are being
placed on the widespread utilization of this energy source. With the aim of
realizing the practical use of solar energy utilization technologies, NEDO is
carrying out the following development:

« Photovoltaic power generation, in which solarenergy is directly converted
into electric energy using solar cells.

« Solarthermal systems thatcapture solar energy with collectors as heat and
utilize it as a heat source. ,

At present, in order to develop technology for putting photovoltaic power
generation systems to practical use, work is under way to develop solar cells as
well as photovoltaic power generation systems. At the same time, manufac-
turing equipment for solar cell compound semiconductors is under development,
and joint international demonstration work is being promoted on photovoltaic
power generation systems. As for the development of solar thermal systems for
industrial and other uses, research and development is being conducted on
chemicalenergy conversion technology, high-performance insulation materials,
high-efficiency solar heating and cooling technology, and light modulating
materials. |

(2) Development of geothermal energy utilization technology

Japan, located in the Pacific Rim volcanic zone, is blessed with massive
reserves of geothermal energy resources, and work is now being carried out to
develop technologies for promoting geothermal energy utilization. Under
developmentare exploration techniques for fracture-type reservoirs and survey
techniques for deep-seated geothermal resources, both of which will be used in
a confirmation study of the effectiveness of prospecting techniques for deep



geothermal resources. Also being developed are technologies for using hot
water resources for power generation, including power generation technology
for making effective use of hot water resources which are estimated to exist in
massive quantities but up to now have been untapped. There is also hotdryrock
power generation technology, which entails the creation of an artificial geother-
mal reservoir in high-temperature, low-permeability rock mass and then
extracting heat from the artificial reservoir. Drilling and production technolo-

gies necessary for exploiting deep geothermal resources are also under devel-
opment.

(3) Development of coal energy utilization technologies

Asitsresources are both widely dispersed and abundant, coalis an attractive
energy source. However, coal needs to be made more environmentally friendly
and easier to use if it is to be more extensively utilized. For these reasons,
NEDO is carrying out the development of coal conversion technologies, that
is, liquefaction and gasification technologies.

To develop coal liquefaction technology, the basic and detailed designs of
a NEDOL process 150 t/d pilot plant were completed for bituminous coal
liquefaction, and the plant is now under construction.

To develop coal gasification technology, all research results obtained for
hydrogen production from coal using a 20 t/d pilot plant were assembled, and
the research program was brought to a conclusion. Also, to develop an
entrained flow coal gasification combined cycle power generation pilot plant,
research is under way using a pilot plant with a 200 t/d capacity.

To develop environmentally-friendly technology and ensure that it takes
hold as a widely-used practical system, a project is under way to develop next-
generation technology for coal utilization and promote clean coal technology.
Furthermore, an international coal utilization project is being implemented to
promote overseas dissemination of coal utilization technology which decreases
the load on the environment.

(4) Development of fuel and energy storage technologies

Given the energy situation of Japan, a country poor in fossil fuel resources,
technological development is of extreme importance in promoting energy-
saving efforts on a long-term basis. NEDO is therefore carrying out the
development of fuel cell power generation technology, which is expected to
achieve power generation efficiency and fuel diversification, advanced battery




electric energy storage systems, to contribute to load leveling, and ceramic gas
turbines, to improve thermal efficiency, reduce pollutant emissions, and offer
multi-fuel capability. Also under way are efforts to develop superconducting
generators which have improved power system efficiency and stability, pre-
pare the infrastructure for popularizing electric vehicles (EVs) by developing
an EV charging system which taps nighttime electric power, to develop wide-
area energy utilization network system techniques for waste heat recovery,
long-distance heat transport and multiple-function heat supply, and conduct
research and development of technologies for reducing emissions of carbon
dioxide and other pollutants by making effective use of surplus energy.

(5) Development of hydrogen, alcohol and biomass technologies

Regarding the development of technologies for utilizing hydrogen, alcohol
and biomass as energy sources, great expectations are being placed on
practically applying them as soon as possible. These expectations are based not
only from the viewpoint of promoting their use as oil-alternative energy
sources and making effective use of untapped energy resources, but also from
the perspective of protecting the global environment.

To these ends, NEDO has the following activities in progress: hydrogen
utilization technology development under an international cleanenergy system
development program; alcohol utilization technology development under a
liquid fuel conversion development program and demonstration tests for
converting thermal power plant fuel from oil to methanol; and biomass
utilization technology development under a high-efficiency waste power
generation technology development program, a survey on the technology to
evaluate the impact of high-efficiency waste power generation on the envi-
ronment, a high-efficiency methane gas production technology development
program, and aresearch cooperation arrangement for a simple industrial waste
water purification system.

Also under way is a project to develop an integrated recycling system for
solid waste using cryogenic energy, a program aimed at promoting the
recycling of, and energy recovery from, waste household electrical appliances
using cryogenic energy of LNG.

(6) Development of other oil-alternative energy technologies

In order to put a large-scale wind energy conversion system into practical
use, work is now progressing to develop a 500 kW class wind energy




conversion system and control technology for a collective-type wind power
generation system.

2. Overview of Resource Development Projects
(1) Development of geothermal resources

To promote the development of geothermal resources, NEDO is conducting
geothermal development promotion surveys in promising geothermal energy
areas which have not yet been accessed by private-sector efforts. Also being
developed are small- to medium-scale binary cycle geothermal power generation
systems that can utilize untapped low- and medium-temperature hydrothermal
TEsources.

(2) Development of coal resources

To secure stable supplies of coal for Japan, NEDO is conducting, at the host
country’srequest, geological and other surveys in countries where itis difficult
for private companies to conduct business. NEDO is also engaged in the study
and development of high-precision coal resource prospecting techniques in
Japan and overseas. Moreover, to promote overseas coal development by
Japanese companies, NEDO provides subsidies to help cover the cost of
performing feasibility studies for the development of overseas coal resources,
funds needed to prospect for resources, and liability guarantees to allow the
companies to obtain the necessary capital for development.

3. Collection of Information

To promote the development and introduction of oil-alternative energy
sources, NEDOQ is collecting and analyzing information collected both in Japan
and overseas and is also conducting studies using thatinformation. In addition,
NEDO is engaging in publicity activities aimed at deepening the general
public’s understanding and awareness of oil-alternative energy, and training
programs for technicians involved in the development and importation of
overseas coal.

In Europe and North America, as the electricity business becomes more
deregulated, positive policies are being implemented to introduce new energy




forms. These countries have subsidy systems to strongly promote the intro-
duction of new energy research and development, though the systems differ in
the way they are practiced. Similarly, NEDO is engaged in information
collection with the aim of promoting the introduction of new energy in Japan.

4. Promeotion of International Cooperation

With respect to the supply of energy, global environmental issues are
becoming a significant concern, adding to the old problem of resource
limitations. In particular, it is feared that the emission of carbon dioxide,
considered the principal cause of global warming, will act as a major drag on
the use of oil and other fossil fuels. New energy development is crucial notonly
as an alternative to oil, but also as a means of addressing environmental issues.
But with population increases and advances in industrialization in developing
countries, energy consumption is expected to increase rapidly in the years
ahead. Under such circumstances, there are limits as to what one country can
do alone. New energy development calls for international cooperation.

Ever since it was established, NEDO has been promoting the enhancement
of new energy development efficiency and technology transfer to developing
countries. At the same time, to ensure energy security for the nation through
international cooperation in energy matters, as well as to address global
environmental problems, NEDO has been actively participating in international
joint research and development and information exchange programs related to
multilateral and bilateral new energy development efforts led by the Interna-
tional Energy Agency (IEA). With a set of legal framework changes effected
in the spring of 1993, meanwhile, a number of international energy promotion
activities were added to NEDO’s purview of operations. These activities are
international coal utilization projects (clean coal technology (CCT) model
projects, etc.) and activities to rationalize international energy use — both
international operations related to promoting overseas the introduction of
energy-saving and oil-alternative energy technologies.

In the field of multilateral cooperation, NEDO carried outa total of 16 IEA-
led agreement projects in fiscal 1994, including projects for fluidized bed
combustion (FBC) technology, motor vehicle alternative fuel research and
development implementation, and greenhouse gas-related technology re-
search and development implementation.

In the field of bilateral cooperation, NEDO has conducted international
joint demonstration studies with the goal of actively promoting the introduc-




tion of new energy sources in ASEAN and other developing countries which
have large potential reserves of new energy resources. Activities carried outin
fiscal 1994 included international joint demonstration studies on photovoltaic
power generation systems in Thailand and other countries, on high-efficiency
low-grade oil burners in Thailand, and on raw material preheaters for electric
furnaces in the steelmaking process in Indonesia, as well as international joint
technology development for solar energy utilization systems in Indonesia and
research cooperationregarding simple-design purification systems forindustrial
wastes in Indonesia.

Asforinternational energy promotion activities, NEDO has been conducting
model projects involving technology transfer related to energy-saving and
clean coal technologies in countries such as China and Indonesia. In fiscal
1994, NEDO carried out nine energy conservation model projects in four
countries and clean coal technology model projects based on four themes and
involving 10 units in four countries.
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Development

of

Photovoltaic Power Generation Systems for Practical Use

Photovoltaic power generation systems
have remarkable advantages such as utiliz-
ing clean natural energy, permitting instal-
lation at power consumption sites, and dis-
pensing with power transmission cables. In
order to accelerate the development and
practical application of photovoltaic (PV)
systems, cheaper and more efficient solar
cells will be developed and, at the same
time, technological development will be
promoted with a view to furthering the so-
phistication and cost reduction of system
technology and peripheral equipment.

1. Development of Technology for
Thin-Substrate Polycrystalline Solar
Cells for Practical Use

1.1 Development of Manufacturing
Technologies for Low-Cost
Substrates

1.1.1 Development of Silicon
Manufacturing Technology for
Solar Cells

(1) Objectives and Work Program

(Objectives for FY1996)

Refining cost: ¥2/g, at an annual output
of 500MW

(Work Program)

Necessary studies will be made to es-
tablish elemental technologies required for
the manufacture of SOG-Si by metallurgi-
cally refining commercially available high-
purity metallic silicon (about 99.5% pure)
by the following process as elemental
technologies for mass production.

(a) Techniques for dephosphorization of

silicon

Theresearchresults oflast yearled to the
conclusion that the EB melting method was
appropriate as a technique for dephos-
phorization. This year, further studies will
be made on the technique of dephospho-
rization by EB dissolution based on the
findings of last year and, on the basis of the
resultant findings, the dephosphorization
section of the EB dissolution apparatus of a
20kg scale, which can be continuous from
the solidification refining process, will be
designed and produced.

High metallic
silicon

— Dephosphorization — Rough refining —

Decarbonization/|.

St Final refining
deboronization

13




(b) Solidification refining techniques

Last year, solidification refining tech-
niques were studied with an apparatus of a
20kg scale. This year, the solidification
refining techniques using the 20kg-scale
apparatus will be perfected and, on the basis
of the resultant findings, the use of water-
cooled copper molds will be studied with a
view to reducing the cost of the process of
removing metallic impurities.

(c) Techniques for simultaneous
decarbonization and deboronization
Last year, a technique to remove boron

to the target concentration (0.1ppmw) by

adding water vapor was developed using a

small-scale (0.6kg) plasma melting appara-

tus, and an apparatus of a 20kg scale was
designed and fabricated.

This year, attempts will be made, using
the 20kg-scale apparatus fabricated last year,
to develop a technique to remove boron to
the target concentration. Furthermore, pre-
liminary experiments will be carried out to
remodel the apparatus so as to develop a
technique to remove boron in silicon while
continuously supplying silicon.

(d) Trial production of SOG-Si

The initial schedule will be brought
forward, and the trial production of SOG-Si
for quality evaluation will be attempted by
combining the elemental technologies now
under development. The conversion effi-
ciency of the resultant product in solar cells
under the NEDO project will be assessed,
and the quality of the SOG-Si produced for
trial will be evaluated on the basis of the
measured efficiency.

(2) Summary for FY1994
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(a) Techniques for dephosphorization of
silicon
Regarding techniques for dephosphor-
ization of silicon, dephosphorization to

0.1ppmw was attained by using the electron
beam (EB) melting method. The conditions

under which phosphorus in silicon can be
reduced while metallic silicon is continu-
ously supplied were identified, and further
study gave prospects for dephosphorization
to a concentration of 0.1ppmw.

In addition, an EB melting apparatus of
a 20kg scale which can be made continuous
with the solidification refining process was
designed and produced.

(b) Solidification refining techniques

Concerning techniques for solidification
refining, with a view to cost saving, the use
of water-cooled copper molds in a small
apparatus of a 2kg scale was considered. As
a result, prospects were gained for the de-
velopment of techniques for dephosphor-
ization and dispensation with the crucible in
the solidification rough refining process.

It was found that, in the distribution of
the Fe concentration in silicon in the direc-
tion of ingot height when the solidification
rate was 0.8mm/min, solidification refining
took place to within 70% of the full ingot
height.

Regarding finishrefining techniques, the
release agent and other elements were
studied, and the development of elemental
technologies with the 20kg-scale apparatus
was thereby completed.

(c) Techniques for simultaneous
decarbonization and deboronization
Concerning deboronization techniques,

the boron concentration was successfully




reduced to the target level (0.1ppmw) by
applying the water vapor-adding process
using the 20kg-scale plasma melting appa-
ratus fabricated last year. Furthermore, in
order to develop techniques for removing
boron in silicon while continuously sup-
plying and melting silicon, preliminary ex-
periments were carried out to remodel the
apparatus.

(d) Trial production of SOG-Si

SOG-Si for quality evaluation was pro-
duced on a trial basis by combining the
elemental technologies now under devel-
opment, and its conversion efficiency in
solar cells (50 x 50mm) under the NEDO
project was assessed.

As aresult, a satisfactory efficiency of
14.1% (comparable to the efficiency when
semiconductor silicon was used) was
achieved, to demonstrate that SOF-Sican be
prepared by the technique to metallurgically
refine metallic silicon now being developed.

The conversion efficiency of solar cells
fabricated by the efficiency improving pro-
cess (developed by Sharp Corporation under
commission by NEDO) was even higher, at
15.9%.

(3) Future Tasks

On the basis of the results of the devel-
opmental work so far accomplished, the
following aspects have to be studied from
now on.

(a) Development of elemental technologies
(for assessing the state of removal, ac-
celerating the treatment, and improving
the yield of silicon among others) for
mass removal of phosphorus and boron
in silicon with the 20kg-scale apparatus

(b) Designing and fabrication of a 20kg-
scale rough refining apparatus using
water-cooled copper molds, and experi-
ments with this apparatus

(c) Development of silicon washing tech-
niques in various stages of the process

(d) Costreduction through the development
of a crucible-free semicontinuous pro-
cess

(e) Identification of and consideration of
problems involved in scaling up the ap-
paratus

(© Investigation of the quality of start mate-

rial silicon having low impurity concen-
trations.

1.1.2 Development of Solar Cell
Substrate Manufacturing
Technology

(1) Electromagnetic Casting Process

(a) Objectives and work program

(Objectives for FY1996)

Manufacturing cost: ¥45/W at a module
efficiency of 15% and an
annual output of 100MW
(basic process)

Ingotsize:  35cm square

Lifetime: No less than 20usec

Casting rate: 2.0mm/min
(Work Program)

Whereas this project is to study a casting
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method for low-cost production of silicon
ingots by melting and solidifying granular
silicon material or substandard material
consisting of crushed silicon lumps, the
following aspects will be specifically taken
up this year.

(1) Study to establish conditions for
steady production of ingots with a 220mm
square electromagnetic casting furnace

(ii) Study to raise the casting rate and
improve the quality of crystals

(iii) Designing and production of the
power source, coils and crucible system for
a 350mm square electromagnetic casting
furnace by using electromagnetic field
simulation

(iv) Outputtestsand aluminummelting
tests using the power source, coils and
crucible for the 350mm square
electromagnetic casting furnace

(b) Summary for FY1994
(i) Electromagnetic casting techniques
for 220mm square furnace

This year, acceleration of the casting
rate and development of steady casting tech-
niques were attempted with the existing
220mm square electromagnetic casting fur-
nace (Furnace No. 3), and the casting rate
was successfully raised further from last
year’s 2.5mm/min to 3.0mm/min, resulting
in the realization of continuous steady cast-
ing under the given conditions. It was also
confirmed that there was no deterioration of
the crystal quality results from the accelera-
tion.

The EMC method is superior to the
conventional casting method in the continu-
ity of melting, solidification and cooling. In
the EMC method, silicon is electromagneti-
cally melted in a water-cooled copper cru-
cible, and fine grains of silicon material are
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charged from above the molten bath.

Asthe molten bath is held floating on
the side by the electromagnetic force during
the charging, there are few paths forimpuri-
ties to enter the molten bath.

The maximum casting rate achieved
lastyear was 2.5mm/min, but this year steady
casting was realized at a higher rate of up to
3.0m/min. The cast volume per hour at that
rate was about 20kg.

The quality of crystals was evaluated
in terms of conversion efficiency n in the
cell fabrication process for in-house evalu-
ation, diffusion length L, and C and O mea-
surement by FT-IR.

Crystalline substrates were sampled
from several ingots produced with the
220mm square electromagnetic casting fur-
nace, and the correlation between the diffu-
sion length and the conversion efficiency
was investigated.

The casting rate was 2.0mm/min in
every case. Fixing the casting rate at only
one level made it possible to clearly reveal
the L-n correlation. Whereas the change in
L-n correlation with the casting rate pre-
sumably derives from a difference in the
shape of the solid-liquid interface according
to the casting rate and the consequent differ-
ence in temperature hysteresis, which deli-
cately varies the crystal quality distribution
in the horizontal cross sections of ingots,
details are yet to be studied.

In the L < 50um range, the L-n
correlation was evident on every cell fabri-
cation line, but it was obscure on some cell
fabricationlinesinthe L>50pmrange. This
point also has to be studied further.

Regarding the relationship between
the carbon concentration in electromagneti-
cally cast crystals and the cell conversion
efficiency, whereas the solid solution limit



of carbon in Si is about 3.5 x 10'7 atoms/cc,
the cell conversion efficiency is observed to
decline atalower carbon concentration than
thislevel. Carbon may have a pinning effect
on the propagation of crystal defects of Si
during the casting process. Incidentally, the
carbon concentration in the crystals pro-
duced with the conventional teeming type
furnace is about 3.5 x 10'” atoms. While the
EMC method is characterized by low sus-
ceptibility tothe infiltration of impurities, as
the presence of impurities contributing to
the improvementof productquality hasbeen
suggested, the possibility of the need for
doping with impurities cannot be totally
excluded.

These findings about the correlation
gives useful guidelines for the improvement
of crystal quality in the future.

(ii) 350mm square electromagnetic
casting furnace

a. Analysis of oscillator circuit con-

stants of power source system

The oscillator circuit constants
needed for the designing of the No. 4 elec-
tromagnetic casting furnace were analyzed.
Whereas a 305mm square electromagnetic
casting furnace was planned, the analysis
was applied to a round model equivalent in
cross-sectional area on account of the con-

straint of the number of elements. The

impedance of the circuit system was about
0.1Q. It was also confirmed that the molten
bath could be maintained in an adequate
shape for melting the raw material.

The optimal number and length of
slits, which are main structural factors of a
water-cooled copper crucible, were figured
out by analysis, and used as design guide-
lines. The efficiency of melting was repre-
sented by the eddy-current loss (calorific
value) of the molten bath part.

The melting efficiency changing
with the number of slits reached the optimal
level at 60 slits. Regarding the variation in
melting efficiency with the slit length, the
longer the slits, the higher the efficiency, but
the inclination tended to become easier at
about 600mm. The slit length was set to
530mm partly in view of the handling ease
in experiments.

b. Testing of power source, coil and
crucible systems for 350mm square
electromagnetic casting furnace
In a graphite heat generation ex-

periment using a 350mm square water-
cooled copper crucible having a 1,000kw
high-frequency power source, it was con-
firmed that sufficient heat for initial melting
of silicon could be obtained. In an alumi-
num block melting test, the shape of the
molten bath, induced heat generation and
the oscillation of the molten bath, among
other factors, were observed, and the re-
searchers were convinced that no problem
would arise even when silicon was melted.

(c) Future tasks

In order to further advance this research
project eventually to make solar batteries
available for practical use, the following
aspects of casting technology should be
emphatically studied.

(1) Improvement of the quality of
crystals produced with the 200mm square
electromagnetic casting furnace (by
remodelling it to provide a heat insulating
structure which can freely control the ambient
temperature of ingots

(i) Elucidation of the relationship
between the concentrations of impurities
and the quality of electromagnetically cast
crystals

17




(iii) Study on the body structure of a
350mm square electromagnetic casting
furnace, and designing and production of
the furnace on that basis

(iv) Analysis of the temperature
distribution and stress distribution in ingots
with a view to producing larger
electromagnetic casting furnaces

(2) Continuous Casting Method
(a) Objectives and work program
(Objectives for FY1996)

Manufacturing cost: ¥45/W at a module
efficiency of 15% and an
annual output of 100MW
(substrate process)

Oxygen concentration: No more than
10ppma

Carbon concentration: No more than
Sppma

Diffusion length: No less than 150pum

(Work Program)

Using the silicon melting section fabri-
cated in the preceding year, ingots of many
different sizes including the 9-piece size and
16-piece size will be fabricated, and com-
paratively evaluated in terms of crystal
quality and solar cell performance to find
the most suitable size for mass production.
In addition, a cooling section to be con-
nected to the melting/injecting section will
be fabricated for use in cooling the molds
while being driven and in checking the ef-
fect of vibration on crystal growth.

(b) Summary for FY1994
(i) Fabrication of ingots of 16-piece
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size
Using the silicon melting/injecting
section produced the previous year, a 16-
piece ingot (430mm x 430mm x 400mmbh)
was fabricated by a batch process (molten
silicon dripping). Theingotweighed 170kg.
Compared with the 9-piece ingot previously
fabricated, the 16-piece ingot retained a
greater calorific value in relative terms and,
at the same dripping rate as before, it was
more difficult for the heat toradiate from the
bottom of the ingot. Therefore, the 16-piece
ingot was produced without insulation on its
sides. Fine stripes were witnessed on the
side faces, attributable to the intermittent
supply of raw material silicon.
(i) Oxygen and carbon concentrations
of wafer
After the 16-piece ingot was ma-
chined and sliced, its oxygen and carbon
concentrations were measured. The target
concentrations, 10ppma or less for oxygen
and 5 ppma or less for carbon, were substan-
tially achieved. Yet, a greater carbon con-
centration was observed in the upper part of
the ingot, which indicates room for further
improvement.
(iii) Resistivity
The resistivity distribution in the
boron-doped 16-piece ingot was substan-
tially within the plannedrange of 1t02Q+cm,
though there was some unevenness.
(iv) Cell conversion efficiency and
ingot height yield
Cells 100 x 100mm?, 350pum in
thickness, were fabricated for evaluation.
Although the cell conversion efficiency was
observed to be lower in the upper central
part of the ingot, the overall efficiency sta-
bility in the vertical direction was generally
satisfactory. It seems that the cell conver-
sion efficiency in the upper central part of




the ingot can be improved by adjusting the
thermal gradient during the ingot fabrica-
tion process.
(v) Crystal growing section

The crystal growing section, fabri-
cated in fiscal 1994, was connected to the
melting/injecting section, and it was con-
firmed that the mold into which silicon was
injected could be automatically driven from
the injecting section to the growing section
with no problem. Nor was found any vibra-
tion problem during the shift.

(c) Future tasks

From now on, while reproducing the
manufacturing conditions, which have been
identified through the batch process, in the
" crystal growing section, ingots will be pro-
duced while driving the mold in a state close
to a continuous process. However, since no
empty mold can be supplied with only the
melting/injecting section and the crystal
growing section, only one ingot can be
fabricated. In view of this limitation, a
preheating section will be produced in fiscal
1995 to enable ingots to be produced con-
secutively.

The yield and the cell efficiency distri-
bution of the producedingot will be checked,
and the relevance of manufacturing condi-
tions to these aspects will be studied, so that
ingots of higher quality can be produced.

1.2 Development of Elemental
Technologies for Cost Reduction of
Polycrystalline Cells and Modules

1.2.1 Large-Area Cells

(1) Objectives and Work Program

(Objectives for FY1996)

Manufacturing cost: ¥210/W at a module
efficiency of 15% and an
annual output of 100MW

Elemental technologies needed for the
production of high-efficiency low-cost so-
lar cells will be developed, using 15cm
square, 200pm thick large-area substrates.

(Work Program)

(a) Study on elemental technologies to
reduce the cost of junction formation
For the formation of junctions on the

light-receiving side, attempts will be made
to optimize the dispersing conditions, and
the possibility of increasing the throughput
will be studied by using an in-line type
apparatus. Regarding the formation of
junctions on the back side, a method of
formation which is compatible with thin
substrates will be studied.

(b) Study on elemental technologies to
reduce the cost of fine electrode
pattern
With an eye to reducing the cost while

achieving high efficiency, study will bemade

on mass production technology for the fab-
rication of a stable fine electrode pattern by

a printing process using paste.

(c) Study on elemental technologies to
reduce the cost of a low-reflection
structure
With a view to reducing losses due to

surface reflection, costreduction of the low-

surface reflection structure will be studied

by applying a dry etching process.

(d) Study on elemental technologies to
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reduce the cost of passivation
Elemental technologies for low-cost
passivation will be studied.

(e) Study on module manufacturing
technology
Investigation will be made on module
structures, materials and other factors which
would contribute to high-efficiency low-
cost manufacturing.

(2) Summary for FY1994

(a) Study on elemental technologies to

reduce the cost of junction formation

In order to form junctions on the light-
receiving side ata high throughput, attempts
were made to optimize the conditions of
formation and to develop an apparatus. A
junction is formed by inserting a substrate
setin a jig into the furnace, subjecting it to
dispersion and drive-in, and taking it out.
An attempt was made to shorten the time
taken to complete this junction formation
step by raising the drive-in temperature.

Regarding the relationship between the
drive-in temperature and the conversion
efficiency, it was found that the processing
time could be reduced by performing drive-
in at 780°C after dispersion at 755°C. Fur-
ther study was carried out on the dispersion
step and the optimization of the drive-in
temperature. While one cycle had been
accomplished in 100-minute tact with the
conventional dispersion furnace, it was con-
firmed that the total processing time could
be reduced by 60% to 40 minutes. It was
also confirmed that, by using an in-line type
apparatus with separate dispersing and drive-
in functions, the processing time could be
reduced to 5.5 sec/sheet, far better than the
target of 11 sec/sheet.
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Concerning the formation of junctions
on the back side, a gas dispersion method
using BBr, was studied as a highly produc-
tive formation method with a high process
yield and free from warping. The flow rate
of N, in BBr, in an ambience of 1,000°C in
dispersion temperature at an O, flow rate of
21/min was varied, and a sheet resistance of
13Q /00 was obtained at a flow rate of 151/
min. Then, a BSF structure was formed by
varying the dispersion temperature between
800°C and 1,000°C, and electrical charac-
teristics were evaluated. Investigation of
the relationship between the dispersion tem-
perature and the sheet resistance and of
electrical characteristics showed that both
the voltage and the amperage were higher at
higher temperatures.

The voltage tends to be lower with this
BSF structure than with the earlier devel-
oped BSF structure using Al paste, but its
efficiency is not inferior.

(b) Study on elemental technologies to
reduce the cost of fine electrode
pattern
While a fine electrode pattern had been

formed by photolithography or by a lifting-
off method involving vapor deposition,
electrode formation using Ag paste was at-
tempted to save materials and to simplify the
process.

Last year, fine electrode patternization
was carried out by direct writing and print-
ing, but a printing process using a screen
was studied with an eye to achieving elec-
trode formation at a still higher throughput.
The apparatus discharges paste from a paste
holder onto the screen to perform printing.
At the time of printing, the squeegee section
and the screen surface scarcely undergo
printing, and the opening is filled with paste.
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The paste is discharged onto the screen by
the rotation of a roller within the unit.

The roller of the unit has functions to
knead and deliver the paste, and the inside of
the unit can be subjected to temperature
control to keep the viscosity of the paste
constant.

Fine patternization of the electrode re-
quires optimization of the Ag paste, screen
and printing apparatus among other things.

Printing was accomplished with three
kinds of paste differing in viscosity and
masks of different opening widths, and the
paste characteristics were checked. More
viscous paste was found more effective for
fine patternization and increasing the film
thickness.

This paste was further used for printing
on a 15cm square substrate to confirm its
suitability for printing. Electrodes of 90 to
100pm in width were uniformly formed all
over.

(c) Study on elemental technologies to
reduce the cost of a low-reflection
structure
Dry etching was studied to reduce the

cost of a low-reflection structure. As dry
etching is little affected by the surface ori-
entation, it offers good prospects forreduced
manhours. First, a 15cm square substrate
was dry-etched, and the distribution of the
etched quantity within the surface was
checked, resulting in the finding that the
unevenness of the etched quantity was within
+10%. Furthermore, evaluation was carried
out to estimate the effects of electrical
characteristics, and an assessment of the
open voltage distribution revealed that the
unevenness within the surface was no more
than £0.75%.

Then, the damaging effectof dry etching

on the substrate was investigated. It was
found that there was no such effect.

(d) Study on elemental technologies to
reduce the cost of passivation
Optimization of passivation technology

was attempted with an oxide film. The
effective carrier lifetime teff was extended
by introducing HCl before and after the
oxidation. An oxide film of 1504 in thick-
ness was formed at 800°C, and then sub-
jected to annealing with hydrogen. This
treatment resulted in the improvement of
teff, which had been about 300usec, to
1msec (1.2msecatmax.) (p-typeMCZ(111),
180Qecm).

As passivation of a polycrystalline sub-
strate with an oxide film tends to suppress
the bulk passivation effect of the P-SiN film,
the passivation effect was checked with bi-
facial silicon nitride solar cells (BSNSC)
with a P-SiN film formed on the back side as
well. The substrate used was a conventional
cast product from Sumitomo Citix Co., Ltd.
Theresultrevealed that hydrogen annealing
after the P-SiN film formation contributes to
improvementin performance characteristics.
The relationships of hydrogen annealing
conditions with Jsc and Voc were compared
with cells having only SiN (not hydrogen-
annealed), and Voc of 622mV was obtained
by hydrogen annealing at 700°C.

(e) Study regarding module
manufacturing technologies
Investigation was made regarding mod-

ule manufacturing technologies. Inorder to

produce high-efficiency modules atlow cost,
conceivable approaches include the saving
of material costs, reduction of the manhours
spent in the module fabrication process,
automation and enlargement of the module
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square measure. Itis also necessary to study
module structures differentiated by appli-
cation, including the development of a
module structure integrated with building
materials. Using a polycrystalline substrate
of 15.6% in average efficiency (with a
standard deviation of 0.1%), it was found
that even the conventional super-straight
structure could give an efficiency of 15% or
above.

(f) Evaluation of substrates

Three lots of cast substrates from the
conventional No. 3 electrical casting fur-
nace, built by Sumitomo Citix Co., Ltd., and
SOG polycrystalline substrates produced by

Kawasaki Steel Corporation were evaluated

by the conventional evaluation process.
Average efficiencies of 13.4% and 13.6%
were achieved by Lot No. 3E-79-1 and Lot
No.3E-79-26,respectively, of the electrically
cast substrates, while the average efficiency
of Kawasaki Steel’s SOG substrates was
13.4%. These results represent a major
improvement (by 3.1% in average efficiency
over the results of the previous evaluation).

Performance characteristics were
evaluated of Bayer’s polycrystalline sub-
strates (German product), Sumitomo Citix’s
electromagnetically cast polycrystalline
substrates and Daido Hokusan’s DCM
polycrystalline substrates, and comparison
was made with the bulk passivation effect of
an AR(P-SiN) film.

The result revealed that the P-SiN film
has a bulk passivation effect. The lower the
substrate quality, the greater that effect.

(3) Future Tasks

Further efforts should be made in the
following aspects so as to establish a low-
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cost high-efficiency module manufacturing
process using a 15cm square polycrystalline
silicon substrate:

(a) Study on a process compatible with
thin substrates having back side
junctions and a formation apparatus;

(b) Optimization of process conditions for
the low-cost formation of a low-
reflection structure and a passivation
film;

(c) Optimization of the formation
conditions for a fine electrode pattern,
and

(d) Search for a low-cost module
structure.

1.2.2 High-Performance Modules
(1) Objective and Work Program
(Objectives for FY1996)

Manufacturing cost: ¥210/W at a module
efficiency of 15% and an
annual output of 100MW

Mass production technologies will be
developed for high-efficiency solar cell
modules using polycrystalline substrates.

(Work Program)

(a) Development of elemental
technologies for mass production
Ways to speed up the process will be

emphatically studied, focusing on the sur-

face machining of cells and the junctioning
process, as part of the development of el-



emental technologies for a high-speed cell
fabrication process.

(b) Development of new module structure
Regarding high-efficiency low-cost
modules, vigorous study will be made on
high-speed continuous automation focusing
on cell wiring techniques, and an experi-
ment to confirm long-term reliability will be
started through environmental testing.

(2) Summary for FY1994

(a) Development of elemental
technologies for mass production
Emphatic study on ways to speed up the

process, focusing on the surface machining
of cells and the junctioning process, was
started as part of the development of el-
emental technologies for a high-speed cell
fabrication process.

Concerning the surface machining of
cells, ways to speed up groove formation,
which has already achieved a high conver-
sion efficiency, are being studied.

Regarding the junction formation, tech-
nological development attempts were
launched to achieve a higher speed from a
comprehensive point of view, centering on
the thermal dispersion method and involv-
ing its relevance to the formation of an anti-
reflection film, with the objective of estab-
lishing fundamental technologies for mass
production of principal parts in the cell
fabrication process.

(i) Study on speeding up surface

machining

So far it has been revealed that the
formation of many groves on the cell surface
by machining is effective for reducing the
surface reflection of polycrystalline cells.

With an eye to establishing mass production
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technology, study was made on sandblast-
ing and grinding with a rotating whetstone,
which were considered effective for high-
speed formation of fine grooves on the sur-
face of polycrystalline silicon substrates.

In sandblasting, which is described
first, grooves are formed by blasting fine
whetstone grains onto the substrate with
compressed air. The substrate surface was
covered with a sandblastmasking film (S0pm
thick), and given a striped pattern by photo-
lithography.

Then, a nozzle with which to blast
the grains together with compressed air was
moved over the substrate surface to grind
grooves on it.

The material and size of grains suit-
able for the grinding of silicon substrates
were studied, and it was found that grooves
of 120pm in pitch and 50pim in depth could
be formed with alumina-based grains of
20pm or greater.

Next is described the study progress
on the method using arotating whetstone. In
the previous process for the fabrication of
polycrystalline high-efficiency grooved
cells, grooves were formed with a dicing
saw having a thin rotating blade 50mm in
diameter and 100um in thickness.

This time, with a view to multi-
blading, multiple blades were formed on the
10mm thick circumference of a whetstone
200mm in diameter, and the silicon surface
was directly ground with it in high-speed
rotation. Fine grooves of a 70pm pitch were
successfully formed for the first time.

To evaluate these two machining
methods together, while sandblasting is lim-
ited in its ability to shorten the pitch and
involves difficulty in precise shape control,
the rotating whetstone was revealed to be
subject to little friction with the whetstone




and permits high-speed machining of pre-
cisely shaped grooves.
(ii) Study on acceleration of electrode
formation

As aresult of study in fiscal 1993 on
the acceleration of the electrode formation
process, which is the main part of the cell
fabrication, it was found that using silver
paste for high-temperature baking and rais-
ing the substrate carrying speed in the bak-
ing furnace to 2000mm/min could give as
high a conversion efficiency as the process
under the previous conditions.

This year, study was continued on
the possibility of increasing the carrying
speed in the baking furnace by using a high-
speed printing/baking apparatus.

The experiment was conducted at
carrying speeds of 550, 1000, 2000 and
3000mm/min in the high-speed baking fur-
nace, and the optimal baking temperature at
each speed was determined. It was found
that the higher the carrying speed, the higher
the optimal baking temperature. Given these
optimal baking temperatures, the cell per-
formance at each carrying space was as-
sessed, and it was found that at least as good
a performance as before could be achieved
even atavery high carrying speed of 3000m/
min, 7.5 times as high as the previous carry-
ing speed.

(iii) Acceleration of junctioning and
anti-reflection film formation

Study was made on a system for
simultaneous formation of junctions and
anti-reflection films. In the experiment,
junctions and anti-reflection films were
formed at the same time by thermally de-
composing titanium compound and phos-
phorus compound gases under normal pres-
sure and depositing the decomposition
products on the silicon substrate surface,

followed by heat treatment.

Concerning the cell performance, a
satisfactory conversion efficiency for a first
attempt was achieved, though the amperage
was somewhat low.

(b) Development of a new module
structure

In fiscal 1993, study was made on the
reduction of reflection on the glass surface
and the achievement of a high packing fac-
tor for modules.

This year, study was carried out on the
optimization of the groove angle, reduction
of reflection on the glass surface and simpli-
fication of the module structure, centering
on the acceleration of cell wiring within
modules, and an experiment was started to
confirm the long-termreliability of modules
through environmental testing.

(i) Optimization of cell groove angle

in module structure

Whereas groove formation in poly-
crystalline cells significantly contributes to
performance improvement, this particular
study focused on the optimal groove angle
on the cell surface so that the module struc-
ture could maximize its optical confinement
effect. The experiment was carried out by
fabricating polycrystalline cells on whose
surface grooves were formed with the afore-
mentioned dicing saw at a blade tip angle of
30° to 70°, and assessing their performance
characteristics. It was found that the optimal
groove angle was in the range of 40° to 55°.

(ii) Study on reduction of glass surface

reflectance

Infiscal 1993, with an eye to improv-
ing the short-circuiting amperage in the
module state, an MgF, layer (n #1.35) was
deposited on a colorless sheet glass surface,
and a 1.7% improvement in short-circuit



amperage was confirmed.

This year, study was continued on
performance improvement with the MgF,
layer, and a fluorine resin film (n#1.34) was
also taken up for study as an alternative to
the MgF, layer. This film, which can be
formed by dipping, is likely to contribute to
cost reduction.

In the experiment, the MgF, layer was
formed overacolorless tempered glass sheet.
The fluorine resin film was formed by dip-
ping. Using these glass sheets, after lami-
nating the cells, comparison was made with
the conventional module structure to assess
the improvement of the short-circuit amper-
age.

The short-circuit amperage was im-
proved by a maximum of 2.7% with the
MgF, film of 10004 in thickness.

On the other hand, the glass sheet
coated with the fluorine resin film (1000A
thick) also gave a 2.9% improved short-
circuit amperage, comparable to the MgF,
layer, and was found substitutable for the
MgF, layer.

(iii) Study on acceleration of wiring

In order to reduce the cost of mod-
ules substantially, study is needed, at the
same time as the development of a module
structure which would make optical con-
finement possible, on a structure which
would also permit high-speed wiring of cells,
a requirement from the viewpoint of com-
mercial application. In this report, an
overview is given of the attempts under way
to develop technologies for automatic high-
speed wiring.

The apparatus which was designed
and produced was intended to permit high-
speed wiring and connection of 100mm-
square cells in series by adopting a new cell
aligning mechanism, shifting system and
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heating arrangement.

The experiment on the series con-
nection of cells which were consecutively
supplied gave a satisfactory curvilinear fac-
tor in the series-connected state, compa-
rableto the previously achieved factor. More
detailed conditions are being studied using
the newly developed apparatus with a view
to realizing a major breakthrough in high-
speed wiring.

(iv) Study on evaluation of raw
materials

Cell (50mm square) formation was
carried out using unidirectional solidified
substrates (75mm square) for use in the
evaluation of silicon material. The cell
efficiency achieved for the evaluative pro-
cess was 14.1% at the maximum (10.9% in
1993), 13.5% at the minimum and 13.9% on
the average. The high-efficiency process,
for which a double-layer anti-reflection film
was formed on the groove surface, gave a
maximum efficiency of 15.9%.

(3) Future Tasks

With a view to working out elemental
technologies for mass production, the de-
velopment of new basic technologies for
cost reduction was attempted, including a
machining system to reduce reflection on
the cell surface and the simultaneous for-
mation of junctions and anti-reflection films.
Regarding the module structure, an experi-
ment to confirm long-term reliability was
started while studying the possibility of
speeding up the cell wiring process.

Fromnow on, study should be continued
on the stabilization of cell performance
characteristics and time saving in the for-
mation of new junctions, and at the same
time attempts should be made to accelerate




surface machining and optimize the condi-
tions for high-speed electrode formation.

Concerning the module structure, under
the condition of trying to reduce the time
spent on wiring, optimization with the
lamination process will be attempted.

In fiscal 1996, overall optimization will
be sought while coordinating various el-
emental technologies from cells to modules,
and elemental technologies will be estab-
lished to achieve a module cost target of
¥210/W and a module efficiency target of
15% (an annual output of 100MW being
presupposed).

1.3 Investigation and Research on
Analysis for Practical Use

(1) Objectives and Work Program
(Objectives for FY1996)

In order to support research to bring thin
substrate solar cells into practical use, cur-
rent technical trends will be surveyed and
analyzed, and technical solutions will be
studied so as tohavethe findingsreflected in
the research and development activities for
the practical application of thin substrate
polycrystalline solar cells.

(Work Program)

(a) Surveys on technical trends regarding
practical application of manufacturing
technologies for thin substrate solar
cells
(i) Silicon raw material and substrate

Current status of refining techniques
for metallic silicon and its casting method,
thin substrate cells, crystal defects, and
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lifetime
(ii) Cell formation technologies
Monocrystalline cell formation
technology and polycrystalline cell forma-
tion technology
(iii) Research on achievement of ultra-
high efficiency
New cell structure, hetero junction,
thin substrate type cell, crystal defects, life-
time, surface/interface (electrical properties
of interface and hydrogen passivation), and
new electrode structure
(iv) Surveys on technical trends in
scholastic societies, etc.
(v) Surveys on industrial trends
(vi) Future technical tasks
_(vii) Surveys through invitation of
lecturers

(b) Technical research on practical
application of thin substrate type solar
cell manufacturing technology
For efficient development of manufac-

turing technologies for thin substrate type

solar cells, their technical problems will be
analyzed, and solutions sought.

(2) Summary for FY1994

(a) Surveys on technical trends regarding
practical application of thin substrate
type polycrystalline solar cells
(i) Survey on silicon raw material and

substrate
a. Silicon raw material
Combination of electronic beam

(EB) melting and ingot fabrication results in

evaporative removal of C, P, Ca and Al by

EB melting and removal of Fe and Ti by

solidifying segregation during ingot fabri-

cation. In plasma melting, addition of hy-
drogen to plasma generating gas increases



the energy efficiency.

For the dephosphorization tech-
nique adopted by NEDO, a hearth type re-
fining technique involving the continuous
supply of metallic silicon is being studied,
and the techniques for the removal of carbon
and boron use a non-shift type plasma appa-
ratus to add water vapor for melting.

b. Techniques for substrate fabrica-
tion

i. Casting method

A molten silicon dropping
method (DCM) is being developed as a
basic technique for continuous casting, and
DCM not only is more advantageous for
unidirectional solidification but also excels
in cell conversion efficiency. The maxi-
mum cell conversion efficiency and the
maximum dispersion length by this method

were 15.5% and 210pm, respectively.
For 9-piece ingots, a maxi-
mum cell conversion efficiency of 14.3%
was achieved, and a yield of 80% or more
was attained for cells of 13.5% and above. It
was thus confirmed that DCM could pro-
vide essentially equal ingot quality to the
products of the conventional casting method.

ii. Low-cost monocrystals
For information on the cost
comparison and viability of monocrystals
and polycrystals, references from Siemens
were studied, and the output increase of
monocrystalline cells, cost composition of
monocrystalline cells and that of polycrys-
talline cells were studied.

(ii) Techniques for cell fabrication

a. Techniques for monocrystalline
cell formation

Techniques for cell formation dis-
closed by various research institutions com-
monly use FZ substrates and surface passi-
vation with SiO,.

b. Techniquesforpolycrystalline cell
formation.

Whereas many techniques for
polycrystalline cell formation are applica-
tions of one monocrystalline cell formation
technique or another, techniques for cost
reduction also pose a major challenge.

Gettering, bulk passivation tech-
niques, low-temperature passivation tech-
niques and techniques to reduce surface
reflection in place of texture etching for
monocrystalline cells, among others, are
under continuing research as unique tech-
niques for polycrystalline cells. More re-
cently, research attempts were started on
thin substrate polycrystalline and emitter
wrap through (EWT) cell structures in pur-
suitof higherefficiency forlow-quality cells.

(iii) Research on achievement of ultra-
high efficiency
The following items were studied
technically with respect to the aspects cited
under each subheading.
a. New cell structure

Utilization of the long wavelength
range (impurity PV cells and cells of defec-
tive crystals), utilization of the short wave-
lengthrange (generation of multiple carriers
and of field-assisted carriers) and high-ef-
ficiency multi-layered PN-junctioned cells
of low-quality materials.

b. Hetero junctions

Tandem type elements, uni-
junctioned elements, combination with Si,
honeymoon cells, HIT cells and hetero-
junctioned cells.

c. Thin-substrate cells

Thin-substrate Si solar cells for
use in space, BSC solar cells, thin substrate
polycrystalline Si solar cells (with a CVD-
Si/ZMR/Si substrate) and thin film poly-
crystalline Si solar cells (with a ceramic
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substrate).
d. Defectsin crystals— effects of Cu
in Si
Variation in lifetime versus the
depth directions of N-type and P-type
samples, DLTS spectra of N-type and P-
type samples, and variation in resistivity
versus the depth direction.
e. MBIC measurement of electro-
magnetically cast Si wafers
Results of PL. measurement.
f. Lifetime
Lifetime evaluation of Si minority
carriers by PL, evaluation of long carrier
lives according to PL frequency characteris-
tics, technical problems and future pros-
pects.
g. Surface/interface
Effects of fixed electric charges in
the passivation film, capture cross section at
the Si0,/Si interface level, relationship be-
tween the surface recombination rate and
the fixed charge density, passivation using
hydrogen radicals, passivation using a low-
temperature formed film, and separation of
surface/interface of solar cell materials and
bulk properties as determined by non-con-
tact measurement,
h. New electrode structure
Reduction of optical shield loss,
restraint of recombination on the electrode/
substrate interface, and effect of the differ-
ence in work function.
(iv) Surveys of technical trends in

scholastic societies, etc.

In order to survey technical trends
regarding solar cells, our delegates partici-
pated in international conferences and vis-
ited research institutes.

a. European Material Society Meet-

ing
b. 12th European Photovoltaic Solar
Energy Conference

¢. 2nd International Rapid Thermal
Processing Conference

d. Centre National de la Recherche
Scientifique

e. Laboratoire de Physique des Inter-
facesetdes Couches Minces Ecole
Polytechnique

f. 7th International Symposium on
Passivity

g. First World Conference on Photo-
voltaic Energy Conversion

(v) Surveys on industrial trends

Trends were surveyed regarding the
domestic and overseas situations of raw
materials, production and external conditions
for solar cells.

(vi) Future technical tasks

a. Situation of technological devel-
opmentof crystalline Si solar cells
i. Current status of efficiency im-

provement
The conversion efficiencies of
cells using cast polycrystals and cells using
CZ monocrystals (some using FZ) are as

follows.

Type Laboratory level Factory prototype level | Factory mass production level
Polycrystalline cells 17-18% 15-17% 13-14%
Single crystalline cells 22-24% 18 -20% 16-17%
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ii. Current status of cost reduction

The focal point at present of
technical issues regarding cost reduction is
the development of low-cost high-quality
cast crystals.

Currently, Wacker’s casting
techniques are mainly employed, and at-
tempts are under way to enlarge the bore and
improve the quality. According to a pre-
diction of the future of monocrystalline Si
solar cells formulated by Mr. Mitchell of
Siemens Solar , the cost can be reduced to
$2/Wp even with monocrystals. Evenifthis
forecast is too optimistic, it has to be noted
that, although the cost up to the wafer stage
accounts for some 50% of the total at present,
its proportion at the mass production level
will be reduced to 33% and that of the
module cost will become the greatest, 48%,
in relative terms. This calculation suggests
the importance to future developmental at-
tempts of the technologies to simultaneously
improve efficiency and reduce costs, such as
the low-temperature process and the con-
tinuous process.

b. Future developmental tasks
» High efficiency
i. Developmentof high efficiency
modules

Good prospects are now being
gained for the development of modules
having anefficiency of 15%, and even higher
efficiency should be sought in the future.
Monocrystalline Si manufacturing technol-
ogy and new technologies suitable for ap-
plication to mass production instead of
laboratory production should be developed,
for which research findings on ultra-high
efficiency Si solar cells can be utilized.

ii. Developmentofhigh-efficiency
cells of medium-quality crystals

Although electromagnetic cast-
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ing developed by NEDO is the most prom-
ising technology for cost reduction, its

weakness lies in product quality. Techno-
logical development to enable high-effi-
ciency cells to be manufactured, even though
of mediumquality, requires the development
of techniques to eliminate defects in crystals
and impurities which are harmful to solar
cellsin the low-temperature passivation and
cell fabrication stages as well as low-tem-
perature process techniques.

* Cost reduction

i. Development cell/module mass
production technology
Development of mass produc-

tion technology, fully utilizing automation
techniques to handle large quantities of cells
and modules, is essential.

ii. Development of technology
compatible with application
systems
Integration with building mate-

rials is now attracting note as a promising
application system, and this requires a dif-
ferenttechnology from the traditional orien-
tation of module development, whose
overriding consideration is electric power.
One of the likely themes of such techno-
logical development is a low light condens-
ing module.
(vii) Surveys through invitation of
lecturers
a. Wolfgang Koch (from Bayer,

Germany)

A survey was made on the ingot
fabrication method, characteristics of
BAYSIX wafers and the lifetime of minor-
ity carriers in the solidification by planar
interface (SOPLIN) process. A technical
survey was also made on the principles,
ribbon raising speed and continuous casting
stagein theribbon growth on substrate (RGB)




process.
b. Shinya Tsuda (from Sanyo Elec-
tric)

A survey was made on the char-
acteristics of a-Si/c-Si hetero junctions, the
HIT structure, approaches to efficiency im-
provement, characteristics of ACJ-HIT and
p/n hetero junctioned cells, characteristics
of polycrystalline cells, their application to
polycrystalline thin film Si cells and the
future outlook for the use of the HIT struc-
tare.

(b) Technical research concerning
practical application of thin substrate
solar cell manufacturing technology
Regarding the commissioned research

project to develop thin substrate solar cell

technology, a “subcommittee on thin sub-
strate related technology,” comprising ex-
perts from the industries concerned, the
government and the academic community,
was set up and convened twice to check the
progress of work by each company sharing
the responsibilities, to identify problems, to
analyze phenomena and to study solutions.

(3) Future Tasks

The themes to be taken up concerning
polycrystalline silicon solar cells include
further pursuit of technical problems in the
raw material refining process and the sub-
strate fabricating process, together with mass
production at lower cost.

Regarding monocrystalline silicon solar
cells, techniques to enable further im-
provement of efficiency will be sought and
studied. Recent market trends relevant to
the development of solar cells also require
research.
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2. Research on Fabrication Technology
for Thin-Film Solar Cells for
Practical Use

2.1 Research on Low-Cost Fabrication
Technology for Large-Area
Modules

2.1.1 Technological Development for
Fabrication of Amorphous Solar
Cells and Modules
(Technological Development for
Advanced Structure Integrated
Amorphous Solar Cells)

(1) Objectives and Work Program
(Objectives for FY1996)

Module cost: ¥170/W at an annual output
of 100MW

Conversion efficiency after light-induced
degradation: 8.5% or above (at
30cm x 40cm or larger)

(Work Program) -

Various approaches will be attempted to
develop materials, unit cells and stack cells
with an eye to improving the efficiency and
reliability of multi-bandgap structure solar
cells, and study will be made to improve the
quality and reliability of a-Si and a-SiGe in
the aspects of material and structure, and to
optimize the structure of solar cells.

Attempts will also be made to develop a
reverser-type through-hole contact (THC)
integrated-type structure, which is more
suitable for the multi-bandgap structure than
is the conventional integrated-type struc-
ture.



(2) Summary for FY1994

(a) Development of highly efficient and
reliable solar cells
This year, in regard to materials, fine
structural control was studied, taking into
account the effects of trace impurities and
the SiH,/SiH dependence of light-induced
degration, as were, in regard to structure,
design guidelines using a new stack cell
simulating method. Further improvement
of efficiency after photodegradation was
sought through the development of these
elemental technologies.
(i) Technology to improve stabilized
conversion efficiency through
microstructure control
Already, in order to control the state
of combination of Si and H and the network,
techniques to improve the quality of the i-
layers to provide high hydrogen-dilution
buffer layers through fine control of the
deposition rate and substrate temperature
during the formation of the i-layer had been
developed on the basis of a high quality
amorphous film produced by the super-
chamber method. This year, with a view to
improving the stabilized conversion effi-
ciency of a-Si solar cells, further efforts
were made to reduce SiH,/SiH in the i-layer
and optimize the film thickness through fine
structural control, and a stabilized conver-
sionefficiency of 8.8% (1cm?) was achieved,
which is the highest in the world for single
cells. Furtherimprovement of the stabilized
conversion efficiency of single cells can be
expected by optimization to enhance the
stabilized conversion efficiencies of TCO,
the p-layer and the buffer layer.

The effects of oxygen, nitrogen and
p-type boron having infiltrated into the i-
layer of a-Si solar cells on the performance

characteristics of solar cells were also quan-
titatively assessed. The efficiency was ob-
served to be deteriorated significantly by the
influence of the weakened electric field on
the n-layer at an oxygen content of between
'10® and 10%cm™ or more, or a nitrogen
content of 10'®cm™ or more, and by that on
the p-layer side at a boron content of
10%cm® or more. This time, with an eye to
investigating the effects of impurities in
further detail, the compensatory effect of
simultaneous doping with oxygen, nitrogen
and boron was assessed. Observation of
variations in photoconductivity and dark
conductivity when an a-Si film containing 1
x 10%m™ of oxygen and 3 x 10%cm? of
nitrogen was doped with a trace amount of
boron revealed that the dark conductivity,
which had been raised by the mixture of
oxygen and nitrogen, was reduced by the
compensatory effect of boron to about the
same level as that of a low-impurity film.
The photoconductivity also showed a varia-
tion which seems attributable to the Fermi
transition. Also in the evaluation of the
defect density using CPM, a similar trend
was observed. These findings will prove
useful for designing the electric field in
cells.
(ii) Reliability improvement of multi-
bandgap cells
Study was made to improve the reli-
ability of a-SiGe:H as a narrow-bandgap i-
layer material for the bottom cells of multi-
bandgap cells, and the stabilized conversion
efficiency of 10.6% was achieved, the high-
est level in the world for 1cm2. This time,
study was further made on “the composition-
dependence of thelight-induced degradation
characteristics of a-SiGe:H cells whose op-
tical gap is constant.” As a result, it was
found that, although the light-induced deg-




radation rate of a-siGe cells is higher in the
region where the hydrogen quantity is
smaller, the performance after stabilization
is superior where the hydrogen quantity is
smaller. It was also found that the time
constant of photodegradation is not depen-
dent on the composition. Analysis of the
light-induced degradation characteristics of
a-SiGe single cells with different optical
gaps by a stretched exponential formula
revealed that the narrower the optical gap,
the greater the time constant of light-in-
duced degradation. These findings are ex-
pected to contribute to the elucidation of the
light-induced degradation mechanism of a-
SiGe:H alloys and the realization of more
stable stack cells.

As the stack cell structure consists of
unit cells connected in series, not only its
initial but also the stabilized characteristics
are greatly affected by their amperage bal-
ance. Furthermore, as the I-V characteristic
after light-induced degradation varies with
the film thickness or quality of the i-layer
especially after light-induced degradation,
the optimal design of the stack cell structure
was difficult previously. This year, a tech-
nique to precisely calculate the performance
characteristics of the stack cell before and
after light-induced degradation has been
developed for the first time, to make optimal
designs possible.

Characteristically, this technique
combines a theoretical approach to finely
reproduce the stacked state of individual
unit cells constituting the stack cell struc-
ture, each formed independently, by using
their I-V characteristics before and after
light-induced degradation, and an experi-
mental approach, applied to the light-in-
duced degradation part, to precisely calcu-
latethe IV characteristics after light-induced
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degradation. Forthis purpose, the technique
takes into account spectrumdependence and
the soaking intensity dependence, varies the
film thickness in calculation from the mea-
surement of the photo I-V and dark I-V
characteristics of unit single cells before and
afterlight-induced degradation, and thereby
figures out the I-V characteristics of the
stack cell structure. The stabilized conver-
sion efficiency of a-Si (1.55eV)/a-SiGe
(1.33eV)ispredicted by this technique to be
close to 11%, and the light-induced degra-
dation efficiency achieved by experiment is
10.6%, endorsing the validity of this tech-
nique.

Then, this technique was also ap-
plied to three-stack cells, and calculation
was made with the supposition of using
8.75eV and 1.28eV i-layers, which are highly
appreciated as high-quality i-layers, more
specifically as front and bottomcell i-layers,
respectively. This calculation used cells
whose stabilized FF is thought to be the
same whether the bandgap is widened or
narrowed on the basis of the performance
characteristics of the unit cells of the highest
currently available quality. As a result, it
was found that a stabilized conversion effi-
ciency of 12% or more can be attained.
Based on the design guidelines obtained by
this study, further improvement in stabi-
lized efficiency can be expected in the future
by enhancing the reliability of these unit
cells.

(b) Development of a new modular
structure
Attempts are being made to develop a
reverse-type through-hole contact (THC)
integrated-type structure solar cell which
permits resistance loss reduction with trans-
parent electrodes in addition to expanding



the effective area. This year, optimization
of the conditions for the integrated forma-
tion of the inverse type structure was at-
tempted by means of high-precision analy-
sis of the temperature distribution by a laser
processing simulation method, and laser
patterning techniques were developed for

the back side electrode and the a-Si film. -

Furthermore, for transparent electrode pat-
terning, which had been difficult with the
conventional processing which basically
relies on thermal techniques, a high-preci-
sion and loss-damage processing method
was developed by utilizing laser abrasion.
With this laser abrasion technique, combi-
nations are directly cut with optical energy,
and its very principles make the technique
minimally susceptible to damage. Evalua-
tion of the performance characteristics of
cells for which this technique was used led
to the discovery of favorable processing
conditions for selective patterning of trans-
parent €lectrodes alone.

(3) Future Tasks

With a view to achieving targets for
fiscal 1996, the development of elemental
technologies is successfully under way, in-
cluding the achievement of the highest sta-
bilized conversion efficiency for single cells
in the world. In order to realize low-cost
large-area solar cell modules, the following
tasks remain to be accomplished.

 Realization of materials and a struc-
ture for high-stability a-Si-based solar cells

» Development of techniques for area
expansion, including ones for a high-output
module structure

To solve these problems, integrated ac-
complishment of the following steps would
enable large-area modules to be manufac-

tured at low cost.

+ Development of elemental technolo-
gies to improve the stabilized efficiency

» Development of elemental technolo-
gies for large-area high-output modules

2.1.2 Technological Development for
the Fabrication of Amorphous
Solar Cell Modules
(Technological Development for
Film Substrate Amorphous Solar
Cells)

(1) Objectives and Work Program
(Objectives for FY1996)

Module cost: ¥170/W at an annual output
of 100MW

Conversion efficiency after light-induced
degradation: 8.5% or above (at
30cm x 40cm or larger)

(Work Program)

Techniques to form SCAF-structured a-
Sisolar cells ona plastic film and techniques
for performance improvement will be de-
veloped, and film-substrate solar cell
submodules will be produced on a trial basis
and tested.

Film formation experiments will be car-
ried out to improve the quality and narrow
the gap of a-Si film, and the film thereby
formed will be applied to cells with an eye to
efficiency improvement.

(2) Summary for FY1994

(a) Research on high-throughput process
technology
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(i) Process technology for trial
manufacture of film substrate solar
cells
Process technology developmentand

trial production of and experiments with
submodules were carried out for film sub-
strate a-Si solar cells to which was applied
the Series-Connection through Apertures
on Film (SCAF) structure, a new series-
connection structure whose principles had
been successfully endorsed by trial produc-
tion in fiscal 1993.

A substrate punching mechanism,
which would be a key to successful produc-
tion of SCAF-structured solar cells, was
added to the film substrate pretreatment
apparatus introduced in fiscal 1993. A me-
chanical punching system was selected for
this mechanism from the viewpoint of
throughput. Development of a stepping roll
(SR) film formation system was attempted
for the formation of thin film over the film
substrate. Last year, an SR testing apparatus
consisting of a plasma CVD chamber and a
sputtering chamber was produced on a trial
basis. This year, on the basis of the findings
of the study on technical problems using this
trial apparatus, a multi-chamber SR appara-
tus comprising five plasma CVD chambers
and one sputtering chamber was designed
and produced, and experiments were carried
out with it to produce SCAF-structured film
substrate cells on a trial basis.

To check the uniformity of the film
formed by the SR system over a large area,
eight consecutive frames of 64 single-
junctioned 1cm? cells were formed in a ma-
trix over a 40cm x 40cm area, which is the
effective film formation area of the SR test-
ing apparatus developed in fiscal 1993, and
the distribution of film formation character-
istics were assessed. More than 99% of the

cells gave a Voc above 0.85V, and this
findingrevealed thatthe occurrence of short-
circuiting in cells produced by the SR sys-
tem was practically negligible. An SCAF-
structured double-layer tandem submodule
was produced on a trial basis with the SR
testing apparatus (for single-chamber film
formation), and a 7.2% efficiency was
achieved in a980cm?area (70 in series). An
SCAF-structured double-layer tandem

- submodule of 64cm? in area (16 in series),

whose a-Si layer was formed by cutting the
film substrate after the formation of a metal-
lic film and using an IEV apparatus (for
multi-chamber film formation) for conven-
tional glass substrates gave an efficiency of
8.0%.

(i1) Techniques for improving the
efficiency of film substrate solar
cells
Fortheir application tofilm substrate

solar cells, an attempt was made to improve
the efficiency of substrate type tandem cells.
As the diffusion of phosphorus from the i-
layer to the n-layer in nip-structured cells
has a significantly adverse effect especially
on thin top cells, the influence of
counterdoping with boron on top cells was
studied this time. Substrate type single cells
(glass substrate/metallic electrode/nip/ITO-

structured cells), whose i-layer thickness
was reduced to 100nm, were prepared, and
the relationship between the quantity of
counter doping of the i-layer with boron and
cell performance was studied.

It was found that Jsc and FF in-
creased with boron doping, resulting in im-
provement in conversion efficiency. Espe-
cially at a boron doping quantity of 1.5ppm,
a favorable FF level of 0.743 was achieved.
Study on the spectral responses of cells
revealed that counter-doped cells were im-



proved in inner quantum efficiency in the
long wavelength range, which is presum-
ably attributable to the cancellation of the
effect of phosphorus diffusion to uniformize
theinnerelectric field. Furthermore, attempts
were made to narrow the optical gap of the
i-layer of bottom cells by high-temperature
film formation and to improve the short-
circuit current (Isc)m by optimizing the film
forming conditions of Ag, which constitutes
metallic electrodes, the film thickness of
ITO, which constitutes transparent elec-
trodes, and the transmissivity.
(iii) Modulization technology
Conditions for the thermocom-
pression bonding and cross-linking of EVA
as sealant were studied. It was found that
cross-linking takes more than twice as long
at a temperature of less than 130°C than at
140°C. Based on this finding, experiments

were conducted on rubber roll type lamina-.

tion as a modulization system with a view to
increasing the throughput of the laminating
process. In these experiments, wrinkling
was observed when tension was applied
unevenly. For this reason, study is being
made to work out a system which can apply
uniform tension to each material.

(b) Research on techniques for
performance improvement
(i) Techniques for forming narrow-
gap materials
For the purpose of application to
bottom cells of tandem cells, qualitative
improvement of aSiGe:H film of around
1.6eV in optical gap (Eg) and its application
tocells were tried. A mixture of SiH, +GeH,
+H, was used as reactive gas, Sill, + GeH,
and H, were, respectively, kept at 40sccm
and 200sccm (constant), the gas flow rate
ratio of GeH, was adjusted, and Eg was kept
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constant at 1.6eV all the time. The plasma
electron temperature (Te) was measured by
double probing, and its relevance to the
optical/dark conductivity ratio was checked.
It was found that Te tended to drop, and sph/
sd to rise, as intervals between electrodes
were extended. Theresultanta-SiGe:H film
had sph/sd of 3.0 x 10° and sph of 1.4 x
105S/cm. The defect density (Nd) of this
film determined by PDS was relatively low,
4.4 x 1016cm3. Use of this film for the i-
layer of pin cells 1cm?in size resulted in an
efficiency of 8.35%.

In order to clarify the bombardment
effect of ions brought to incidence on the
film growth surface during a-Si film forma-
tion, anion energy-controlling plasma CVD
method was developed. Two parallel elec-
trodes of the same size were inserted as
double probes into the plasma parallel with
the discharge electrode, and film formation
was carried out, with an electroconductive
substrate fitted using one of the probes as
susceptor.

Experiments were also conducted to
form an a-Si:H film by mixing SiH,Cl, into
SiH, and applying the plasma CVD method.
The experimental conditions included the
dilution of SiH,Cl, and SiH, with H, SiH,Cl,
+ SiH, = 30sccm, H, = 30sccm, an SiH,CL/
(SiH,Cl, + SiH)) ratio of 0 to 1/3, a gas
pressure of 0.1torr and a substrate tempera-
ture (Ts) of 230 to 275°C. At an SiH,CL/
(SiH,Cl, + SiH,) ratio of 1/12 or less, films
having an sph/sd ratio of above 106 were
obtained. Concerning the photodegradation
characteristics of the photoconductivities
(sph) of these films, films of less than 1/30
in SiH,CL/(SiH,Cl, + SiH ) ratio were found
about half as fast as films of SiH, alone in
light-induced degradation rate, and those of
230°C in substrate temperature proved less




susceptibletolight-induced degradation than
those of 275°C.

(ii) Techniques for efficiency
improvement of double-layer
tandem cells
For the purpose of assessing the ex-

pected power generation performance of
tandem cells in practical use and feeding
back the findings to the efforts to work outa
more stably operating device structure, the
outdoor exposure tests were continued, and
at the same time study was made on a sim-
plified model for simulating the average
monthly output. In addition to the effect of
the solar spectrum which had been studied,
the influences of temperature and solar irra-
diation were taken into consideration this
year. This model was intended to permit
prediction of the average generated wattage
in each month if the average maximum cell
temperature, the total solarirradiation inten-
sity per day, the ratio of the spectral solar
irradiation intensity in each month and the
conversion efficiency of the a-Si solar cell
module in its standard state were given. For
this purpose, it was necessary to know the
effective temperature and solar irradiation
in each month, and the illuminance coeffi-
cient relative to the aforementioned param-
eters. Regarding thetemperature, a substan-
tially constant compensation coefficient was
discovered between the maximum cell tem-
perature and the effective temperature.
Concerning the illuminance, a proportional
relationship was found between the total
solar irradiation intensity per day and the
effective solar radiation intensity. On the
basis of these findings, the spectrum was
compensated and the wattage generated was
calculated from the conversion efficiency in
the standard state, and the result was in good
agreement with the actual measurements,

testifying to the validity of this method.
(3) Future Tasks

(a) Research on high-throughput process

technology

With a view to improving the perfor-
mance of SCAF-structured large-area solar
cells, the trial process will be further im-
proved, focusing on the multi-chamber SR
type film formation apparatus and the roll
type laser scriber apparatus, and film sub-
strate solar cell submodules will be pro-
duced and subjected to experiments.

(b) Research on technology for
performance improvement
To further improve the stabilized effi-
ciency of tandem cells, attempts will be
made to enhance the quality of narrow-gap
a-Si-based films and to apply the obtained

films to those cells.

2.1.3 Fabrication Technology for
Large-Area Amorphous Solar
Cell Modules (Technical
Development for Sealing
Materials)

(1) Objectives and Work Program
(Objectives for FY1996)

For assumed large-area amorphous so-
lar cells (0.4m?or above), a coat-sealing type

- modulization technique, by which the back

side can be sealed at an application rate of
0.24m?min, will be developed.

(Work Program)



(a) Trial production and analysis of small
and medium-area modules will be con-
tinued, and a decision will be made on
the choice of a sealing resin blend suit-
able for mass production of reliable
modules.

(b) The module structure and processing
procedure designed in fiscal 1993 for a
assumed simplified frame will be ap-
plied to the solar cells to be produced
under the next subject, and work to iden-
tify and solve problems will be started.

(¢) In order to confirm the multi-purpose
applicability of the modulization tech-

niques, many ZnO/Ag-structured cells -

will be modulized to identify problems
in reliability and productivity.

(d) While building up data from field tests
and accelerated tests of small-area and
medium-area modules, evaluation of the
reliability of the modules produced on a
trial basis under the foregoing subject
will be started.

(2) Summary for FY1994

Unlike crystalline solar cells, amorphous
solar cells permit greater freedom in the
choice of the substrate and ready expansion
of the square measure, and accordingly are
compatible with substrate-integrated struc-
tures in which solar cells are formed directly
on a large-area glass substrate. Research
was undertaken for the purpose of reducing
the cost by developing a coat-sealing type
modulization technique suitable for amor-
phous solar cells.

This year, coat sealing was applied to
solar cells having double ZnO/Ag layered

backside electrodes, which are considered
particularly vulnerable to corrosion, toiden-
tify and solve problems. : For the wiring
leading to the terminal box, neither transpar-
ent electroconductive nor deposited metal-
lic film is sufficient for reducing the resis-
tance, and copper foil is used instead. In a
substrate-integrated module, as the length
of copper foil wiring is extended, if its
adhesion to the module is not adequately
secured, the wiring may get broken by any
distortion of the module or a difference in
expansion coefficients due to the heatcycle.
Furthermore, this lead section, because of
itslevel difference, isknown to drag bubbles
in when liquid resin is being applied. For
this reason, there is added a process to fill
resin in with a dispenser in advance of coat-
ing, but this also is known to be insufficient
by itself. Moreover, since amorphous cells
have an electroconductive layer all over, in
order to secure sufficient dielectric strength
between the frame and terminals, theyrequire
a different contrivance from what conven-
tional modules do.

Regarding sealing resins on the other
hand, it is required to strengthen their adhe-
sion to Ag so as to prevent backside elec-
trodes from corrosion, not to let gas, which
would give rise to bubbles, generate during
hardening, and improve their thixotropy to
facilitate application.

(a) Study on the blending of sealing resins

To check the corrosion of double ZnO/
Ag layered electrodes, mock-up samples
were made of liquid resin blends hypoth-
esized in fiscal 1993. Their variations in
high-temperature high-humidity tests were
observed, and it was confirmed that the
performance characteristics of cells did not

. change in accelerated tests for up to 1,000
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hours.

Meanwhile, though no change in shape
was detected in microscopic observation,
the color was found to vary somewhat, and
it was found that the adhesion strength of the
ZnO/Aginterface might change sometimes.
For thisreason, various additives were tried,
and it was discovered that the addition of
appropriate quantities of diisocyanate and
an isocyanate-based silane coupling mate-

rial in combination could suppress varia- -

tions in the adhesion strength of members.
However, as it was also found that their
addition raised the thixotropy of blends and
invited trouble in the coating process, filler
materials and other factors were reviewed,
and a blending prescription to suppress thix-
otropy and facilitate the flow of resins was
obtained.

(b) Study on module structure and
processing procedure

Although there is no relevance to the
improvement of reliability in weathering
tests, the selection of a cover film to ensure
mechanical strength against scratches-and
the like had been undertaken. Mainly fluo-
rine-based films were evaluated with re-
spect to reliability (against light, heat, hu-
midity and so forth), mechanical strength,
workability, cost and appearance, and glass
cloth was eventually chosen.

While the cover glass-substrate inte-
grated structure has an advantage in cost
reduction, it involves the problem of with-
stand voltage, which poses no major prob-
lem in the conventional structure. JIS re-
quires a withstand voltage of twice the sys-
temvoltage plus 1kV between terminals and
the frame. To a super-straight structure in
which submodules are arranged on a cover
glass, it is relatively rare for the withstand
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voltage to pose a problem unless there is
some trouble in the process. However, in an
a-Si solar cell module, where a transparent
electroconductive filmis formed all over the
cover glass, itis very likely that continuity to
the frame will arise, including the possibil-
ity of the transparent electroconductive film
extending to the frame, and accordingly
insulation from the frame should be achieved
somehow or other. Insulation of the sub-
strate surface by laser scribing was tried, and
the laser scribing conditions which would
permit simultaneous steady patterning of
the transparent electroconductive film, a-Si
and back side metallic electrodes were
discovered by optimization. Modules with
different widths of the laser-insulated pattern
were produced on a trial basis, and their
withstand voltages were measured, resulting
in a relatively favorable relationship to the
patterning width.

(c) Development of low-cost module

sealing process

Bubbles in sealing resin, which could
invite corrosion of the module, should be
kept to a minimum. Infiscal 1993, a curtain
coater type apparatus was developed, and its
utilization in the process was studied. In
experiments on actual coating, it was found
that the generation of bubbles could be sub-
stantially reduced by optimizing the ar-
rangement of T-dies and the coating condi-
tions including the rates of discharge and
coating. This year, the process was scruti-
nized in further detail to study how the
generation of bubbles could be suppressed.
It was discovered that bubbles are more
likely to occur around the lead wiring, which
is a projecting part of the module, than
elsewhere, the most likely between the resin
filled in with the dispenser and the subse-



quently applied back side sealing resin. But
bubbles do not arise around the part of the
lead wiring parallel to the direction of resin
application, while they do occur in the rect-
angular part of the lead wiring. These
bubbles, it was found, could be driven away
in the direction of application by laminating
the cover film. It was confirmed that the
greater the length of lamination to the lead
wiring or the narrower the clearance against
the thickness of laminated coat, the greater
the amount of bubbles that could be driven
away. It was found that, given the current
position of the lead wiring, the problem
could be averted by utilizing these behav-
iors during lamination.

At the same time, the presence of minute
bubbles generating from within the resin
was noticed in addition to the bubbles occur-
ring from the process, and their cause was
searched for, together with a way to reduce
them. As a result of the search, it was
suggested that a reaction decomposing the
SiH radical of the curing agent was taking
place to a minute degree as a competitive
reaction to the usual hardening reaction by
hydroxylation. This means that SiHradicals
react with the trace moisture in the resin and
active hydroxyl radicals which seem to be
present on the surface of inorganic filler. A
part of an anti-aging agent could catalyze
this reaction, Since the hydrogen thereby
generated diffuses rapidly in the resin, it is
usually dispersed into the atmosphere be-
fore the resin hardens, but, in the presence of
a cover film, part of this hydrogen is pre-
sumably taken into the resin to become
bubbles.

As changing the hardener would affect
the very choice of the oligomer, the remedy
was sought mainly in the choice of the anti-
aging agent and cover film. As a result, a

correlation was found between the state of
bubbling and the melting point of the anti-
aging agent, and this correlation was taken
intoaccountin selecting the anti-agingagent.
Then, using this blend, the occurrence of
bubbles was checked with different kinds of
cover film, and no bubble formation attrib-
utable to the generation of hydrogen during
hardening was detected when glass cloth
with high gas permeability was used for the
cover film.

Furthermore, along with the changes in
blend and cover film material, the standard
condition (0.3m/min) for coating and lami-
nation using T-dies, which had been tenta-
tively determined last year, were reviewed,
and this process was confirmed to be still
possible with a slight modification of the
conditions. Then, study was made on the
possibility of accelerating the coating and
lamination, which are key factors to the
productivity of this process, and accelera-
tion up to 1.9m/min was found feasible. On
the other hand, along with the acceleration,
the tolerance of the coating condition was
significantly narrowed, and its upper limitis
estimated at 2 to 3m/min.

(d) Confirmation of the long-term

reliability of new type modules

The various PIB-coated type modules
fabricated last year were put to continued
reliability tests, involving outdoor expo-
sure, in and out of Japan, and data were
thereby accumulated. For solar cells having
ZnO/Agelectrodes, modules were prepared
on a trial basis under the optimal sealing
conditions currently available, and some of
the tests endorsed their freedom from degra-
dation.

(3) Future Tasks




(a) Economic evaluation will be carried out
of the resin blends, which have been
determined with bothreliability and pro-
cessing ease taken into consideration,
and the blends will be further studied
from the viewpoint of the material cost
with an eye to reducing the sealing cost.

(b) Structural problems with and processing
ease of low-cost modules produced for
trial will be checked, and the final mod-

ule structure will be determined by opti-

mization on that basis.

(c) Sealing resin film thickness reduction
and productivity enhancement through
improvement of the coating apparatus
will be attempted from the viewpoint of
cost saving.

(d) Data accumulation from the field test of
small-area and medium-area modules
will be continued, and the fireproofing
of coated type modules will also be stud-
ied to identify problems relevant to
practical use.

2.1.4 Technological Development for
the Fabrication of CdTe Solar
Cell and Modules)

(1) Objectives and Work Program

(Objectives for FY1996)

Module cost: ¥170/W at an annual output
of 100MW

Conversion efficiency: 10% (40cm x

80cm or larger)

(Work Program)
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In order to achieve the above-listed tar-
gets, technological development will be at-
tempted in the following aspects.

(a) Ahigh-transmissivity and low-resistance
CdS film and a high-quality CdTe active
layer will be developed by improving
the materials and process, and the effi-
ciency oflarge-area CdS/CdTe solarcells
will be thereby enhanced.

(b) For the purpose of reducing the cost of
large-area CdS/CdTe solar cells, study
will be made on the possibility of accel-
erating coat patterning, and a high-pro-
ductivity uniform baking system will be
studied to achieve a uniform large-area
sintered film in a short period of time so
that the production line speed can be
increased. Furthermore, development
of techniques for the utilization of low-
cost materials and low-cost but reliable
and safe modules will be attempted.

(2) Summary for FY1994

(a) Research on techniques to improve the
efficiency of large-area solar cells
(i) Study for qualitative improvement
of CdTe active layer
Itisknown that the film quality of the
CdTe active layer may greatly vary with the
composition and grain size of the mixture of
Cd, Te and CdTe obtained by crushing Cd
and Te, and accordingly the control of these
factors is essential for improving the film
quality. Asitwasimpossible toindividually
control the crushed grain size and the mix-
ture composition with the conventional ball-
medium mill, a ring-medium mill was intro-
duced this time to study crushing condi-
tions.
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While the CdTe/peak ratio by X-ray
diffraction varied from 0.27 t00.57 and 1.06
when the crushing duration was extended
from 5 to 10 and 15 minutes, respectively,
with the revolutions of the ring medium mill
being fixed at 2,500 rpm, the average grain
size did not change significantly, only from
1.50pm to 1.42pum and 1.32pm, respec-
tively. Therefore, it was made possible to
separately control the CdTe output with the
grain sizes of the Cd, Te and CdTe kept
constant. From the results of this experi-
ment with the ring medium mill, it was
confirmed that the greater the CdTe output,
the smaller the quantity of sulfur (S) taken
into the active layer during the sintering of
CdTe, and the more improved the Voc as a
cell performance characteristic.

(ii) Study on bandgap widening of
window layer

When a mixed crystal film is to be
made from CdS powdef and ZnS power by
coating and sintering, increasing the propor-
tion of Zn would result in a film with less
growth of grains due to the combination of
material particles and more voids within.
This phenomenon seems to be due to the
inhibition of sintering by the high content of
ZnS powder, which is thermally inactive, in
the material. A film with many voids has
low light transmissivity, permits no suffi-
cient expansion of the bandgap and has high
electrical resistance and these disadvantages
as a window layer prevented the production
of efficient solar cells from such films.

The Cd, Zn S mixed crystal powder
newly developed in the recent study was
prepared by introducing H,S gas into a pH-
adjusted aqueous solution containing CdSO,
and ZnSO, and heating the deposit, resulting
from the coprecipitation of CdS and ZnS, in
the atmosphere at 500°C for four hours to

41

increase its crystallinity.

Sintered films were formed from the
Cd, ,Zn S mixed crystal powder (with a Zn
proportion of 10% to 60%) prepared in this
manner as coating paste material, their opti-
cal and electrical characteristics were evalu-
ated, and solar cells were fabricated from
them. :

The grain size of a mixture of CdS
powderand ZnS powderisafew imat most.
On the other hand, in the mixed crystal
powder, the grain was confirmed to have
grown to 20pm or more at a Zn proportion of
20%. AtaZn contentof no more than 40%,
no void was observed in the sintered films,
which were found tightly adhered to the
substrate surface in every case. This differ-
ence in sintered film quality is attributed to
the presence of ZnS powder.

The optical bandgap calculated from
the spectral transmissivity, in either mixed
crystal powder or mixed powder, proved
narrower than that expected from the start-
ing material, but the sintered film made from
the mixed crystal powder was found to have
a greater bandgap than that from the mixed
powder.

The resistivity of the sintered film, at
every level of Zn content, was found to be
lower with the mixed crystal powder than
with the mixed powder by two digits oreven
more. This seems due to the reduction of
voids within the sintered film and the result-
ant fine texture.

Solar cells were fabricated from the
mixed crystal films described above. Com-
pared with cells from mixed crystal sinters
of mixed powder, they were found to excel
in collecting efficiency and in photoelectric
characteristics. They were also sensitive to
lightof 470nm or more in wavelengthowing
tothe widened bandgap of the window layer.




Regarding cell performance characteristics,
the films from the mixed crystal powder had
Jsc of 19.8mA/cm? at X = 0.1, much im-
proved over the 18.0mA/cm? of those from
the mixed powder and surpassing the Jsc of
cells using CdS as window material, indicat-
ing an expansion of the sensitive wave-
length range. However, along with an in-
crease in Zn proportion, FF and Voc tended
to decline, failing to surpass the conversion
efficiency of cells using CdS film as win-
dow material. The declines in FF and Voc
seemattributable toincreased resistance due
to the higher Zn proportion and the effect of
lattice defect consequent on the difference
in lattice constant between the Cd,_Zn S
mixed crystal film and CdTe. No cells of X
= 0.4 or 0.6 gave any output.

(b) Research on techniques for the
formation of large-area coat-sintered
film
(1) Study on techniques for

compression of CdS film
Study was made on the possibility of

improving the quality of the CdS film by -

compressing the CdS printed film. When
the CdS film was subjected to pressure after
printing and drying, the CdS printed film
was compressed, and the film density was
found increased. The compressed CdS
printed film was found to have lost many of
the pores in the sintered film, become more
dense and improved in beam transmissivity
(4%).
(i) Study on techniques for levelling

of CdTe Film

Whereas the CdTe film prepared by
printing and sintering consists of an active
layer of 1 to 3um in thickness and a porous
layer of 1 to 3pm in grain size, formed over
a CdS film, the porous layer is uneven in

thickness as the printed layer is varied in
thickness by the effect of the screen mesh.
Thisunevenness was anticipated to adversely
affect the uniformity of the resistance of
contact with a carbon layer to be formed
subsequently and of acceptor diffusion, and
the film thickness should be made as uni-
form aspossible. Last year, ultrasonic treat-
ment was developed as a technique to form
a CdTe coat uniformly, but levelling was
insufficient as vibration was applied to the
glass substrate only in the horizontal direc-
tion. Thisyear, the apparatus wasremodelled
to permit simultaneous excitation in both
horizontal and vertical directions, and used
in the experiment, resulting in an evenly
smooth film. When the film, after smooth-
ing, was subjected to roll compression to
increase the filling density of the material
powder, its density was greatly enhanced.
As aresult of the trial production of cells, it
was found that those made of films having
undergone ultrasonic treatment plus com-
pression were improved in every PV pa-
rameter.

(3) Future Tasks

This year, in pursuit of higher efficiency
for large-area CdS/Cd/Te solar cells, quali-

tative improvement of the CdS film and the
CdTe active layer was attempted, and an
effective conversion efficiency of 9%
(265cm?) was attained. For further effi-
ciency improvement, it is necessary to re-
duce the resistance of the Cd,_Zn S film and
to form satisfactory junctions between this
film and CdTe. For this purpose, a low-
resistance film should be developed by
doping Cd, ,Zn S mixed crystals with donor
impurity and thereby improving the FF.
More specifically, the conditions of the ad-



ditionof Al to the powder preparing solution
and of coprecipitation are being studied asa
method to dope mixed crystal powder of X
= (.2 or more with Al, and R&D efforts are
under way to work out a baking method
suitable for that purpose. Concerning the
lattice defect attributable to the difference in
lattice constant between the mixed crystal
film and CdTe, study will be made on buffer
layer formation methods, including the CdS
coating of the Cd, _Zn S mixed crystal sin-
tered film, and the conditions of CdTe film
formation with a view to Voc improvement.

2.1.5 Development of Fabrication
Technology for Tempered Glass
Over-Layered Transparent
Conducting Film

(1) Objectives and Work Program
(Objectives for FY1996)

Glass substrate cost: ¥40/100cm? at an
annual output of 100MW

(Work Program)

(a) Research on fabrication technology for
thermally resistant over-layered
transparent conducting substrate
A quantitative evaluation method will

be established concerning the thermal dis-
tortion of substrates with a view to identify-
ingthecause of warping and finding amethod
to reduce it. A method of low-temperature
heat treatment will also be developed in
order to improve the performance of the
conducting film while maintaining the
strength of the tempered substrate.
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(b) Development of low-cost technology

A normal pressure CVD apparatus will
be produced that can continue the formation
of a conducting film to the tempering pro-
cess without letting the glass temperature
drop. Tempered TCO films will be fabricated
to evaluate their strength and warp and to
compare their performance with calculated
values, and at the same time problems in the
designing of a tempering apparatus will be
identified.

(2) Summary for FY1994

(a) Research on fabrication technology for
thermally resistant over-layered
transparent conducting substrate
(i) Improvement of thermal resistance

of TCO substrate

Inorder to form a conducting film on
tempered glass, it is necessary to reheat in
the atmosphere the glass substrate on which
the conducting film has been formed.

Therefore, various TCO films produced by

the normal CVD method were reheated in

the atmosphere, and the quantities of warp
occurring on the substrates were measured.

It was found that the quantity of warp is

dependent on the carrier concentration of

the TCO film, and the higher the carrier
concentration, the greater the warp. This
presumably was due to a temperature differ-
ence between the surface of the glass sub-
strate on which the film was formed and that
on which no film was formed owing to the
effect of heat wave reflection attributable to
the electrons that constitute the conducting
carrierin the film. The substrate temperature
distribution was calculated from the radia-
tion from the furnace and the heat wave
reflecting performance of the glass, and the
temperature difference between the two sides




of the glass was predicted to be about 400°C.
(i1) Analysis of TCO crystal distortion

by high-temperature X-ray

diffraction

To assess the deformation of sub-
strates while being heated, variations in the
lattice distortion of TCO films were directly
observed by high-temperature X-ray dif-
fraction. It was found that changing the
glass substrate underneath would change
the way in which the lattice distortion var-
ied, and that the effect of the difference in
thermal expansion could be quantitatively
evaluated. Fromnow on, this technique will
be applied to a higher-temperature region to
advance the analysisforidentifying the cause
of warping during heating,.

(iii) Development of low-temperature

heat treatment method

Because theresistance of a TCOfilm
increases when it is heated in the atmo-
sphere in the neighborhood of its tempering
temperature, it is necessary to reduce the
resistance by heat treatment with nitrogen.
The previous treating temperature was
500°C, but treatment at this temperature
invited easing of the tempering stress. Al-
though glass is not usually susceptible to
stress easing at a temperature below its dis-
tortion point (around 500° for soda lime
glass), stress easing is known to occur even
at a temperature below its distortion point
(less than 300°C) in the presence of a heavy
stress, such as the tempering stress. There-
fore, study was made on a method of low-
temperature heat treatment in order to pre-
vent the tempering stress from dropping. As
aresult, it was found that aresistance reduc-
tion comparable to that under the previous

standard conditions of treatment (500°C for
10 minutes) can be achieved by heat treat-
ment with nitrogen at 300°C for 20 minutes.
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Furthermore, low-temperature heat treat-
ment proved effective for ZnO-coated TCO
films as well, and technical prospects were
gained for reducing the resistance of TCO
films by heat treatment without affecting the
tempered state of tempered TCO substrates.

(b) Development of low-cost technology
(i) Experiment on subsequent

tempering of TCO

TCO films differing in thermal resis-
tance and thermal warping were formed by
CVD, and subjected to a subsequent tem-
pering experiment. TDO substrates were
charged by roller conveyance into a temper-
ing furnace heated to above 600°C, and
tempered by wind cooling while varying the
heating conditions. It wasfound that, though
tempering was impossible at a high tem-
perature of 650°C or above because cracks
resulted from the thermal deterioration (oxi-
dation) and warping of the film, TCO could
be tempered by asymmetrical heating at a
temperature reduced to 620°C. Evaluation
by a falling-sphere test using .a 227g steel
ball revealed that the TCO film could
withstand a sphere drop from a 1.5m height,
arequirement for solar water heaters. How-
ever, though the average resistance of TCO
after tempering weakened from 27Q/0] to
19Q/01, there were some high-resistance
parts. The plan is to search for more favor-
able conditions for film formation and
tempering together with numerical calcula-
tions to reduce the warp and improve the
resistance distribution.

(ii) Development of a roller-conveyed

type CVD apparatus

A large-area CVD apparatus (com-
patible with substrates of 30 x 40cm?in ac-
tual size) connectable to the tempering ap-
paratus was produced. On the basis of



findings in the preceding year, a mesh belt
type conveyor system was adopted, whichis
switched to roller conveyance at the outlet.
The substrate heating system is configured
so as to uniformize the temperature distribu-
tion based on the research findings on the
improvement of the thermal resistance of
TCO.

The CVD apparatus as such is 1.8m
wide, about 19m long and 2.2m tall. It is
structured so that glass substrates of up to
4mm in thickness are conveyed by a mesh
belt and shifted to roller conveyance after
four-stage CVD film formation, and is con-
nectable to the tempering furnace. The
previous normal pressure CVD apparatus
had a structure in which a gradual cooling
zone was provided following the CVD film
formation zone for cooling down to room
temperature, but this new apparatus has a
buffer zone in place of the gradual cooling
zone. This zone is intended to prevent the
strong wind generated in the tempering fur-
nace from affecting the inside of the CVD
apparatus. The configuration is unique to
in-line tempering apparatuses.

(3) Future Tasks

(a) Research on fabrication technology for
thermally resistant over-layered
transparent conducting substrates
In order to realize a tempered TCO sub-

strate satisfying the requirements of 5Q/[1

in sheet resistance and 85% in transmissiv-
ity, the conditions for the formation of con-
ducting films and their tempering and ni-
trogen-annealing will be optimized. Along
with improving the warping and resistance
distribution, optimization will also be at-
tempted, on the basis of the evaluation of
solar cells, regarding the surface texture of
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temperable conducting films.

(b) Development of low-cost technology

A wind-cooled tempering apparatus and
accessory units will be connected to the
latter stage of the normal-pressure CVD
apparatus produced this year to complete an
in-line tempering TCO manufacturing ap-
paratus.

2.2 Technological Development for
Qualitative Improvement

2.2.1 Technological Development for
Efficiency Improvement of
Amorphous Solar Cells after
Initial Degradation

(1) Objectives and Work Program
(Objectives for FY1996)

Stabilized conversion efficiency: 12% or
above (for 1cm x 1cm or larger)

(Work Program)

(a) Development of deposition technology

for photostable a-Si films

Attempts will be made to improve the
control technique for combined hydrogen
atoms which would make it possible to con-
trolthe quantity and formof hydrogen content
in amorphous a-Si films, and to develop
formation technology for photostable films
with a view to reducing the defect density
after irradiation with light.

(b) Design development for photostable
elements
In order to develop design technology




for stacked type solar cells which are
photostable elements, development of a re-
sistant transparent coriducting interface layer
and an interface recombination facilitating
layer will be attempted. Furthermore,
photostable a-Si films prepared under con-
trol of combined hydrogen atoms will be
applied to cells to develop an appropriate
element structure and, at the same time,
study will be made on the improvement of
cell performance.

(2) Summary for FY1994

(a) Development of deposition technology
for photostable a-Si films

With an eye to achieving photo-

stabilization of the a-Si material by working
out low-hydrogen narrow-bandgap a-Si
films, attempts were made to develop tech-
niques for film formation/hydrogen plasma
treatment to control hydrogen atoms com-
bined in the film, a heating gas plasma CVD
method and a pre-excited plasma CVD
method. Developmental work was also car-
ried out to upgrade the quality of a-Si-Ge as
i-layer material for bottom cells of double-
layer tandem cells.

(i) Development of technique to
control hydrogen content in a-Si
films
To improve the quality of and to

photostabilize a-Si films, development of a
technique to control hydrogen contentin the
films was attempted by applying the alter-
nately repeating deposition and hydrogen
plasma treatment (ADHT) method. The a-
Si films prepared by the ADHT method had
a defect density of no more than 1 x
10'cm in a broad optical bandgap range of
1.66eV to 1.92eV, and made-it possible to
reduce defects especially on the wide gap

side above 1.8eV. This reveals the remark-
able effect of hydrogen plasma treatment to
compensate for defects. The defect density
of these a-Si films after irradiation with light
was 3 x 10%cm? or less, indicating the ad-
vantage of the treatment in
photostabilization. Furthermore, the stabil-
ity of wide-gap films with greater quantities
of combined hydrogen atoms (20at% or
more) was found comparable to that of low-
hydrogen a-Si films, indicating no correla-
tion between SiH, combination or the
quantity of combined hydrogen atoms and
photostability.

The photostable wide-gap film (pre-
pared by the ADHT method) was applied to
thei-layer (100mm), and the stability of a-Si
films was evaluated on a single cell basis.
With 1.9¢V films formed by the ADHT
method, a high open-end voltage of 0.94V
was achieved. Their FF also proved higher
than the products by the earlier method,
remaining at 0.68 or above even after irra-
diation with light. The degradation rate of
the conversion efficiency, too, was found
more stable, at about 7% with a wide gap.

(i1) Qualitative improvement of
narrow-bandgap a-SiGe material

With an eye to enhancing the effi-
ciency of double-layer tandem cells, study
was made on the possibility of improving
the quality of the a-SiGe film, which is a
narrow-bandgap material. Deposition was
based on plasma CVD of a mono-silane/
mono-germane mixture diluted with hydro-
gen. Forqualitativeimprovement,the ADHT
method, which had proved effective in
compensating for defects in a-Si films, was
used. Regarding the dependence of the
optical bandgap and the hydrogen content
on the duration of hydrogen plasma treat-
ment in the ADHT process, the optical



bandgap widened and the addition of hydro-
gen occurred with the extension of the hy-
drogen plasma treatment duration, resulting
in an increased ratio of Ge-H/Si-H in the
film. This revealed the possibility of con-
trolling the selective combination ratio of
hydrogen, which is the ratio of combination
of hydrogen atoms with Ge and Si atoms,
and to preferentially combine Ge atoms with
hydrogen. In comparing the photosensitivi-
ties of hydrogen-diluted films and of the
products of the ADHT process, the latter
were found more photosensitive and supe-
rior in quality. These findings suggest that
the selective combination of hydrogen
compensates for defects and improves
photosensitivity.

Study was further made on undiluted
film formation using no hydrogen. By slow-
ing down the film formation rate, the quan-
tity of Gein the film was increased, entailing
thenarrowing of the optical bandgap, but the
photoconductivity was enhanced. Undi-
Iuted film formation at a suppressed for-
mation rate of 0.2A/s or less resulted in
successful production of a-SiGe films su-
perior to hydrogen-diluted films in photo-
sensitivity in the narrow-bandgap range of
1.35eV to 1.55eV. It was confirmed by IR
observation that films formed at a rate of
0.2A/s or below had more hydrogen atoms
combined with Ge atoms (GeH) than films
produced by the hydrogen-dilution method.
To evaluate the device performance of a-
SiGe films produced by the ADHT method
and nondilution method, single cells were
fabricated, resulting in conversion efficien-
cies of 8.9% (1.61eV) and 8.2% (1.47¢eV)
for the ADHT and undiluted formation
products, respectively. These results mean
a nearly 10% improvement in conversion
efficiency over the cells fabricated of films

produced by hydrogen-dilution method, and
the ADHT method was found effective in
defect compensation while the low-rate
undiluted film formation proved useful in
improving the material quality.
(iii) Hot gas plasma CVD method
Development of a technique to de-
posit a-Si films by subjecting film-forming
gas, excited by heating, to plasma decompo-
sition was attempted. Mono-silane, used as
the film-forming gas, was heated to a pre-
scribed temperature by a gasheating system,
and introduced into the space of parallel flat
plate type RF electrodes for plasma gen-
eration. In producing the a-Si films, the
substrate setting temperature was kept con-
stant and the gas heating temperature (Tgas)
was varied. When the gas heating tem-
perature was raised, the optical bandgap
tended to narrow, particularly conspicuously
atsubstrate temperatures of 160°Cand 180°C,
where the optical bandgap was reduced by
0.04eV. This corresponded to an approxi-
mately 60°C rise in substrate temperature.
The a-Si films produced from heated gas
had narrower optical bandgaps at the same
quantity of combined hydrogen than those
prepared by the usual method, and this seems
attributable to the accelerated relaxation of
the a-Si mesh structure at a relatively low
substrate temperature, which resulted in a
finer film texture. Single cells were pro-
duced of films prepared by the heated gas
formation method, and their collecting ef-
ficiency at 700nm improved in step with the
narrowing of the bandgap by gas-heated
film formation, reaching 21% at a bandgap
of 1.74eV (i-layer film thickness: 300nm).
Furthermore, when these cells were com-
pared with single cells whose i-layer film,
with the same optical gap, was prepared by
the usual method, the collecting efficiency
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at 700nm was found to be the same, but the
cells of heated gas-formed films showed
about 7% higher efficiency at 400nm. This
finding revealed that the thermal damage
due to the substrate temperature was allevi-
ated for heated gas-formed films and that
these films would provide a higher curvilin-
ear factor and greater sensitivity to short
wavelength.

(b) Development of photostability cell
structure -
(i) Wide-gap a-Si/a-Si tandem cells

High-quality wide-gap a-Si films,
prepared by the ADHT method, were ap-
plied to a-Si/a-Si double-layer tandem cells,
which were found to give a high open-end
voltage.

The tandem cells so produced had
top i-layers of 1.86 to 1.92eV in optical
bandgap and bottom i-layers of 1.77¢V in
optical bandgap. The bandgaps were con-
trolled through the thickness of the film
treated and the substrate temperature. As
samples for comparison, tandem cells were
used whose top i-layers were prepared by
dilution with hydrogen (Eopt = 1.82 to
1.83eV). Asthe ADHT process yields a-Si
films having a greater bandgap than dilution
with hydrogen does, the resultant tandem
cells yielded a greater open-circuit voltage.
Their curvilinear factor was also found
higher. Therefore, optimization of the doped
layer and the interface layer among others
was attempted, and the resultant tandem
cells having 140nm top and 400nm bottom
i-layers gave an open voltage of 1.85V, a
short-circuit current of 7.57mA/cm?, a cur-
vilinear factor of 0.75 and a conversion
efficiency of 10.5% (1cm?).

(ii) a-Si/pc-Si tandem cells
Study was made on the possibility of

applying an intrinsic microcrystalline film
to the optically active layer and using a
narrow-bandgap material. Microcrystalline
silicon (uc-Si) films were deposited by an
RF plasma glow discharge as a source gas of
mono-silane greatly diluted with hydrogen.
X-ray diffraction results indicated that the
crystal grain size and crystalline content
ratio of the films thereby obtained were
10nm to 30nm and 30% to 70%, respec-
tively. Their activation energy was0.5eV to
0.7eV. They were found to have a consid-
erably greaterabsorption coefficient forlong-
wavelength light of 900nm or above than a-
SiGe films. To try the application of these
ne-Si films to optically active layers, pin
type single cells were fabricated by using
these films for the i-layer (1um). By insert-
ing a p/i interface layer, the open-circuit
voltage was raised by 1.6% over cells hav-
ing no suchinterfacelayer, and a conversion
efficiency of 4.6% was achieved. The pho-
tosensitivity of these single cells was high
enough to collect long-wavelength light of
up to 1,000nm, and the possibility of using
a narrow-bandgap material was confirmed
accordingly.

Furthermore, a-Si/{lc-Sitandemcells
having a usual a-Si film (Eg = 1.77eV,
250nm in thickness) and a p.c-Si film grown
to 1.6um as their top and bottom i-layers,
respectively, were produced. These cells
proved as capable of collecting long-wave-
length light as the single cells. Their perfor-
mance characteristicsincluded a short-circuit
currentof 11mA/cm?, an initial efficiency of
8.0% and a stabilized efficiency of 7.5% (a
degradation rate of 6%).

(iii) Improvement of photostability of
single cells

With a view to improving the con-
version efficiency after light-induced deg-



radation and the efficiency of double-layer
tandem cells made of a narrow-bandgap
material, study was made on the possibility
of enhancing the open-end voltage ratio for
thei-layer bandgap as atechnique to achieve
a higher Voc. For single cells, materials
were chosen (a-Sifa-C layer, wide-gap a-
Si:H film and a-SiC film), the p-layer and
the p/i buffer layer were optimized, film
forming conditions for thei-layer (including
film formation/treatment, temperature low-
ering and dilution with low-temperature
hydrogen) were sought, ani/ninterfacelayer
was adopted, and the n-layer was optimized.
As aresult, Voc levels of 0.94V and 0.99V
were achieved. For a-Si single cells, a
stabilized efficiency of 8.2% was obtained.

(3) Future Tasks

High-quality narrow-bandgap a-Si films
will be developed along with the film forma-
tion techniques that will permit the reduc-
tion of defect density after degradation.
Furthermore, these a-Si films will be ap-
plied to double-layer tandem cells with a
view to developing high-efficiency, high-
reliability amorphous solar cells.

2.2.2 Development of Manufacturing
Technology for Thin-Film
Polycrystalline Silicon-Based
Solar Cells (Development of
Technology by Melting
Recrystallization Method)

(1) Objectives and Work Program
(Objectives for FY1996)

Conversion efficiency: 18% (10cm x
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10cm or larger or larger)
(Work Program)

(a) Techniques for qualitative
improvement of silicon films
Techniques for qualitative improvement

of films will be developed to suppress and

reduce crystal defects of thin-film polycrys-
talline silicon, which would constitute the
power generation layer of solar cells, and
enhance the 100-orientation by melting-
recrystallization. For this purpose, a melt-
ing-recrystallizing apparatus will be devel-
oped which will steadily give high-quality
crystals of high uniformity over alarge area.

(b) Techniques for the fabrication of light-

carrier confining structure

An element fabricating process will be
developed, centering on techniques to form
a textural structure in thin-film polycrystal-
line silicon cells and techniques to enhance
the light-carrier confining rate, including
clean technology-utilizing surface and grain
boundary passivation.

(c) Low-cost processing techniques

Basic study will be made on film sepa-
rating/substrate recycling and surface elec-
trode eliminating techniques, constituting
the basic process of VEST cell fabrication.

(2) Summary for FY 1994

(a) Techniques for qualitative
improvement of silicon films
Study was made on a hardware system
for uniform and steady melting-recrystalli-
zation (ZMR) over a large area. Previously,
ZMR had been carried out with a carbon
strip heater in a vacuum chamber, but the




new apparatus uses a lamp heating system
based on a rapid thermal processing (RTP)
formula. The previous system required the
arrangement of a melt heaterright above the
sample, and the difficulty of adjusting and
maintaining the optimal gap between the
heater and the sample gave rise to the prob-
lem of low repeatability in ZMR overalarge
area. Moreover, the large thermal capacity
of the heater entailed such disadvantages as
the long time taken to raise or lower the
temperature, maintenance difficulty inher-
ent in a vacuum system and the complexity
of the wafer conveyance. By contrast, the
new apparatus can solve most of those prob-
lems by simplifying the scanning mecha-
nism and allowing a greater margin for the
optimal gap because the lamp light is opti-
cally condensed for ZMR. It also shortens
the time taken to raise or lower the tem-
perature, enhances cleanness and increases
the potential for throughput improvement.
At present, fundamental conditions are be-
ingidentified by using this apparatus, which
enables ZMR to be accomplished all over
the wafers of 6 inches in diameter at an
extremely high level of repeatability.
Next, the findings of detailed investiga-
tion of the relevance of the sample structure
(polysilicon thickness) to the conditions of
ZMR will be described. Previously, optimi-
zation of the ZMR conditions had been
studied within a fixed polysilicon thickness
range of 3um to Spm, but this time the
dependence of crystal quality (defect den-
sity) on the melt heater scanning speed was
checked in a broad thickness range of 1um
to 60pm. Whereas the defect density is
reduced by thinning the film, a particularly
notable finding was that, when the heater
scanning speed was increased, thinning of
polysilicon resulted in a level of crystal

quality comparable to what was obtained at
a lower speed with a thicker film. This
suggests the possibility not only of improv-
ing the throughput but also reducing the
material cost. From now on, study will be
made on the SiO, film thickness for the
polysilicon base and cap as well on opti-
mizing the sample structure and ZMR con-
ditions.

(b) Techniques for the fabrication of light-

carrier confining structure

The previous study focused on the defect
passivation (carrier confinement) of filmy
polycrystalline silicon by treatment with
hydrogen, and substantial performance im-
provement of thin-substrate cells was re-
ported. This year, it was checked whether
thin-substrate silicon solar cells treated with
hydrogen were degraded by irradiation with
light or not. No degradation was noticed
after irradiation with light for a long period,
and high reliability was confirmed irrespec-
tive of whetherhydrogen treatment had been
conducted ornot. Study had also been made
on inactivation of the grain boundary by
phosphorus atoms, the so-called phosphoric
passivation, in addition to hydrogen-passi-
vation. The purpose was to prevent the
photogenerated minority carrier from cross-
ing the crystalline grain boundary by utilizing
the faster diffusion of phosphorus atoms
along the grain boundary of polycrystalline
silicon than within grains to subject the
crystalline grain boundary of the p-type
polycrystalline silicon film to n-type diffu-
sion, and this phosphoric passivation is ex-
pected to suppress recombination of the
minority carrier. This year, regarding tech-
niques for phosphorus diffusion, study was
made on such basic aspects as sheetresistance
and the uniformity of the diffusion profile



within the surface, and their applicability to
filmy polycrystalline silicon was confirmed.
On the other hand, study was also made on
fabrication techniques for the optical con-
finement structure by disposing of the rug-
gedness (texturing) of the cell surface, and a
fine textured structure was successfully
fabricated with high repeatability and
steadiness. From now on, further progress
will be pursued in the development of more
efficient thin-substrate polycrystalline sili-
consolarcells by integrating these techniques
for carrier confinement and optical con-
finement.

(c¢) Low-cost processing techniques

One of the most vital aspects of the
VEST process is the design of viaholes (in
terms of size, pitch and so forth). Thus,
viaholes not only are necessary for film
separation but also have a role in collecting
the generated photoelectric current, and have
to be designed so as to satisfy the require-
ments regarding both process ease and cell
performance. In the following paragraph,
after stating the cell performance thatcanbe
realized with this structure as estimated by
simulation, the results of elemental experi-
ments required for cell fabrication and the
performance characteristics of the cells pro-

duced on a trial basis will be reported.

In roughly estimating the effects of
viaholes on the performance of VEST cells,
standard Jo and n values (which would make
the reference pn junction characteristic FF
equal to 0.78 at a cell thickness of 100um
and a diffusive layer (n) sheet resistance of
60/, with the electrode and contactresis-
tance not being taken into consideration)
were supposed, the cell surface was divided
into equal rectangles, each having a viahole
at its center, and the I-V characteristic was

calculated by adding only the voltage drop
in each such area and that in each viahole to
the aforementioned junction characteristic.
As a result, it was discovered that perfor-
mance characteristics comparable to oreven
better than those of conventional cells could
be achieved with viaholes of 200um to
300pmin bore, arrangedina Immto 1.5mm
pitch. On the other hand, a problem with
actual cells is that all viaholes cannot be
bored in an equal size because the film used
is polycrystalline. Yet, as the films obtained
by ZMR have a substantially 100 orienta-
tion as already reported, a major problem
lies in the crystalline grain boundary.
Findings through observation of samples in
which holes were bored indicate that the
shapes of holes formed across a grain
boundary are distorted. However, since
even wide variations in hole size do not
affect the etching rate of SiO, directly un-
derneath the film, some unevenness in hole
size in or on a grain boundary could be
assumed to have little influence on separa-
tion. Investigation of the relevance of the
hole pitch to the time taken for film separation
by varying the temperature of etchant HF
revealed that a higher HF temperature and a
narrower hole pitch would be effective to
accelerate the film separation. The possibility
of junction formation to perform diffusion
before the film separation was also studied.
The pn junction section of the sample formed
by this method manifested the formation of
junctions on the side and back faces of
viaholes. Furthermore, it was confirmed by
evaluating the impurity profile by SIMS that
as much diffusion had taken place on the
back side as on the front side. A cell is
completed by sticking, after this film sepa-
ration and junction formation process that
constitutes the core of VEST cell fabrica-
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tion, the film to glass with transparent resin
and forming electrodes. In practical appli-
cation, optimization through the improve-
ment of various detailed conditions of each
process will be required in the future, and
the development of techniques for steady
handling of films will pose another chal-
lenge. Concerning the performance of cells
produced so far on a trial basis, though the
films are rather thick, 100pm, an efficiency
of 14.4% has been achieved (Voc =589mV,
Isc =3.245A, FF = 0.745).

(3) Future Tasks

This year’s research work mainly con-
sisted of study on a new ZMR hardware
system and the development of a through
process to realize VEST cells, and feasibil-
ity was confirmed in both respects. From
now on, continued efforts will be made to
further improve the quality of filmy crystal-
line silicon and, atthe same time, to optimize
the detailed conditions of the cell fabrication
process. It is further planned to realize a
high practical technology with a high
throughput by developing, among other
things, steady film handling techniques to
make filmy silicon solar cells fabricated by
this process available for practical use.

2.2.3 Development of Fabrication
Techniques for Thin-Film
Polycrystalline Silicon-Based
Solar Cells (Development of
Low-Cost Technology by the
Plasma Spray Method)

(1) Objective and Work Program

(Objective for FY1996)
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Conversion efficiency: 12% or above
(Icm x 1cm or larger)

(Work Program)

A thin-film polycrystalline silicon ac-
tive layer will be developed by combining a
technique to fabricate thin-film polycrystal-
line silicon on alow-costsubstrate by plasma
spraying or otherwise and a technique to
reform it.

(2) Summary for FY1994

() Development of fabrication techniques
for filmy polycrystalline silicon
(i) Fabrication of polycrystalline
silicon films (remodelling of
plasma spraying apparatus)
In fiscal 1993, the apparatus was
remodelled to alter the materials of the raw
material feeder and substrate heater and the

. feeding system, resulting in a successful

reduction of the SUS content to the permis-
sible level for solar cells or even below.
Howeyver, the infiltration of W and Cu, at-
tributable to the plasma torch part, remained
a problem to be solved this year. In order to
reduce the quantities of these impurities, the
use of the DC torch, which was accountable
for these contaminants, was discontinued,
and study was made on the possibility of
fabricating polycrystalline silicon films by a
plasma spraying method using RF plasma
alone.

As a preliminary experiment, film
formation by RF plasma spraying, with the
DC plasma turned off, was tried, and such
problems were identified asthe RF plasma’s
own instability, difficulty in controlling the
molten state of particles and the low propor-
tion of molten particles reaching the sub-



strate. On the basis of these findings, re-
modelling of the plasma spraying apparatus
to an RF plasma type was attempted.
Theremodellinginvolved the plasma
torch section and particle feed nozzle. More
specifically, the DC-RF hybrid torch was
replaced with an RF plasma torch, and the
raw material feed system was changed. Pre-
viously, the particles of raw material were
fed fromthe DCplasmatorchintotheplasma,
but the new arrangement has a feed nozzle
insertedinto the central part of the RF plasma
to supply the raw material. This particle
supply nozzle is provided against impurities
by using a graphite material for its tip, which
comes into direct contact with the particles.
This arrangement to directly feed the raw
material particles into the central part of the
RF plasma makes it possible not only to
control the instability of the RF plasma due
to fluctuations at the time of feeding the
particles but also to considerably restrain
the damage to the RF quartz pipe arising
from the adhesion of silicon, melted and
vaporized in the plasma space, to the pipe.
Thisremodelling greatly changed the
velocity of silicon particles, spread of mol-
ten particles and temperature distribution in
the hot plasma, so no fine-textured silicon
films were obtained until such basic param-
eters as the distance between the torch and
the substrate, substrate heater temperature,
high-frequency power density, plasma gas
flow rate and feed gas flow rate were sub-
stantially altered. By improving these con-
ditions, silicon films of a larger grain size
than before were produced. The difference
between film formation under the recently
adopted conditions and that under the previ-
ous conditions include sufficient melting of
the area into which silicon flies due to the
increased central temperature of the spray

53

and a slowdown in cooling owing to the
increased substrate temperature. Both of
these changes contribute to expanding the
crystal grain size.

It was confirmed by analyzing the
impurities that W had beenreduced to about
1/4 the previous level. The diffusion length
was further assessed by a non-contact SPV
method, and a diffusion length range of 15u
to 20t was confirmed as a result. This is
about three times as great as the correspond-
ing range of the films fabricated last year,
indicating significant improvement in film
quality.

(ii) Fabrication of low-cost supporting
substrate

So far, silicon films were formed on
substrates of a carbonic material, such as
carbon fiber cloth, carbon/carbon compos-
ite or glassy carbon. Carbon fiber cloth is
produced by spinning and weaving carbon
fibers. It is inexpensive, but is not strong
enough to support filmy polycrystalline sili-
con, and a sheet substrate of a self-sustain-
ing material such as carbon/carbon compos-
ite or glassy carbon is more preferable for
the fabrication of a film of 200u or less.
These carbonic substrates, however, are ex-
pensive at present, and their cost needs to be
reduced.

To fabricate a thin substrate of sin-
tered carbon or silicon without slicing, first
a green body is prepared by forming raw
material powder into a product shape in a
self-sustaining state. Quantitatively suit-
able fabrication methods for this green body
include the use of a doctor blade or press
molding.

The doctor blade method, which uses
slurry, is likely to involve many problems in
producing substrates of a low impurity con-
centration.




Press molding, on the other hand, is
the most common method of fabricating

green sheets. By this method, powder is.

supplied from a powder feeder into a metal-
lic mold, and molding is accomplished with
asingle spindle press. Although the product
shape available by this method is limited to
relatively simple ones, its production effi-
ciency far exceeds those of other methods.
Generally, obtaining a well-molded sintered
product heavily depends on the quality of
the raw material granules, whose properties
including bulk density, fluidity and grain
size distribution should be favorable and
highly repeatable. The biggest problem in
fabricating a carbonic plasma-sprayed sup-
porting substrate by press molding lies in the

choice of aself-sintering carbon material. In

this study, metho-carbon made from petro-
leumresidue pitch was used asraw material.
Adding an appropriate quantity of phenol
resin (20wt% to 30wt%) was found to pro-
vide a crack-free satisfactory sintered prod-
uct of high bulk density.
(iii) Study on silicon-based material for
supporting substrate
Carbonic substrate materials have the
advantages of “withstanding the high tem-
perature of plasma spraying,” “the ability to
provide substrates of a relatively low impu-
rity concentration,” “a thermal expansion
coefficient close to that of silicon, which
results in relative insusceptibility to the
cracking of the film formed” and “potential
for low-cost supply in the future.” On the
otherhand, its disparity from silicon in terms
of the thermal expansion coefficient may
cause stress in the growing silicon film and
may eventually cause various crystal de-
fects. As this disadvantage is likely to
increase as the thickness of silicon films
fabricated by plasma spraying is progres-
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sively reduced in the future, study was made
on a simple method to prepare a silicon-
based material for supporting substrates
which would help avert these problems.

Green sheet fabrication by press
molding and sintering in an electric furnace
was tried as a method to fabricate silicon
green sheets. Baking in an inactive gas
atmosphere under normal pressure, which
seems to be the most common ambience for
the heat treatment of silicon, resulted in a
very low level of sintering irrespective of
the grain size of the raw material powder or
the sintering temperature. Thus, at a maxi-
mum temperature of heat treatment below
the melting point of silicon (1,413°C, no
sintered sample was found to contract at all,
and many pores were witnessed in the SEM
observation of cross sections. On the other
hand, once the maximum temperature of
heat treatment surpassed the melting point
of silicon, all the compressed powder began
to melt and, when the sample was taken out
after the temperature was lowered, it was
found completely adhered to the setter and
impossible to remove.

Following the sintering experiment
in theinactive gas (argon) atmosphere under
normal pressure, sintering tests were carried
out under reduced pressure (with argon) or
with the addition of hydrogen gas (10%)
under normal pressure. Under these condi-
tions, improved sintering was confirmed.

(b) Fabrication of thin-film polycrystalline

silicon solar cells

The research work until last year had
revealed the usefulness of the low-tempera-
ture junction plasma film formation emitter
and the BSF layer for increasing the effi-
ciency of the n-type active layer.

This year, study was made on techniques



for the fabrication of film-formation type
solar cells with respect to the p-type active
layer with a view to effective utilization of
the carrier performance of electrons.

While an a-Si (p+) film was found to be
the most suitable emitter layer for n-type
substrates, for p-type substrates fic-Si (N+)
gave a higher Jsc because of its greater
sensitivity to short wavelengths, a roughly
equal level of Voc and a higher efficiency.
For technical evaluation of film-formation
type junctions, an experiment for efficiency
improvement was conducted with CZ-Si
substrates. Standard substrates for solar
cellsof 1to 1.5 Qcminresistivity were used.
The BSF layer was formed by aluminum
paste baking, which is alow-costcell forma-
tion technique.

Although somewhatlesssensitivetolong
wavelengths than the film-formation BSF
layer type solar cells developed by the pre-
ceding year, the newly developed solar cells
surpass 85% in collecting efficiency at
1,000nm, and their Jsc (calculated from
spectral sensitivity) is as high as 39.1mA/
cm? Their Voc, 0.640V for small-areacells,
is also very high. As a result, such high
levels of efficiency were achieved as 19.5%
in intrinsic efficiency for small-area cells
and 17.2% (at an effective arearatio of 92%)
in effective efficiency for large-area mod-
ules, revealing the usefulness of film-for-
mation type junctions by the plasma CVD
method for p-type substrates as well.

Asraw material for plasma-sprayed sili-
con, p-type silicon particles of 3 x 5%/cm?® to
5 x 10%/cm? in carrier concentration were
used. Although the carrier concentration
and other factors of the plasma-sprayed sili-
con on glassy carbon cannot be measured, at
least it is likely to be of the p type. There-
fore, the above-described junction forma-
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tion techniques were applied to the plasma-
sprayed silicon film developed this year. As
regards the performance characteristics of
solar cells, Voc and FF were significantly
improved over last year, and a conversion
efficiency of 8.3% was achieved.

(3) Future Tasks

For further efficiency improvement, it is
essential to make the cooling process more
sophisticated and establish post-treatment
methods including treatment with hydro-
gen.

Incidentally, to realize a substantial cost
reduction, itis necessary to establish a hard-
ware concept that would make it possible to
maintain a high efficiency without sacrific-
ing the high deposition rate, which is an
advantage of the spraying method, and to
develop such peripheral technologies as
methods for low-cost substrate fabrication
and electrode formation.

2.2.4 Development of Fabrication
Techniques for Thin-Film
Polycrystalline Silicon-Based
Solar Cells (Development of
Low-Temperature
Crystallization Technology by
Solid Phase Crystallization)

(1) Objective and Work Program
(Objective for FY1996)

Conversion efficiency: 12% or above
(lcm x 1cm or larger)

(Work Program)




(a) Development of high-quality solar cell

material

Onthe basis of the partial doping method,
with the core generating layer and the crys-
talline growth layer being separated from
each other, study will be made on a new
solid-phase crystallization process in which
a mixed mono-crystalline/amorphous film
is applied to the core generating layer to
develop a solid phase growth method by
which core growth can be elaborately con-
trolled, and thin-film polycrystalline silicon
of alarge grain size and high quality will be
developed to achieve high efficiency.

(b) Development of high-efficiency solar
cell structure '

In order to find out the most suitable
junction and highly absorbent element
structure in textured structure, attempts will
be made to further improve the techniques
for HIT structure junction formation and the
optical confinement effect of the texture.

(2) Summary for FY1994

(a) Development of high-quality solar cell

material

Qualitative improvement of filmy poly-
crystalline silicon, which is a material for
the next generation of solar cells, has been
pursued by solid phase growth. It has been
discovered that, in the formation of filmy
polycrystalline silicon by solid phase crys-
tallization using amorphous silicon, qualita-
tive improvement can be achieved by solid
phase crystallization with partial doping,
with the core generating layer and the crys-
talline growth layer being separated from
each other, and study has been made on the
optimization of the core generating layer
and the crystalline growth layer. The theme

of this year was a new solid phase crystalli-
zation process applying a mixed mono-crys-
talline/amorphous film, in which
monocrystals are scattered in the amorphous
phase, to the core generating layer in the
partial doping process as part of sophisti-
cated control of core generation with a view
to further qualitative improvement of filmy
polycrystalline silicon.

First, the formation of the mixed mono-
crystalline/ amorphous film was studied. At
a relatively high substrate temperature of
550°C, the Raman spectrum of the film
deposited under high dilution with hydro-
gen manifested a peak in the vicinity of
480cm attributable toa-Siand another steep
peak in the neighborhood of 520cm™ as-
cribable to crystalline silicon, which re-
vealed that this film consisted of an amor-
phous phase and a crystalline phase. SEM
photographs showed that fan-shaped grains
were scattered in the cross section of the
film. Evaluation of the internal structure of
these grains by TED pattern disclosed that
the grains had a mono-crystalline phase in-
side. A starting material was formed by
using a mixed mono-crystalline/amorphous
film as a new core generation layer and
using an undoped a-Si film with large
structural disturbance as crystalline growth
layer. Crystalline growth in the vertical
direction, suitable for the device structure of
solar cells, was confirmed by cross-sectional
TEM photography after solid phase crystal-
lization. The hole mobilities in filmy poly-
Si depending on whether the new core
generation layer was applied or not were
compared using a flat substrate and arugged
substrate. It was found that the hole mobility
after solid-phase crystallization would be
improved by the use of the new core gen-

“eration layer. On the rugged substrate, a



hole mobility of 808cm?/Vs was achieved
by using amono-crystalline/amorphous film
as core generating layer. This level is far
higher than the previous maximum of
623cm?/Vs by solid phase crystallization,
equivalent to approximately 80% of mono-
crystalline silicon at the same carrier con-
centration, and at the same time the highest
in the world for solid-phase crystallization
poly-Si. As so far described, a new solid
phase process of applying a mono-crystal-
line/amorphous phase to the core growth
layer was demonstrated to further improve
the quality of filmy poly-Si.

Applying mono-crystalline grains to the
core generation layer, optimizing the HIT
structure, using a rugged substrate and
treating with hydrogen plasma, thin-sub-
strate poly-Si solar cells were produced on a
trial basis. A high collecting efficiency of
56% was achieved forlong-wavelength light,
-to which a-Si cells are insensitive. Further-
more, in spite of the film’s mere 10um
thickness, a high short-circuit photocurrent
of 31.3mA/cm? was achieved, surpassing
the previous record by more than 10 mA/
cm?,

Reliability of thin-substrate poly-Si cells
by solid phase crystallization was assessed.
They were subjected tolight irradiation tests
under the conditions of 5 sun, AM1.5 and
50°C. Asaresult, they were found subject to
no photodegradation when exposed to light
irradiation equivalent to the outdoor expo-
sure of a-Si single cells for a full year or
more, and it was thereby confirmed that
thin-substrate poly-Si solar cells by solid
phase crystallization have fully satisfactory
reliability.

(b) Development of high-efficiency solar
cell structure

The homo junctioning previously used
for crystalline solar cells involves such
problemsasa high process temperature close
to 1,000°C and the difficulty of forming
shallow and steep junctions due to the mu-
tual infiltration of impurities. These prob-
lems make it difficult for homo junctioning
to be applied to solar cells formed at low
temperatures using low-cost substrates. By
contrast, HIT-structured solar cells are
formed by the very simple process of suc-
cessively stacking i-type and p-type a-Si
films over n-type c¢-Si by plasma CVD at
low temperature (of 200°C or less), and ac-
cordingly they permit the formation of shal-
low and steep junctions, also attracting keen
interest as a junction formation method for
low-cost solar cells.

This year, further study revealed on the
basis of the sensitivity spectrum, when light
was broughttoincidence fromthe back side,
that the effective recombination rate in the
HIT structure was quite satisfactory, S0cm/
soreven less. To confirm reliability, alight
irradiation test (at 5 sun, AM 1.5 and 50°Cfor
5 hours) and a thermal resistance test (at
160°C for 7 hours) were carried out, and the
absence of performance deterioration was
confirmed in both cases. Further, with a
view to checking the performance charac-
teristics in the temperature range of actual
use, the temperature dependence of the con-
version efficiency was assessed. As aresult,
HIT-structured solar cells were found less
susceptible to performance deterioration in
the temperature range above room tempera-
ture and would give a greater output in the
state of actual use than the conventional
homo-junctioned crystalline silicon solar
cells.

(3) Future Tasks
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(a) Establishment of a filmy poly-Si layer
formation method for even higher qual-
ity and higher efficiency

(b) Optimization of techniques for device
fabrication

2.2.5 Development of Fabrication
Techniques for Thin-Film
Polycrystalline Silicon-Based
Solar Cells (Development of
Techniques for Initial Film
Formation over Substrate by
Excimer Laser)

(1) Objective and Work Program
(Objective for FY1996)

Conversion efficiency: 12% or above
(1cm x lem or larger)

(Work Program)

Techniques will be developed toforman
initial silicon film (seed layer) over the sub-
strate, which is essential for the formation of
a high-quality polycrystalline silicon film.
Especially in excimer laser annealing, grain
enlargement and orientation control of the
initial silicon film will be attempted by
controlling the interface energy and other
factors during crystalline growth. Then, a
polycrystalline silicon film will be formed
over this initial film at a relatively low
temperature by using a process involving
hydrogen plasma treatment and with a view
to improving the efficiency of solar cells.

Specific subjects to be studied are the
following three.

* Qualitative improvement of the Siini-
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tial film formed by laser annealing (grain
enlargement and orientation control)

» Low-temperature formation of filmy
polycrystalline Si solar cells by chemical
annealing )

» Performance characteristics of low-
carrier filmy polycrystalline Si solar cells

(2) Summary for FY1994

(a) Qualitative improvement of Si initial
film formed by laser annealing

Inorder to form high-quality filmy poly-
crystalline Si at low temperature, it is es-
sential to develop a high-quality Si initial
film (seed layer). This study focused on
crystallization to form the Si initial film at
low temperature by KrF excimer laser an-
nealing. The laser annealing was performed
in avacuum (1 x 10-¥Torr) with irradiation at
an energy density of 150 to 350mJ/cm? as
measured in the sample position.

The resistivity of polycrystalline silicon
films formed by laser annealing of a-Si films
greatly varied with the quantity of doping.
The resistivity of laser-annealed films sig-
nificantly dropped as the proportion of the
flow rate of B,H, in the mixed gas of B,H,
and SiH, was increased. Furthermore, by
optimizing the energy density in laser an-
nealing, the Siinitial film became less resis-
tant and larger in grain size. The formation
of crystals of 1 micron or more in grain size
was confirmed by TEM photography of the
inside of the surface, and X-ray diffraction
showed a significant orientation (111).
Comparison of n-type and p-type laser-an-
nealed films indicated that the resistivity of
the latter could be reduced more readily, and
a sheet resistance of 5Q/[] was achieved at
a thickness of 300nm by laser annealing
under the conditions of the formation of



large grain-size Siinitial films. Assessment
of the distribution of boron in 300nm thick
laser-annealed films revealed segregation,
with more boron found on the surface of the
film and the film-glass interface while the
boron concentration in most parts of the film
was about 1 x 102'cm™, Study is being made
on the effects of the segregated structure on
the resistivity reduction of films.

(b) Filmy polycrystalline Si solar cells
over glass substrate
(i) Whereas a number of methods of
forming a polycrystalline Si film over a
laser-annealed Si initial film were studied,
an orientation (100), which is useful for
improving the efficiency of crystalline solar
cells, was successfully achieved by the CVD
method. X-ray diffraction of polycrystalline
Si films formed by CVD on p*Si (laser-
annealed)/ glass showed that the orientation
(100) excelled, with growth in orientations
(220) and (331) restrained.
(ii) Low-temperature formation of
filmy polycrystalline Si solar cells
Where cheaper green glass is used
for the substrate of filmy polycrystalline
solar cells, the process temperature should
be even lower. An active layer was formed
at 350°C over a p*Si (laser-annealed)/glass
substrate by chemical annealing (alternate
repetition of plasma CVD and treatment
with hydrogen atoms), and cells were pro-
duced. A cell in which the active layer was
deposited to a thickness of about 2 microns
gave a conversion efficiency of 3.31%. As
the spectral sensitivity spectrum showed
effective sensitivity in the wavelengthrange
of 800nm and above, it was found that
polycrystalline type Si solar cells could be
formed at the low film formation tempera-
ture of only 350°C.

It was further found that low-tem-
perature-formed films have a characteristic
of susceptibility to the effects of the base
carrier concentration. The I-V characteris-
tic of cells with different bases, formed
under the same conditions, revealed the in-
crease of the open-end voltage Voc in the
order of metal, iSi (laser-annealed)/p*Si
(laser-annealed)/glass and p*Si (laser-an-
nealed)/glass bases. This finding seems to
suggest that the active layer has characteris-
tics close to the i-layer when formed at low
temperature.

Next, an active layer was formed
over p*Si (laser-annealed)/glass by CVD
(PCVD) at 550°C, and a conversion effi-
ciency of 3.54% was achieved at a film
thickness of 2 microns. The short-circuit
current and open-end voltage of this cell are
close to the model calculated values of cells
having a greater effective diffusion lens
than their film thickness. The remaining
presence of microcrystals on the interface

between the laser-annealed layer and the
active layer was recognized by TEM pho-
tography of the cross sections of the cells,
revealing the absence of epitaxial growth.
Further enhancement of efficiency will re-
quire improvement of the interface charac-
teristics to facilitate epitaxial growth and an
increase in the film thickness of the active
layer to about 10 microns.

Depending on the conditions of
active layer formation, a short-circuit cur-
rent of nearly 20mA/cm? was sometimes
achieved even at a film thickness of 2 mi-
crons. Especially when the active layer is
formed atlow temperature, itis possible that
the carrier is not sufficiently activated by
impurities, and the internal electric field
attributable to a pin structure, such asin a-Si
solar cells, contributes to taking out the




carrier. By varying the carrier concentration
of the i-layer by using PCID in a pin cell
structure of 2 microns in thickness, the de-
pendence of the short-circuit current on dif-
fusion length was assessed. It was found
that, when the carrier concentration was less
than 10"cm™, a short-circuit current of
nearly 20mA/cm? could be taken out even if
the diffusion length was insufficient. Poly-
crystalline Si of such a low carrier concen-
tration type seems to permit efficiency im-
provement also by utilizing it in a stack
structure together with a-Si solar cells and
covering the infrared region of 800nm and
above. Actual measurement of the sensitiv-
ity spectrum of polycrystalline Si solar cells
of 2 microns in film thickness revealed a
high enough sensitivity in the wavelength
range of 700nm and above.

Comparison of the diffuse
reflectivities of a sample having a relatively
flat surface and one with a texturized surface
showed that the effect of texture is conspicu-
ous in the range from ultraviolet rays to
visible light, where the reflectivity dropped
to give an optical confinement effect. On
the other hand, in the wavelength range of
700nm and above, no appreciable differ-
ence was witnessed between the two samples.
Thisis consistent with the texture size, which
is on the order of hundreds of nm. Observa-
tion of the surfaces of solar cells, whose 2-
micron-thick films were formed at 350°C and
500°C, by AFM showed ruggedness of
200nm to 300nm in height on the surface of
the cell whose film had been formed at
550°C, but the cell with a film formed at
350°C was found to have a flat surface. In
order to increase the optical confinement
effect in the near-infrared region, a surface
structure of a few microns’ size should be
formed.
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(3) Future Tasks

Research work from now on will focus
on efficiency improvement of cells espe-
cially by controlling the initial Si film/Si
film interface as well as increasing the cell
thickness (to 10 microns). Specific themes
include the following.

* Qualitative improvement of Si initial
films formed by excimer laser annealing
(increase of grain size and control of orien-
tation) by controlling the interface energy
and optimizing the materials. At the same
time, by controlling the interface between
the Siinitial film and the Si film (chemically
annealed) over it (purification of the surface
and control of impurity concentrations), the
quality of the Si film, which constitutes the
activelayer, will beimproved to enhance the
efficiency of solar cells.

 Attempts will be made to improve the
cell performance by further developing low-
temperature film formation techniques and
optimizing the device structure.

2.2.6 Development of Fabrication
Techniques for CulnSe, Solar
Cells (Development of Control
Techniques for Composition and
Crystallinity of Solid Solution
Films by Multinary Vapor
Deposition and Otherwise

(1) Objective and Work Program
(Objective for FY1996)

Conversion efficiency: 15% (lcm x 1cm
or larger)

(W ork Program)



(a) Development of manufacturing
techniques for high-quality CIS-based
filmy light-absorbing layer that permit
area expansion
With an eye to developing a manufactur-

ing process that permits area expansion to-

gether with manufacturing technology fora
high-quality CIS-based filmy light-absorb-
ing layer, a stacked layer precursor film will
be prepared by sputtering, and CIS and

CIGS filmy light-absorbing layers will be

produced by a gaseous phase selenization

method by which selenization is carried out
in a selenium atmosphere.

This year, conditions for selenization for
the production of a CIS filmy light-absorb-
ing layer containing no Ga will be studied.

(b) Establishment of peripheral

technologies

For CIS filmy solar cells, which have a
stacked structure, the establishment of pe-
ripheral technologies, including the devel-
opment of techniques for the fabrication of
layers other than the light-absorbing layer,
isessential. This year, anovel Zncompound
buffer layer was proposed in pursuit of im-
proved performance characteristics of the
pn junction interface and toward the forma-
tion of its satisfactory junction with a five-
element filmy light-absorbing layer in the
more distant future, as part of the develop-
mentof technology for high-resistance buffer
layer fabrication by solution growth, which
is a low-cost technique for area expansion.

(2) Summary for FY1994

(a) Development of manufacturing
techniques for high-quality CIS-based
filmy light absorbing layer permitting
area expansion

In order to develop manufacturing tech-
nology for a high-quality CIS-based filmy
light-absorbing layer that permits area ex-
pansion, attempts were made to work out a
technique to fabricate a CIS-based filmy
light-absorbing layer by gaseous-phase
selenization. This year, first to establish a
CIS-based filmy light-absorbing layer pro-
duction process by this method, conditions .
of selenization (thickness of the Cu/In
stacked-layer precursor film, selenization
temperature and H,Se gas concentration) for
the fabrication of the CIS-based filmy light-
absorbing layer were studied. The Cu/In
stacked-layer precursor film was prepared
by sputtering. Selenization was carried out
inanH,Se atmosphere. Theresultsrevealed
that the “degree of selenization” is the func-
tion of the three variable conditions of
selenization. When the film thickness of the
CIS-based filmy light absorbing layer after
selenization was 0.5pum, the degree of
selenization greatly varied with the
selenization temperature, and deterioration
in film quality attributable to growth in such
a hetero-phase as the MoSe, phase or the
Cu_Se phase was observed. In this case, the
open voltage (Voc) and the curvilinear fac-
tor (FF) significantly declined.

On the other hand, when the film thick-
ness of the CIS-based filmy light absorbing
layer after selenization was 1.0pum, varia-
tions in selenization temperature and H, Se
concentration were found to have little ef-
fect on the degree of selenization. It was
also revealed that Voc may greatly vary
depending on the combination of the
selenization temperature, including the pace
of its rise, and the H,Se concentration. It
was found that, in order to achieve Voc of
400mV or above, if the selenization tem-
perature is 450°C, the H,Se gas concentra-




tion should be 3vol% to 4vol% or, if the
temperature is 500°C, the concentration
should be 6vol% to 8vol%. Furthermore, it
was also discovered that, to provide some
leeway in the manufacturing process, the
CIS film thickness after selenization should
be at least approximately 1.0pm.

On the basis of these findings, thin-
substrate solar cells of ZnO/CdS/CIS struc-
ture, using a CIS filmy light-absorbing layer
of about 1.0pm in thickness prepared at a
selenization temperature of 500°C and an
H,Se gas concentration of 6vol%, were fab-
ricated, and an average conversion efficiency
of 11.6% (the difference between the high-
estand the lowest was 6%) was achieved. In
this case, 16 thin-film solar cells (of 3.2cm?)
of ZnO/CdS/CIS structure were fabricated
overa 10cmx 10cm substrate and evaluated.

Next, to obtain basic data for the produc-
tion of a CIGS filmy light absorbing layer,
Cu-Ga/In stacked-layer precursor films were
prepared by a sputtering process using Cu-
Ga targets of different Ga contents and In
targets, and the relationship of the Ga con-
tent in the Cu-Ga target to the quantity of Ga
taken into the precursor film, together with
the sputtering conditions for controlling the
Cu/(In + Ga) ratio, was identified. Attempts
to develop manufacturing technology for
selenizing these precursor films in an H Se
gas atmosphere will be started next year.

(b) Development of high-resistance buffer
layer fabrication technology
This year, a technique to fabricate a

sulfur-containing Zn compound bufferlayer

by a solution growth method was devel-
oped. The addition of sulfur was found to be
effective in improving the electrical charac-
teristics of filmy solar cells of ZnO/Zn(O,
OH, S) x/CIS structure, using a buffer layer
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prepared in the sulfur concentrationrange of
0.3mo01% to 0.4mol% in the solution.

FF was not improved so significantly
and, moreover, the improvement was lim-
ited to the narrow sulfur concentrationrange
of around 0.4mol%. By contrast, Voc was
found torise in a broad sulfur concentration
range, suggesting the effect of sulfur in
improving the surface of the CIS light-ab-
sorbing layer.

Furthermore, FF was found to improve
in an annealing temperature range of up to
250°C. A temperature of 300°C proved too
high, where the deterioration of the interface
between the light absorbing layer and the
buffer layer presumably occurred.

Thin-substrate solar cells of ZnO/Zn(O,
OH, S) x/CIS structure fabricated by putting
together the findings so far obtained gave a
conversion efficiency of 12.1%. (Voc =
0.480V, Jsc = 37.8mA/cm?, FF = 0.67 =
0.95cm?, AM 1.5, 100mW/cm?)

The thin-substrate solar cells using this
buffer layer manifested a significant light
irradiation effect. The maximum efficiency
was attained in 1 hour of irradiation with
light. This suggests room for improvement
in the performance of the junction interface.
However, it can be concluded that the find-
ings obtained this year have resulted in sub-
stantial establishment of fabrication tech-
nology for a high-resistance buffer layer
comparable to CdS.

(3) Future Tasks

(a) Development of techniques for
efficiency improvement and of film
formation techniques excelling in
repeatability and uniformity
In order to manufacture large-area thin-

substrate solar cells, it is necessary to de-



velop film formation techniques excelling
inrepeatability and uniformity in addition to
techniquesforefficiency improvement. This
year, 16 CIS thin-substrate solar cells were
formed over a 10cm-square substrate, and
the repeatability and uniformity were evalu-
ated. As a result, the fluctuation of the
conversion efficiency on the substrate was
reduced to #3%. In order to achieve the
target for fiscal 1996, this fluctuation should
be further reduced to improve uniformity.

(b) Development of patterning techniques

As elemental techniques for area expan-
sion, it is necessary to develop patterning
techniques for fabricating monolithic mini-
modules consisting of series connection over
a substrate. As such patterning techniques,
laser scribing and mechanical scribing will
be studied.

(c) Development of fabrication
technology for filmy light-absorbing
layer for achievement of high open
voltage (Voc)

For the purpose of minimizing pattern-
ing-related losses of the effective power
generating area, the open voltage (Voc) will
be improved. Thus, Voc improvement will
be accomplished by expanding the forbid-
den bandwidth and, at the same time, con-
trolling the forbidden bandwidth within the
light absorbing layer, and a reduction of the
number of patternings will be thereby at-
tempted.

(d) Establishment of peripheral
technologies
Since CIS-based thin-substrate solarcells
have a stacked-layer structure, it is essential
to establish peripheral technologies for such
elements as the ZnO window layer, Zn com-
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pound buffer layer and Mo back metallic
electrode layer, including the glass sub-
strate.

2.2.7 Development of Fabrication
Techniques for CulnSe, Solar
Cells (Technical Development for
Large-Area Film Formation by
Selenization

(1) Objective and Work Program
(Objective for FY1996)

Conversion efficiency: 12% (1cm x 1cm
or larger)

(Work Program)

(a) Formation of high-grade CIGS-based
thin film (bilayer method)

Conditions of CIGS-based film forma-
tion on a Mo metallic film by a bilayer
method will be studied so as to establish
bandgap control technology for the CIS film.

(b) Formation of high-grade CIGS-based
thin film (three-stage method)
Conditions of CIGS-based film forma-

tion on a Mo metallic film by a three-stage

method will be studied so as to establish
formation technology for high-grade DIS
films.

(c) Fabrication and evaluation of Culn,Se,
and Cu(In, Ga),Se, films
Culn,Se, and Cu(In, Ga),Se, techniques
for CulnSe, present on the CIS film surface
will be formed into films, and their basic
physical properties will be revealed.




(d) Research and development of low-cost
film formation process
Cu-In-Ga-O films will be formed by
sputtering, and their precursor films will be
treated in hydrogen sulfide to form Cu(In,
Ga)S, films.

(¢) Trial production of CulnSe,-based
solar cells
Solar cells of MgF,/ITO/ZnO/CdS/
CIGS/Mo/glass structure will be produced
on a trial basis by using the CIGS films
formed by the bilayer and three-stage meth-
ods.

(2) Summary for FY1994

(a) Formation of high-grade CIGS-based
thin film (bilayer method)

Mo was vapor-deposited on glass sub-
strates by sputtering, and CIGS films of
different Ga/In ratios were formed over the
Mo layer by simultaneous quaternary vapor
deposition atdifferent vapordepositionrates
for In and Ga. TEM observation revealed
that a solid solution of Ga, though smallerin
grain size, manifested decreases in twin
crystals within grains and decreases in
stacking defects. This finding suggests not
only a Voc rise through expansion of the
forbidden band width but also such other
factors as an increase.in carrier concentra-
tion due to a decrease in defect density
contributing to the efficiency improvement
of CIS solar cells brought by the solid solu-
tion of Ga. A CdS film was deposited over
the CIGS film that was formed, and ZnO and
ITOfilms were further vapor-deposited over
itby sputtering, tofabricate solarcells. When
their performance characteristics were as-

sessed by irradiating them with light of

64

100mW/cm? (AM 1.5), the highestefficiency -
was achieved by a cell using a CIGS film of
Ga/(In + Ga) = 0.21. EBIC signals of the
cross sections of CIGS cells having differ-
ent Ga contents indicated that the collection
area of the carrier extending from the junc-
tion toward the CIGS film side narrowed
with an increase in Ga content. This result
is highly consistent with the finding of C-V
measurement that the hole concentration
rises with an increase in Ga content.

(b) Formation of high-grade CIGS-based
thin film (three-stage method)

By a three-stage method by which a
Cu,Se layer is formed over an (In, Ga),Se,
film, the conditions for CIGS film formation
were studied, and a certain correlation be-
tween the substrate temperature and the CIGS
film composition was discovered by moni-
toring the substrate temperature during film
formation. The first layer of (In, Ga),Se,
film was formed to a height of about 1pum at
asubstrate temperature of 200°Cto 300°Cand
then, with only Cu and Se fluxes being
supplied, film formation was carried on un-
til the overall film composition came to have
an excess Cu content. Furthermore, in order
to apply this film to solar cells, it was irradi-
ated with fluxes of In, Gaand Se soas to give
the final composition excess (In, Ga). When
the substrate temperature began to drop, the
overall film composition began to have an
excess Cu content. Irradiation with In, Ga
and Se made the substrate temperature rise
again. Thus, by using a newly developed
composition control technique, it was pos-
sible to precisely control the CIS (CIGS)
film composition, which is an essential factor
for CIS-based solar cells.



(c) Fabrication and evaluation of Culn,Se,

and Cu(In, Ga),Se, films

Recently, the presence of a Culn,Se,
phase over the surface of the CIS thin film
has come to be claimed, and it is attracting
note as a possible factor to dominate the
conversion efficiency of solar cells. In view
of this possibility, single-phase films were
formed by alternate vapordeposition of CIS/
In,Se,, and the resultant Culn,Se, films were
evaluated electrically and optically. The
Culn,Se, films manifested n-type
electroconductivity at high resistance, and
their optical bandgap wasfoundtobe 1.23eV.

Next, Cu(In, Ga),Se, films, which are
likely to exert a significant effect on CIGS
solar cells,-were formed, and examined for
variationsin crystallographic properties and
optical and electrical characteristics depen-
denton the solid solution of Ga. It was found
that the lattice constant uniformly decreased
with an increase in the quantity of Ga, and
was tetragonal below, and cubic above, Ga/
(In +Ga)=x=0.5. Measurement by the van
der Pauw method showed that the
electroconductivity was 10-¢to 10-3/Qcm (n-
type conductivity) for films having an x
value of less than 0.3 and 10¢/Qcm or less

for films containing more Ga. The bandgap -

continuously varied from 1.2eV (x =0.0) to
1.8eV (x = 1.0).

(d) Research and development of low-cost

film formation process

The selenization process using an oxide
precursor was further extended, and Cu(In,
Ga)S,-based solid solution films were
thereby produced. Cu-In-Ga-O-based pre-
cursor films were prepared by a sputtering
process using oxide powder as target. The
resultant precursor films were amorphous,
and showed no definite peak in X-ray dif-

fraction. The precursor films were con-
verted into sulfide films by sintering in a
hydrogen sulfide atmosphere. With an in-
crease in the quantity of Ga solid solution,
the X-ray diffraction peak shifted toward
the steep angle side. The sulfide films
identified by X-ray diffraction were con-
firmed to consist of a Cu(In, Ga)S,-based
solid solution in the chalcopyrite phase.

(e) Trial production of CulnSe,-based

solar cells

Solar cells of MgF,/ITO/ZnO/CdS/
Cu(In, Ga)Se,/Mo/glass structure were pro-
duced on a trial basis from CIGS films
formed by the bilayer method. Solar cells of
0.1cm?in square measure that were obtained
gave a conversion efficiency of 15.2% (Voc
=0.616V, Jsc = 33.9mA/cm?, FF = 0.732).
Similar solar cells were also fabricated on a
trial basis from CIGS films formed by the
three-stage method. Resultant solar cells of
0.5cm?in square measure gave a conversion
efficiency of 13.7% (Voc = 0.595V, Jsc =
31.5mA/cm?, FF = 0.730), and other solar
cells of 1.0cm? achieved a conversion effi-
ciency of 13.0V (Voc = 0.583V, Jsc =
32.3mA/cm?, FF = 0.693).

(3) Future Tasks

(a) Qualitative improvement of the light-
absorbing layer: enhancement of film
quality and uniformity

(b) Optimization of the window layer:
Qualitative improvement of the buffer
layer and the transparent
electroconductive film

(c) Optimization of cells
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2.3 Research Concerning Analysis for
Practical Application

(1) Objectives and Work Program

Technical trends regarding thin-film so-
lar cells in and out of Japan will be moni-
tored for prompt and accurate analysis to
effectively reflect the analytical findings in
the research and development of technology
for the practical application of filmy solar
cells for power supply use and to thereby
support research on practical fabrication
technology for thin-film solar cells.

(2) Summary for FY1994

(a) Monitoring of technical trends
regarding practical application of thin-
film solar cells
For the purpose of supporting the practi-

cal application of thin-film solar cells, a

working group for thin-film system moni-

toring was established, comprising experts
from industry, the government and the aca-
demic community, and the group met five
times to discuss and analyze current techni-
cal trends which had been monitored and to
identify the technical challenges involved.

The objects of monitoring were amorphous

Si-based, chemical compound-based in-

cluding CdTe-based and Cu-based, and

polycrystalline Si film-based thin-film solar
cells. The monitoring by the working group
is outlined below.

(D New developments and findings
regarding physical properties of
materials and in the area of film
formation technology
Regarding the physical properties of

materials for amorphous solar cells, surveys

were made on the possibility of structural
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reduction of defects, inclination at the band
end and defect density, new techniques to
evaluate physical properties and reappraisal
of existing techniques. Concerning new
film formation technology, a triple-elec-
trode plasma CVD method, which would
use, as a third electrode, a mesh electrode for
controlling the quantity and energy of ion
seeds in addition to the usual twin-electrode
discharge, was proposed as amethod of film
formation from high-mobility materials. As
a formation method for highly photostable
films, a hydrogen radical CVD method us-
ing dichlorosilane asinput gas wasreported.
Progress was achieved in understanding the
mechanism of film growth and, in place of
the heat balance theory which had consti-
tuted the main stream, a model concerning
the reaction to determine the defect density
in the film, referring to the constant state in
the surface reaction process of film growth,
was proposed and became the new main
stream.

Concerning CulnSe,-based solar
cells, such physical properties of materials
as dynamic characteristics, microscopic
crystalline structure, physical properties of
epitaxial films, those of Culn,Se, films and
those of Cu(InGa)Se, were examined. Re-
garding film formation techniques, surveys
were made mainly on what seemed to be
particularly important ones including multi-
source simultaneous vapor deposition, multi-
stage vapor deposition and selenization,
newly developed by NREL and at the Uni-
versity of Stuttgart. For the moment, only
the multi-source simultaneous vapor depo-
sition and selenization processes have
achieved conversion efficiencies of more
than 16%.

As regards polycrystalline Si film-
based solar cells, the carrier concentration,



minority carrier diffusion length and mobil-
ity were checked for each film formation
method to collect experimental data con-
cerning the physical properties of films.
Regarding film formation techniques, the
precedents of polycrystalline Si film for-
mation were investigated, and the current
state of the structure and performance
characteristics of solar cells were described
for each precedent.
(i) Device technology for efficiency

improvement and life elongation

In order to enhance the performance
(the initial and stabilized efficiencies) of
amorphous solar cells, increasingly impor-
tant are research and developmental efforts
to reduce defects in and photostabilization
of the optically active layer, increase light
absorption (narrow the bandgap), further
ameliorate and develop better materials for
the doped layer, and improve the character-
istics of TCO/p, p/i and n/electrode inter-
faces and that of the transparent
electroconductive film. Recently reported
R&D attempts on amorphous solar cells do
not include any on a material or technical
breakthrough, but do include many on high-
Voc single cells surpassing 1.0V per cell,
achieved by low-temperature a-Si film for-
mation or controlling hydrogen in the film.
Also, systematic conditions of a-SiGe film
formation were studied, resulting in high-
efficiency tandem cells embodying consid-
eration for stabilized efficiency after
photodegradation. Concerning the doped
layer, many reports were found on attempts
to raise the Voc by using a crystalline p-
layer or on interfacial problems of TCO/p-
layer and n-layer/electrode interfaces.

Significant progress was achieved in
the work on CulnSe, solar cells. For small-
area cells, NREL reported a practical con-
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version efficiency of 16.8% and the EURO-
CIS group an intrinsic conversion efficiency
of 16.9%. Thus, though for only small-area
cells, conversion efficiencies comparable to
those for polycrystalline Si cells have been
attained, and even higher efficiencies are
likely to be reported. Japanese developers,
including Matsushita Electric (having
achieved 15.2%), are closely behind their
Western competitors. The rapid progress in
the enhancement of the conversion effi-
ciency is mainly due to an enlarged grain
size made possible by high-temperature film
formation and an improved CIGS light-ab-
sorbing layer brought about by control of the
forbidden band profile. Remaining problems
to be solved in order to achieve further
improvement in efficiency include, for the
light-absorbing layer, control of the forbid-
den band profile by the addition of S, con-
duction type control by utilizing the substrate
effect and doping with impurities, and for-
mation of pn homo junctions, together with
control of the buffer layer and of the CdS/
CIS interface, and performance improvement
of the window layer.

Regarding CdTe-based solar cells,
no top data were newlyreported this year. In
the area of efficiency improvement, reports
were made on diverse aspects of treatment
with CdCl, after CdTe film formation, in-
cluding the method and effects of treatment
and prospects of mass production. The
commonest treating method is annealing for
about 30 minutes in the vicinity of 400°C after
the application of CdCl, gas or solution, and
one of the reported effects of this treatment
is enhanced Voc and FF through the im-
provement of CdTe film quality.

(iii) Technologies for cost reduction
and mass production

For amorphous solar cells, the im-




provement of performance and the develop-
ment of production technology for practical
size are making significant progress. Sofar,
a stabilization efficiency of 10% has been
achieved for a practical square measure.
Production technology, too, is advancing
remarkably, making it possible to manufac-
ture large-area solarcells ata high yield. For
cost reduction, one conceivable way is to
improve the throughput, and in this regard,
a roll-to-roll process using a flexible sub-
strate is attracting note. This had notbeen a
majority approach, butits advantages gained
renewed appreciation in serious thought on
cost reduction, and at present several com-
panies are trying this approach. This and
related techniques may offer a key to the
future development of solar cells for practi-
cal application.

For CulnSe,-based solar cells, in the

United States, Energy Photovoltaic, Inc.
(EPV) in 1995 announced its plan to build a
commercial plant and start production.
CulnSe,-based solar cells are expected to
become available for practical application
in the relatively near future, and the devel-
opment of technology for costreduction and
mass production have taken on even greater
importance than before. This year, surveys
were made on the progress of projects at
NREL, DPV, International Solar Energy
Technology, Inc. ISET), Solarex and Si-
emens to develop low-cost mass-production
processes. All these processes either permit
or are intended to permit the production of
large-size cells.

Asregards CdTe-based solarcells, at
present only Matsushita Battery Industrial
Co. is engaged in commercial production,
but there were reports that Solar Cells Inc.
(SCI) is planning a 20MW/year plant and
that Golden Photon Inc. (GPI) will start

commercial production. This year, reports
were received on activities geared to com-
mercial production, such as manufacturing
of many large-area cells on the mass-pro-
duction line, followed by examination for
any unevenness of performance among the
products and their outdoor exposure for re-
liability evaluation. There were also reports
on the integration of techniques for effi-
ciency improvement into mass-production
technology and a pursuitof higher efficiency
by using soda glass to reduce costs.
(iv) Estimation of module fabrication
cost

This year, the costof large-areamod-
ules was calculated for each different thin-
film solar cell manufacturing method on the
basis of the cost estimates so far made. As
a result, it was found that, if the annual
output of each type of solar cell reaches
100MW, the cost can be reduced to around
¥100/W. The economies of scale would be
significant for any type of solar cell under
study, but the difference in process for the
same type of solar cell would result in an
unexpectedly small cost difference.

The remaining tasks include study
on the overall power generation cost includ-
ing peripheral costs, which may differ with
the efficiency level.

(v) Applied systems

The latest output level of thin-film
solar cells was investigated, and at the same
time suitable areas of application for thin-
film solar cells were studied, with particular
focus on systems to which thin-film solar
cells had been actually applied.

Whereas thin-film solar cells had
been applied mainly to consumer items
(electronicitems), their use as a power source
for micromachines was reported as an ex-
ample of a new application in this area.



Attempted applications other than in con-
sumer products include those of transparent
solar cells to building windows and automo-
bile sun roofs, taking advantage of the
characteristics of thin-film solar cells, and to
solar cars or solar planes.

In the field of housing and nonresi-
dential buildings, on the other hand, panels
forordinary houses, glassroofing, integrated
roofing and integrated walling are either
being developed or already commercially
available. In addition to these, themes for
future development include insulating roof
panels consisting of solar cells integrated
with surface protecting material, glass, roof-
ing, insulator and sheathing among others,
and plainroof tiles using CdTe solar cells or
unitized roof panels combining tiles, roof-
ing, sheathing and so forth. The point is
maximum utilization of such advantages of
thin-film solar cells as compatibility with
curves, thinness, light weight and uniform
appearance.

Whereas the cost reduction is the
mostimportantrequirement formediumand
large-scale power supply systems, thin-film
solar cells have potential for cost reduction,
and accordingly are expected to prove most
suitable for use in this area.

(b) Safety check on compound-based thin-

film solar cells

Of the different types of thin-film solar
cells, CdTe-based and CulnSe,-based cells
were checked for safety. This year, such
aspects of safety control measures were
studied as the impact of the manufacture of
CdTe-based and Cu-InSe,-based thin-film
cells on the surrounding environment, that
of the installation of such cells on the sur-
roundings, and the problems of waste matter
resulting from the manufacture of solar cells

and the disposal and recycling of used mod-
ules.

CdTe-based solar cells were put to small-
scale combustion experiments in anticipa-
tion of accidental fire involving them, and
the extent of the scattering of heavy metals,
such as Cd and Te, constituting solar cells
into the atmosphere was assessed.

(c) Survey on technical trends abroad

In order to find out technical trends re-
garding thin-filmsolar cells, representatives
were sent to nine international conferences
to obtain the latest technical information,
which was reflected in committee discus-
sions.

» Materials Research Society Spring
Meeting

+ 12th European Photovoltaic Solar En-
ergy Conference and Exhibition

+ 1st World Conference on Photovol-
taic Energy Conversion

* 3rd World Renewable Energy Con-
gress

« Materials Research Society Fall
Meeting

Nine lecturers were invited from abroad
to give lectures on the topics indicated
below and participate in discussions re-
garding technical development of amor-

phous solar cells among thin-film solar
cells.
» Hin Si Network and Under Deposi-
tion
Warren Jackson (Xerox, U.S.A.)
» Bridge Between Materials and De-
vices
David Carlson (Solarex, U.S.A.)
Christopher Wronski (Pennsylvania
State University, U.S.A.)
* Microstructures
Robert Collins (Pennsylvania State
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University, U.S.A.)

Arvind Shah (University Neuchatel,
Switzerland)

Bernard Drevillon
Polytechnique, France)

* High Growth Rate

Subhendu Guha (United Solar Sys-
tems, U.S.A.)

Friedhelm Finger (ISI-Research Cen-
ter Julich, Germany)

Sigurd Wagner (Princeton University,
U.S.A)

(Ecole

(d) Technical research regarding practical
application of thin-film solar cells
Concerning the technical themes of

commissioned research projects, the com-
missioned companies were visited to ana-
lyze the problems involved and contemplate
possible solutions. The technical working
group on thin-film cells was convened twice
to discuss technical problems arising along
with the progress of research.

(3) Future Tasks

In order to support research work re-
garding practical application of thin-film
solar cells, it is necessary to continue sur-
veys to keep track of technical trends in
Japan and elsewhere, analyze the technical
problems involved and search for possible

solutions. The technical problems concern-
ing thin-film solar cells include those de-
scribed below.

Future tasks regarding amorphous solar
cells can be classified into 1) development
of technology for low-cost module produc-
tion, 2) development of revolutionary mate-
rials and devices which would contribute to
enhancing efficiency and reliability, and 3)
technological development to achieve ultra-
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high efficiency. As regards the cost, major
requirements will be to reduce direct mate-
rials costs, including that of substrates, re-
duce the depreciation costs of hardware
among others, and achieve technological
development for low-cost modulization.
Concerning efficiency enhancement, in or-
der to further improve the stabilized effi-
ciency, technological development is de-
sired to improve the optical confinement
effectand toraise the open voltage by alarge
measure. Concerning measures against
photodegradation, with aview to preventing
degradation, research is being undertaken in
two aspects including 1) development of
degradation-free materials and 2) develop-
ment of device structures less susceptible to
degradation. Inregard to devices in particu-
lar, much hope is pinned on a tandem ar-
rangement.

For CdTe solar cells, what is basically
needed is development of technology to
form high-quality CdTe films. If itis made
technically possible to produce large-area
modules with an efficiency of about 10%,
practical application may become feasible
at a relatively early opportunity.

Cu(InGa)Se,-based thin-film solar cells
have an advantage of future potential for a
highefficiency of 18% to 20%. No degrada-
tion was observed even in long-term out-
door exposure tests. At present, small-area
cells have achieved a high efficiency of 16%
to 17%, but cells of this type are behind
amorphous cells in the development of pro-
duction technology. The immediate devel-
opmental themes for Cu(InGa)Se, thin-film
solar cells include 1) achievement of a far
higher efficiency than amorphous cells, 2)
development of film formation technology
suitable for mass production, and 3) devel-
opment of methods for the evaluation and



control of intrinsic defects.

For polycrystalline Si film-based cells,
developmental work is focusing on film
formation technology at the moment, and
the immediate objective is to achieve a con-
version efficiency of over 10% in a low-cost
process.

For thin film-based solar cells, the im-
mediate target is a module efficiency of 10
to 12%, but realization of modules surpass-
ingthatin conversionefficiency is hoped for
intheearly 21stcentury. Atpresent,amajor
breakthrough in conversion efficiency im-
provement for thin-film solar cells is sought
by using a tandem (hybrid) structure of thin-
film compounds, and this remains a major
future challenge.

3. Technological Development for
Super-High Efficiency Solar Cells

3.1 Technological Development for
Super-High Efficiency Single-
Crystalline Silicon Solar Cells

3.1.1 Technological Development for
High-Quality Single-Crystalline
Silicon Substrates

(1) Objective and Work Program

(Objective for FY1996)

Crystal quality enabling a conversion
efficiency of 24% or more for ingots 15cm
or more in diameter

(Work Program)

Study will be made on new methods of
manufacturing high-quality monocrystals
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from granulous silicon material. In the first
method, the granulous silicon material is
electromagnetically cast into a round rod
shape, and the ingots in this round rod shape
are monocrystallized in a single round of
melting by the float zone (FZ) method. The
second method melts the granulous silicon
material by induction in a state of non-
contact with a cold crucible, and
monocrystals are picked up from this mol-
ten silicon by the Czochralski (CZ) method.
The third puts the granulous silicon material
to electron beam melting in a cold crucible,
and similarly picks up monocrystals by the
CZ method.

Technical problems and opportunities in
these three methods will be studied.

(2) Summary for FY1994

(a) Electromagnetic casting + one FZ pass
method
(i) Change in power frequency

In order to achieve successful
monocrystallization without displacement
by the electromagnetic casting plusone float
zone (FZ) pass method, complete melting of
the raw material was necessary (to prevent
unmelted residue from remaining on the
ingot surface). The induction frequency
during electromagnetic casing had been in-
creased (to 180kHz) to strengthen induction
heating, but there occurred an electric dis-
charge between the crucible and the molten
bath, posing the problems of damage to the
crucible and its contamination with copper.
Accordingly, the induction frequency was
reduced (to 30kHz) this year, and the casting
experiment at this frequency resulted in
satisfactory melting of the raw material

without problem and prevention of the dis-
charge. ’




(i1) Improvement of furnace parts

To prevent both contamination and
cracks in ingots, a heat insulating cylinder
consisting of a low-resistance silicon heater
and an insulator was developed, and this
proved fairly effective in the experiment.
The use of carbon and iron parts, which
could also be contaminants, was avoided
wherever possible, and it was made possible
toproduce high-purity polycrystalline ingots
of 1,500Qcm or more in resistivity.

(iii) Results of electromagnetic casting

+ one FZ pass method

Theelectromagnetic casting plus one
FZ pass experiment gave the following re-
sults.

* By one FZ pass, 600mm long
monocrystals were successfully obtained for
the first time.

e What remained without being
monocrystallized had a high carbon concen-
tration, and contained unmelted substance.

* The resistivity of non-doped electro-
magnetically cast ingots was no less than
1,500 Qcm, demonstrating the effectiveness
of the precautions taken to suppress the
infiltration of impurities.

(iv) Optimal grinding margin for
electromagnetically cast ingots
It was found necessary to develop a
technique to evenly grind the skin surface of
ingots containing much unmelted matter or
impurities. '

(b) Electromagnetic melting CZ method
(1) Electromagnetic melting CZ
experiment using shield
In the electromagnetic melting
Czochralski (CZ) method, the vibration of
the molten bath surface and the difficulty of
temperature control, among other factors,
inhibit the pick-up of single crystals. To

address these problems, molten bath surface
vibration suppression and temperature con-
trol were attempted by applying a magnetic
shield from the top side of the crucible. The
optimal conditions were studied for the
surface temperature and shape of the molten
bath and the control of the vibration of the

. molten bath surface. As aresult, the use of

the shield was found to be somewhateffective
in suppressing the shaking and vibration of
the molten bath surface, but not sufficiently
to permit the steady pick-up of single crys-
tals. It was impossible to achieve a satisfac-
tory balance between the molten bath tem-
perature and the vibration of the molten bath
surface on the one hand and the source
power output (electromagnetic force) on the
other. Asenlargement of the size was likely
only to aggravate the problem, this method
was regarded as having little technical po-
tential.

(c) Electron beam melting CZ method

Inthe electron beam melting CZ process,
several consecutive batches of 25mm-di-
ameter single crystals were successfully
picked up by taking the measures described
below. It is expected that steady single-
crystallization can be made possible by
further improving these measures, and
guidelines in this respect were obtained.

(i) Measure against drop of vapor-

deposited silicon
It was confirmed that the more cores

of vapor-deposited silicon were allowed to
be formed and the strength of vapor depo-
sition was increased, making it more diffi-
cult for the deposited silicon to peel off and
drop, by using a porous material for the
inner wall of the furnace. Evenin 30 or more
hours of use, no deposited silicon was found
to drop.



(i1) Distribution of vapor deposition in

furnace

It was confirmed that vapor deposi-
tion may be unevenly distributed depending
on differences in distance from and angle to
the crucible and the position in the furnace.
In order to achieve even distribution of
deposition, it is necessary to improve the
furnace structure, and this improvement is
expected to enable the furnace to withstand
vapor deposition for an even longer period
of time.

(iii) Measures against bumping of raw

material

No major bumping was found after
the methods of raw material inputting and of
beam scanning were improved. However,
observation of the surface of the picked-up
single crystalsrevealed the presence of small
liquid drops. Since even small such drops
could inhibit single-crystallization, preven-
tive measures are under study.

(d) Magnetic field analyses for optimal
designing of electromagnetic casting
furnace
(i) Analysis of source-linked oscillator

circuit constant

The electromagnetic casting furnace
was analyzed by the finite element method
using the voltage input tofind out the source-
linked oscillator circuit constant. The ana-
lytical value and the measured value were in
close agreement, making it possible to de-
termine the circuit constant by analysis.

(ii) Analysis of water-cooled copper

crucible structure

Regarding the water-cooled copper
crucible, the optimal values of the number
and shape of slits, which are its main struc-
tural factors, were sought by analysis. The
optimal number of slits was found to be

about 30. Concerning the width and shape
of slits, it was found that, by adopting a
convex-concave shape of 0.3 mm on the
molten bath side and 2.0mm on the coil side,
a melting efficiency comparable to that of
0.8mm wide slits could be attained with no
penetration of the molten bath.
(iii) Analysis at different power source

frequencies

Analysis was carried out at five dif-
ferent frequencies including 6, 20, 50 and
180 kHz, and the melting efficiency was
found to improve with an increase in fre-
quency. However, the higher the frequency,
the more the crucible tended to be damaged
by erosion by electric discharge, posing a
problem to the durability of the crucible.

(iv) Analysis of factor causing erosion

damage to crucible

Modelsin which the molten bathisin
contact with the crucible were analyzed to
compare current densities in the contact
section. It was confirmed that, when the
molten bath came into contact with the
crucible between slits, the current density in
the contact section sharply rose. The higher
the frequency, the greater this current den-
sity. The discharge damage inflicted on the
crucible presumably arises from a thermal
load which results from the sharp rise in
current density due to the penetration of the
molten bath between slits and melts the
crucible surface. By determining the corre-
lation between this current density level and
the crucible damage, it is possible to select
by analysis a frequency which would not
give rise to crucible damage.

(3) Future Tasks

The following subjects will be studied
from now on.




(a) Electromagnetic casting + one FZ pass

method

(i) Improvement of non-dislocation

single-crystallization yield

(i) Quality improvement by shutting
out impurities

(iii) Optimization of grinding margin
of electromagnetically cast ingots

(b) Electron beam melting CZ method

(i) Non-dislocation single-crys-
tallization

(i) Achievement of steady single-
crystallization by improving measures to
prevent vapor deposits from dropping and
raw material from bumping

(iii) Basic experiments toward size
enlargement (securing sufficient molten
bath volume, studying optimal pick-up
conditions, etc.)

3.1.2 Technological Development for
Super-High Efficiency Single-
Crystalline Silicon Solar Cells (1)

(1) Objective and Work Program
(Objective for FY1996)

Cell conversion efficiency of 24% (Scm
square)

(Work Program)

(a) Development of a high-performance
front surface
Along with research on formation tech-
nology for light receiving side electrodes,
formation technology and junction structure
for high-quality passivation layer and anti-
reflection coating will be studied with an

eye to improving the open voltage.

(b) Development of technology for back-
side hetero junction formation
A stacking method and a processing
method for a wide bandgap layer, suitable
for the back side structure, will be studied to

improve the performance characteristics of
cells.

(c) Analytical study for conversion
efficiency improvement
Along with structural analysis of the
junction structure and performance evalua-
tion of the substrate, numerical simulation
will be carried out regarding the cell struc-
ture.

(2) Summary for FY1994

Theachievementsin fiscal 1994 arelisted
below.

A conversion efficiency 0of21.1% was
achieved for back-side low-high hetero
junction cells (Scm square, confirmed at
IQA).

» Improvement of the curvilinear factor
attributable to adesign of the light receiving
face electrode pattern was confirmed.

» Improvement of the short-circuit cur-
rent and the open voltage by annealing with
N, immediately after oxidation of the light
receiving side passivation film was con-
firmed.

» Improvementof all such aspects as the
short-circuit current, open circuit voltage
and curvilinear factor by heat treatment of
the microcrystalline silicon film was con-
firmed.

» Improvement of the short-circuit cur-
rent by inserting a silicon nitride film be-
tween the microcrystalline silicon film and



the back-side electrode was confirmed.

« As maximal values for performance
parameters,41.0mA/cm?, 665mV and 0.802
were confirmed for the short-circuit current
density, open circuit voltage and fill factor,
respectively.

Achievements for each subtheme are
described below.

(a) Development of a high-performance
front surface
(i) Study to reduce series resistance of
the front surface .
The advisability of altering the front
contactpatternfromacombtypetoafishbone
type was assessed. By making the subgrid
very fine and expanding the pitch, the series
resistance was reduced withoutallowing the
electrode occupancy rate to increase, and a
high curvilinear factor was obtained.
(ii) Study on qualitative improvement
of passivation effect
With a view to improving the passi-
vation effect of the oxidized film formed on
the surface, processing by N, annealing
immediately after the oxidized film forma-
tion was studied. It was found that anneal-
ing at 800°C for 15 minutes resulted in
qualitative improvement of the oxidized
passivation layer, and that both the short-
circuit current density and the open circuit
voltage were significantly enhanced.

(b) Development of technology for back-
-side hetero junction formation
(1) Structure of back-side low-high
hetero junction cells
PN junctions were formed, with the
light receiving side of a P-type substrate
(FZ, p = 2Qecm) fabricated in a textural
structure, and a passivation layer of oxi-
dized film and an anti-reflection layer of

silicon nitride film were formed over the
surface of the N* layer. Ti/Pd/Ag three-
layered electrodes were formed on the light
receiving side by the lift-off method. Over
the whole back face of the substrate, P*
microcrystalline silicon film and silicon ni-
tride film were formed by plasma CVD, and
the P* microcrystalline silicon film and the
Al back side reflective electrodes were
brought into contact by patterning the sili-
con nitride film.

(i) Study on qualitative improvement
of microcrystalline silicon film by
heat treatment
Resistivity is reduced by heat treat-

ment of microcrystalline silicon film, and so

is the hydrogen concentration in the film.
Regarding cell performance, all such char-
acteristics as the short-circuit current den-
sity, open circuit voltage and fill factor were
found improved.

(i) Study to improve back-side
reflection of light
To further improve back-side re-

flection, the advisability of inserting silicon
nitride film between the microcrystalline
silicon film and back-side electrodes was
assessed. The insertion serves to increase
the back-side reflection in the wavelength
range of 1,030nm and above, and to improve
the spectral sensitivity. This was found to
increase the current density by about 2%.

(iv) Cell performance

In the back-face low-high hetero
junction cells fabricated to embody the find-
ings of these studies, a particularly high
41.0mA/cm? short-circuit current density
was obtained, and a conversion efficiency of
21.1% (JQA measurement) was achieved at
an open voltage of 657mV and a curvilinear
factor of 0.785.




(c) Analytical study for conversion

efficiency improvement

Forback passivation cellson whose back
surface a P* layer is partially formed, the
relationship between the back-side recom-
bination rate on the interface between the P-
type substrate and the back passivation film
and the internal collection efficiency when
probing light is brought into incidence from
the back side was investigated by simulation.
As aresult, it was discovered that the back
recombination rate of cells can be evaluated
by fabricating cells of a structure which
would permit the incidence of light from the
back side and measuring the spectral inter-
nal quantum efficiency with respect to the
back-side incidence of light.

(3) Future Tasks

A conversion efficiency of 21.1% was
achieved for back-side low-high hetero
junction cells (Scm square). In order to
achieve the 24% conversion efficiency which
is the target for fiscal 1996, the following
aspects of performance parameters should
be studied to improve the performance char-
acteristics. The open circuit voltage is likely
to be increased by improving the quality of
the passivation film by optimizing the con-
ditions of oxidation and post-oxidation
processing, enhancing the quality of the
microcrystalline silicon film by raising its
crystallization rate and appropriately con-
trolling the interface between the substrate
and the microcrystalline silicon film. The
short-circuit current is expected to be im-
proved by achieving more effective utiliza-
tion of light through proper matching of the
passivation oxide and the anti-reflection
coating, and so is the curvilinear factor by
reducing the resistance of the microcrystal-
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line film, ameliorating the interface char-
acteristics andreducing the contactresistance
of electrodes.

3.1.3 Technological Development for
Super-High Efficiency Single-
Crystalline Silicon Solar Cells (2)

(1) Objective and Work Program
(Objective for FY1996)

Cell conversion efficiency of 25% (2cm
square)

(Work Program)

(a) Development of technology for highly
light-confining ultra-thin cell
formation
As part of the work to develop technol-

ogy for cell designing and formation, with a
view to enhancing the open voltage, the field
effect type surface passivation structure will
be analyzed, and methods to restrain surface
recombination will be studied. In parallel
with these efforts, attempts will also be
made to improve the short-circuit current
with particular regard to, among other as-
pects, wave-opticallight confining structures
and techniques to passivate the surface on
which ultra-fine convexes and concaves are
formed.

(b) Development of technology for wide-
bandgap emitter cell formation
As part of the endeavor to improve the
open voltage of cells, study will be made on
the formation of high-quality junctions by
expanding the bandgap of emitter materials
and its effect to enhance the open voltage.



Conditions for microcrystalline film for-
mation by plasma film formation techniques
will be studied, and the effect to enhance the
open voltage will be confirmed with cells in
whose contact section over the emitter junc-
tion a wide-bandgap (WBG) film is formed.

(c) Development of technology for high
open-voltage contact formation
Aspartof the attempt to develop contact-

related techniques for enhancing the open
voltage of cells, study will be launched on
the suppression of carrier recombination on
the electrode interface by potential control
on the silicon-(oxidized film)-contact metal
interfaces utilizing the difference in work
function among electrode materials.

(2) Summary for FY1994

(a) Development of technology for highly
light-confining ultra-thin cell
formation
(i) Surface passivation by field effect

Even if the cell surface is passivated
by an oxidized film, the recombination rate
of the carrier may vary depending on the
surface potential of the cell. With an eye to
quantitatively assessing this effect and iden-
tifying a cell structure which would lend
itself to further improvement of efficiency,
the performance characteristics of back-side
contact type and conventional two-side con-
tact type cells were simulated. As a result,
with about 250pm thick substrates which
are commonly used, it was found that con-
version efficiencies of 25.5% and 26.5% or
more could be expected for two-side contact
type cells and back-side contact type cells,
respectively. Sincethisfinding was obtained
under the realistic assumption of
6.5x 10! 'cm?eV-!ininterfacial capture level
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density, prospects were confirmed for the
attainment of an efficiency of more than
25% by applying passivation by the field
effect.
(ii) Trial production of high-voltage

cells

Improvement of the passivation
performance of the oxidized film was at-
tempted by normalizing the oxidizing at-
mosphere and optimizing the conditions of
oxidation. Attempts were also made to
establish boron diffusing techniques free
from the risk of giving rise to defects in the
bulk. By utilizing these improvements in
process technology, back-side local P* cells
were produced on a trial basis. An open
voltage of 700mV, the highest in Japan, was
achieved, testifying to the improvement in
passivation technology. The surface re-
combination rate estimated from correspon-
dence to one-dimensional simulation was as
low as 150cm/s, clearly indicating a reduc-
tion in recombination in the bulk and on the
back side.

(b) Development of technology for wide-

bandgap emitter cell formation

In order to further reduce the surface
recombination rate, it is necessary to re-
strain surface recombination in the contact
area as well as to improve surface passiva-
tion techniques. If the recombination rate of
minority carriers on the electrode interface
is reduced, the open voltage can be further
enhanced. For this purpose, it seems effec-
tive to use a wide-bandgap material and
form hetero junctions on the interface with
silicon. In this developmental study, micro-
crystalline silicon (jic-Si) was used as wide-
bandgap material. The uc-Si hetero film
was formed by plasma CVD after forming
the passivation oxidized film on the silicon




cell surface.

While n-type pc-Si had been formed via
a naturally oxidized film in the research
until last year, this yearnonaturally oxidized
film was placed in-between, and instead an
attempt was made to form a hetero contact
via an a-Si film which is less resistant and
more readily permits film thickness control.
Various hetero film structures were fabri-
cated, and the best passivation effect was
achieved when hetero contact formation was -
carried out via an n-type a-Si film. This
method was applied to the contact part on
the n-diffused layerin the trial production of
cells, and the open voltage was found about
50mV higher than in direct contact with
metal electrodes. The voltage also was
about 10mV higher than in the presence of
an n* diffused layer, and neither the short-
circuit current nor the curvilinear factor
dropped.

In improving the efficiency of back-side
local p* cells, too, it is essential toreduce the
recombination of minority carriers on the

p*/electrode interface. In the p-type as well ;

as in the n-type, the open voltage can be
further enhanced if hetero contacts are
formed. However, by the RM (13.56MHz)
plasma CVD method used for n-type film
formation, it is impossible to form a micro-
crystalline p* layer of a high crystallization
rate. With an eye to forming a microcrystal-
line p* layer, a plasma CVD method appli-

cable to the VHF (up to 100MHz) region, -

which is suitable for microcrystalline film
formation, was developed. The VHF plasma
method makes suitable film forming con-
ditions for crystallization more readily
available as a result of an increase in plasma
density withariseinfrequency. A discharge
experiment with a plasma CVD apparatus
provided steady discharging virtually free

from reflected waves in the 50-120MHz
range, indicating good prospects for appli-
cability to trial production of cells.

(c) Development of technology for high
open-voltage contact formation

In the MOS configuration of silicon-
(oxidized film)-metal, the field effect on the
semiconductor interface and the state of
static potential linkage between the semi-
conductor and metal heavily depend on the
thickness of the oxidized film in-between
and the density and distribution of the car-
rier capture level on each interface. In order
to utilize the difference in the work function
of contact metal, the thickness of the oxi-
dized film intervening in the interface be-
tween silicon and the contact metal has to be
precisely controlled, and the state of oxida-
tion of the metal to be formed into film also
has to be accurately controlled.

Metals with low work functions are gen-
erally highly reactive and readily oxidized.
Formation of a metal film requires an ultra-
high vacuum, and this condition is desirable
for a metal with a high work function as
well. When a contact is to be formed of a

readily oxidizable metal, such as magne-

" sium, it has to be formed from the outset in
~ a multi-layered structure together with a

thin film which would serve as oxidation
barrier so that oxidation may not progress in
the atmosphere after film formation. To
meettheserequirements, an apparatus which
would permitconsecutive formation of metal
films in an ultra-high vacuum was designed
and produced. The film forming apparatus
consisted of three chambers, one each for
the introduction of the sample substrate,
pretreatment and film formation. The degree
of vacuum to be reached in the pretreating
and film forming chambers was designed to



be in the order of 10! Torr, and that in the
latter was confirmed to be no less than 1.3 x
19 Torr. A basic performance to form films
of Cu at 0.03nm/s under a pressure of 4 x
10 Torr was confirmed, and arrangements
were thereby established for systematic study
on contact metal materials.

Whereas surface purification of the sili-
con substrate prior tometal film formationis
an important step as pretreatment for film
formation, the finished state of the surface
depends on the oxygen dissolved in the pure
water used for washing. If the dissolved
oxygen is supplied in the ozone form, the
surface of the substrate is subjected to forced
oxidation atlow temperature. The ultra-thin
oxidized film that is formed permits thick-
ness control to some extent, and can be used
for such purposes as the prevention of
rediffusion from the high-concentration dif-
fusion area of the substrate and surface
protection until the metal film is formed in
the vacuum vapor-depositing apparatus. The
substrate was washed with high-purity high-
concentration ozone-dissolved water, uti-
lizing the electrolysis of water, and it was
confirmed that the oxidized film can be used
for the aforementioned purposes.

(3) Future Tasks

(a) Development of technology for highly
light-confining ultra-thin cell
formation
Since the cells fabricated on a trial basis

have aflat surface structure with acombined
anti-reflection and passivation oxidized film,
the short-circuitcurrentis 32.2mA/cm?2. With
an eye to substantially increasing the cur-
rent, cells of a PERL-resembling structure
having an inverted pyramid configuration
will be produced on a trial basis.

(b) Development of technology for high-

open voltage contact formation

In order to achieve a surface recombina-
tion rate of no more than 10cm/s constantly
irrespective of the operating state of the
solar cell, it is necessary to restrain surface
recombination in the contact region as well
as to continue the efforts to develop surface
passivation technology. One conceivable
approach to this end is to reduce the contact
area, but this would involve the problem of
increased resistance, necessitating study on
optimization. Hetero junctioning techniques
using wide-bandgap materials and control-
ling the work function of the contact metal
would also be effective in restraining re-
combination, and cells with an open voltage -
far surpassing 700mV will be worked out
through the development of these high-open
voltage contact techniques.

3.2 Technological Development for
Crystalline Compound Solar Cells

3.2.1 AlGaAs/GaAs/Si Solar Cells
(1) Objective and Work Program
(Objective for FY1996)

Conversion efficiency of 35% or more
(Icm?

(Work Program)
Technology forthe formation of AlGaAs/
GaAs/Sitandem hetero-structured solarcells

by the MBE and GSMBE methods will be
developed.

(2) Summary for FY1994
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(a) Development of lattice-mismatched
epitaxial growth techniques

(i) GaAs/Si growth with InGaAs
intermediate layer inserted
With a view to reducing the dislo-

cation density attributable to the lattice
mismatching and the difference in thermal
expansion coefficientof a GaAslayer grown
on an Si(100) substrate, optimization of the
strained InGaAs intermediate layer structure
was attempted. Observation of the rela-
tionship between the strain energy and the
surface dislocation density measured from
the cross-sectional TEM imagerevealed that
reducing the strain energy resulted in a de-
crease in the number of dislocations on the
GaAslayersurface. Theeffectofthe strained
layer to reduce dislocations was witnessed
only when the strain energy was 250dyne/
cm. At that time, the influence of the In
composition was insignificant, indicating
the scarcity of any effect attributable to the
difference in the physical property constants
of InGaAs ensuing from a difference in In
content. These findings revealed that the
strain energy has its optimal level, and that
any increase in In content would have little
effect on dislocations.

(ii) Basic study on formation of thin-
film compound cells by epitaxial
lift-off (ELO) technique
The ELO technique was studied to

realize the formation of thin-film GaAs-
based cells and Si cells in tandem. An AlAs
layer (0.1um), which would serve asrelease
layer, and then an AlGaAs/GaAs/AlGaAs
DH structure were grown and, after wax was
applied onto the surface and dried, the DH-
structured film was lifted off by immersion
in HF solution for about 18 hours. The size
of the peeled film was Smm square. The
film was transferred onto an Si substrate and
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a quartz substrate, and deprived of water by
baking for 30 minutes at 120°C. Evaluation
of the film before the peeling and after the
transfer by a photo luminescence method
revealed no significant change in the posi-
tion of the peak. On the quartz substrate, the
intensity was less and the peak position
shifted toward the low energy side as com-
pared with the pre-peeling state, suggesting
the effect of strain. As the intensity was
somewhat greater on the Si substrate than
before the peeling, the possible effect of
photon cycling also deserves study.

(b) Development of high-efficiency
tandem cell structure
(i) Lattice-matched tandem cells
a. Cell formation process

The cell formation process was
improved in the following two aspects.

1. Theelectrode material for the p-
layer was altered from AuZn to a Pt-based
substance. This will make it possible to
form the emitter in a thinner film and con-
tribute to the reliability of electrodes.

ii. 8i0, was formed for the pur-
pose of protecting the surface during the
process. In addition, the MBE growth con-
ditions were reviewed to improve the uni-
formity of film thickness.

These conditions were applied
to the trial production of GaAs cells, result-
ing in a reduction of performance uneven-
ness in the wafer surface. Although the
conversion efficiency was 19.5% at the
maximum, this was due to the low MBE
growth temperature of 580°C, and prospects
were gained for achieving an efficiency
surpassing the 20.9%, obtained by the ear-
lier process, by setting the growth tempera-
ture between 600 and 700°C.

b. Efficiency improvement by opti-



mization of GaAs, AlGaAs and

InGaP growth by CBE/GSMBE

method

With an eye to cost reduction by
efficient utilization of raw materials and
efficiency improvement by introduction of
InGaP-based materials, crystal growth
techniques by chemical beam epitaxy (CBE)
and gas source MBE (GSMBE) were stud-
ied. This time, GaAs layers grown by CBE
and GSMBE were evaluated by their photo
luminescence (PL) characteristics. The raw
materials used were AsH, and triethyl gal-
lium (TEG) for CBE, and AsH, and metallic
Ga for GSMBE. The PL of CBE-grown
GaAs manifested very weak exciton lumi-
nescence, and a strong, broad peak attrib-
utable to carbon (C) impurities was observed
on the low energy side. For the GSMBE
product, stronger exciton luminescence was
witnessed than luminescence from C im-
purities, indicating the low concentration of
carbon impurities in theepitaxial film. Since
much carbon was taken in from the organic
metal material TEG in the case of CBE
growth, the application of this product. to
solar cells would require optimization of the
growth conditions. For the time being, op-
timization of the conditions will be attempted
for solar cell formation by the GSMBE
method, which is superior in PL characteris-
tics.

c. Optimization of quantum well
structure in multi-quantum well-
structured cells
Multi-quantum well (MQW) cells,

in which an MQW layer is introduced into
the i-layer of pin-type GaAs cells, are at-
tracting note as means to improve the effi-
ciency of single-junctioned cells. As the
potential depth of the In Ga, _layer, which
constitutes the well layer, is increased, the
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number of absorbed photons is increased,
but the recombination loss in the well will
also increase. Therefore, in pursuit of es-
cape from the well, a solar light spectrum
(AM 1.5) was supposed, and the optimal
well structure was sought by taking into
account the number of photons absorbed in
the MQW area. Since the band offset of the
conduction band is greater than that of the
valence band, the escape efficiency of
electrons first drops as the depth of the well
increases. By taking into consideration the
absorption against the solar light spectrum
and the escape efficiency, it was discovered
that the output current reaches its maximum
when the In composition X equals 0.2.
d. Characteristics of tunnel junctions

Tunnel junctions for use in lattice-
matched tandem cells were prepared. Tun-
nel junctions of p-on-n and n-on-p con-
figurations were formed on n-type and p-
type substrates, respectively. The structure
of the tunnel junction was the same in both
configurations, the thickness and concen-
tration of the p-type high-concentration layer
being 0.05um and 4 x 10%%cm?, respec-
tively. The high-concentration layer was
sandwiched between AlGaAslayers (0.1{tm)
to restrain the diffusion of impurities. The
growth temperature in the MBE process was
450°C for the high-concentration p-type
impurity layer, and 580°C for all others. The
peak current obtained was 363mA/cm? for
the p-on-n configuration and 235 mA/cm?
for the n-on-p configuration.

(ii) Lattice-unmatched tandem cells
a. Optimization of Si cell structure as

bottom cell

When an Si cell is to be designed
forchemical semiconductor/Si stacked cells,
its optical structure should be revealed with
respect to the incident light whose short




wavelength range is cut by the top cell. In
view of this need, the dependence of the Si
cell on physical properties and structural
parameters was studied by using a simulator
for solar cell devices. The parameters taken
up in this study were the substrate thickness
and impurity concentration of the GaAs cell.
The thickness of the GaAs layer was varied
from Spm to 500 m, and doping with impu-
rities was checked in two cases, one of n-
type 3.3 x 10'cm™ and the other of p-type
2.4x10%¥cm3, Then-typedoped GaAslayer
gave an efficiency of 6.8% when the thick-
ness was Spm. The efficiency dropped with
an increase in thickness, reaching 4.7% at
100pm. When the thickness surpassed
100pm, Voc and Jsc dropped significantly,
and the efficiency was 1.8% at 500um. A
similar trend was observed of the p-type
doped GaAslayerin therelationship between
the thickness and Si solar cell performance,
but the efficiency was generally about 1%
lower than that of the n-type.

(3) Future Tasks

(a) Development of lattice-mismatched
epitaxial growth techniques
(i) Evaluationofcrystal quality of thin-
film GaAs layer on Si substrate and study on
method to improve quality

(b) Development of high-efficiency

tandem cell structure

(i) Preparation of twin-junction twin-

terminal tandem cells

(1) Study on elemental techniques for
stacking of Si cells and GaAs-based cells.

(iii) Study on restraining of recom-
bination rate by applying InGaP layer using
GSMBE method

3.2.2 AlGaAs/Ge Solar Cells
(1) Objectives and Work Program
(Objectives for FY1996)

Conversion efficiency of 35% or more
(1cm?)

(Work Program)

Development will proceed for chemical
compound semiconductor solar cells which,
having a stacked structure in which three
types of cells differing in bandgap energy —
AlGaAs cells, GaAs cells and Ge cells —
are arranged in that order from the light
incidence side, would give an ultra-high
efficiency of 35% or more.

(2) Summary for FY1994

(a) Efficiency improvement of single cells
(i) AlGaAs cells
a. Cells of high mixed-crystal ratio

In order to improve the efficiency
of stacked cells, it is necessary to develop
AlGaAs cells of a high mixed-crystal ratio,
in which GaAs cells are matched with the
operating current. By last year, based on the
technology built up with cells with a 0.3
mixed-crystal ratio, Al ,.Ga, ,As cells had
been produced on a trial basis. From the
performance comparison of these cells and
the ones with a 0.3 mixed-crystal ratio,
problems in the enhancement of the mixed-
crystal ratio were identified.

There was only a 0.01V improve-
mentin open voltage overthe cellswitha 0.3
mixed-crystal ratio, and moreover the exter-
nal quantum efficiency was found to have
deteriorated near the absorbing end. One



conceivable reason for these phenomena is
an increase in crystal defects due to the
increasedratio of AlAsmixed crystals. From
Nnow on, it is necessary to evaluate the crys-
tallinity by measuring thelifetime of minority
carriers and otherwise and, on the basis of
this evaluation, to optimize growth tech-
nology. Especially, itis an essential part of
" the attempted improvement of the perfor-
mance to enhance the open end voltage. On
the other hand, the curvilinear factor mani-
fested a favorable level of 0.866, and a
conversionefficiency of 11.2% was achieved

without using an anti-reflection film.
b. Study on bandgap grading of win-

dow layer

Study was made on a cell structure
in which the bandgap of the window layeris
gradually narrowed in the depth direction
from the surface.

First, growth conditions were
sought by the MOCVD method for the
gradual variation of the mixed crystal ratio
in the depth direction. As a result, it was
confirmed that the mixed crystal ratio of an
AlGaAs layer of a prescribed thickness in
the depth direction can be controlled almost
linearly by maintaining the feed volume of
AsH, during growth and varying those of
TMGa and TMAL

Next, Al ,Ga,  Ascells, towhich
a graded-bandgap window layer was ap-
plied under these control conditions, were
produced on a trial basis, and their perfor-
mance characteristics were evaluated. Their
external quantum efficiency was found
generally lower than those of conventional
hetero face-structured cells, indicating a
failure to achieve a carrier collection effect
of the electric field. One conceivablereason
is the non-optimization of the structural pa-
rameters of the cells. From now on, attempts
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will be made to optimize the cell structure by
the combined use of performance simulation
based on more precise identification of
crystalline characteristics.

(ii) Ge cells

Regarding bottom cells applicable to
AlGaAs/GaAs-based stacked cells, study
on GaAs/Ge hetero-junctioned cells was
started, based on the assumption of two
limiting conditions that the stacked cell
structure permits continuous growth by the
MOCVD method and that cells of the upper
stage can be matched with the operating
current. This year, the basic structure of the
cells was designed, and trial production and
evaluation of the cells were carried out.
Concerning the performance of cells, note
was taken of the possibility of matching
AlGaAs/GaAs stacked cells with the operat-
ing current.

In the cells produced this time on a
trial basis, pn junctions were formed of ann-
type Ge substrate and a p-type GaAs layer
grown over it. The p-type GaAs layer was
composed of a 0.2um thick layer, grown at
a temperature of 610°C and a 0.1um layer
grown at 650°C. Concerning the perfor-
mance characteristics of the cells that were
produced, though there was room for im-
provement in open voltage and curvilinear
factor, a short-circuit current of 27.68mA/
cm? was achieved without using an anti-
reflection film. The intrinsic efficiency,
underirradiation with approximated AM1.5
light, was 2.97% without using an anti-
reflection film.

In respect to spectral sensitivity, the
external quantum efficiency on the short-
wavelength side is significantly lower than
atthe GaAs absorbingend. Thisisdue tothe
failure of the electrons excited by the p-type
GaAs layer to contribute to the short-circuit




current, and therefore it is necessary to im-
prove the crystallinity of the GaAs layer
grown over Ge. Calculation of the short-
circuit current in the wavelength range of
900nm t02,000nm on this spectral sensitivity
and the spectrumof AM1.5 global light gave
avalue of 16.4mA/cm? Thisis well overthe
theoretical value of 14mA/cm? for the short-
circuitcurrent of stacked cells. Accordingly,
in regard to the matching of the cells of the
upper stage with the operating current, the
cells whose basic design was prepared this
time could be applied to AlGaAs-based
stacked cells.

(b) Efficiency improvement of stacked
cells
(i) Formation techniques for anti-
reflection film
Development of formation tech-
niques is being attempted for an MgF,/ZnS
double-layered anti-reflection film to pre-
ventwide-bandreflection. Thisyear, vacuum
vapor deposition was selected as an MgF,
formation method to replace the earlier
sputtering process, and appropriate condi-
tions were sought for the formation of the
film. Evaluation of the absorptionrate of the
films formed on that basis revealed a sub-
stantial reduction of the absorptionrate over
the samples formed by the conventional
method. Absorption ator below 400nm was
attributable to the ZnS band end, and the
absorptionrateinall other wavelengthranges
was improved to substantially zero. From
now on, the optical characteristics of the cell
surface will be assessed in detail for further
progress in the optimization of the film
structure and the conditions of formation.
(ii) Tunnel junction
With an eye to improving the tunnel
peak current and thermal resistance, optimi-
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zation of the growth conditions of the high
carrier concentration layer was attempted,
and study on tunnel junctions for the double-
hetero (DH) structure was started. On the
basis of the past findings, Si and C were
selected as n-type dopant and p*-type do-
pant, respectively, and DH-structured tun-
nel diodes of different junction thicknesses
were produced on a trial basis to assess their
characteristics before heat treatment. As a
result, 0.05pm and 0.03pm thick diodes
gave peak current densities of 2.4A/cm?and
1.8 A/em?, respectively. Up to 0.05pum, the
smaller the film thickness, the higher the
peak current. Whereas restraining the light
absorption loss of tunnel junctions is a major
challenge in the development of stacked
cells, the trends identified in this study are
both useful and interesting.

Next, variations in peak current due
to heat treatment were assessed. It was
confirmed that the thinner the junction, the
greater the peak current drop and that de-
creasing the film thickness and thermal re-
sistance were in a trading-off relationship
with each other. Heat treatment for two
hours at 650°C, which is the growth tem-
perature for cells, resulted in a peak current
drop to 69mA/cm? for 0.05pm thick junc-
tions. Elucidation of the degradation
mechanism and means for its prevention is
the task to be undertaken from now on.

(iii) AlGaAs/GaAs stacked cells

On the basis of the achievements
until fiscal 1993, stacked cells consisting of
Al, Ga, As cells and GaAs cells connected
by 0.2um tunnel junctions were produced on
a trial basis and evaluated. The result was a
16.3% intrinsic efficiency of the cells with
no anti-reflection film (approximated to
AM1.5, 100mW/cm?).

Next, by applying the technology for



the formation of the Al ,Ga, As cells
studied this year and that for the formation
of 0.05um thick tunnel junctions,
Al ,Ga, As/ GaAs stacked cells were
produced on a trial basis. The cell size was
lemx 1em, and the proportion of the shadow
section due to electrodes was 11.4%. An
MgF,/AnS double-layered anti-reflection
film was formed on the cell surface.

The output characteristics were
measured by irradiating these cells with
AML.5 approximated light, and an open
voltage of 2.32V was obtained, 20mV less
than the simple sum of single cells (2.34V),
presumably due to a decrease in incident
light striking the GaAs cells in the stacked
cells as compared with the single cells. The
short-circuit current density obtained was
12.79mA/cm?. It was confirmed from the
spectral sensitivity measured by irradiation
with AM1.5 approximated light as biaslight
that the short-circuit current was limited by
the AlGaAs cells. The curvilinear factor
was at a satisfactory level of 0.85, and an
intrinsic efficiency of 25.2% was achieved
for cells on which an anti-reflection film
was formed.

(3) Future Tasks
(a) AlGaAs cells

Investigation to improve the efficiency
of single cells and AlGaAs/GaAs stacked

cells revealed the importance of developing

AlGaAs cells with a high mixed-crystal
ratio which would best match the GaAs cell
short-circuit current. The greatest challenge
in this development work is to enhance the
open voltage. With InGaP cells, an ap-
proximately 0.1V higher open voltage had
been obtained. Learning from this experi-
ence, itis necessary to investigate the corre-
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lation between crystalline characteristics and
structural parameters on one hand and the
open voltage on the other, and thereby to
undertake optimization of crystalline growth
conditions. Also regarding sensitivity im-
provement in the short-wavelength range,
which is another major challenge, it is
scheduled to carry out simulation of charac-
teristics, with the application of a graded
bandgap type window layer being presup-
posed, and thereby to optimize the cell struc-
ture.

(b) Ge cells

In order to improve the performance
characteristics of GaAs/Ge hetero-
junctioned cells, it is essential to ameliorate
the crystallinity of the GaAs layer grown
over Ge. In view of this need, it is planned
to evaluate crystalline characteristics and
the distribution of atoms on the GaAs/Ge
interface and, on that basis, undertake opti-
mization of the conditions for crystalline
growth. Furthermore, by applying the hetero-
epitaxial growth techniques to be studied in
thiscontext, attempts will be made toimprove
the characteristics of GaAs cells formed
over Ge.

(c) Anti-reflection film

Concerning the reduction of the light
absorptionof the MgF, film, which had posed
amajor problem, prospects for solution were
gained by applying vacuum vapor deposition.
From now on, itis necessary to optimize the
anti-reflection film structure while taking
account of matching with the optical con-
stants on the cell surface. In particular, ithas
been confirmed that a degenerated layer is
formed overthe cell surface after the etching
of the electrode contact layer, and a method
must be developed to remove this degener-




ated layer. It is also necessary to study a
wider-band anti-reflection film which would
be effective in the wavelength range of Ge
cell operation as well.

(d) Tunnel junction

Study on AlGaAs/GaAs stacked cells
has revealed the importance of reducing the
light absorption loss of tunnel junctions in
trying to improve efficiency. From now on,
it is essential to enhance the thermal resis-
tance and reduce the film thickness of GaAs
tunnel junctions. For this purpose, attempts
will be made to elucidate the mechanism of
performance deterioration and, at the same
time, to optimize the double-hetero structure
as well as the growth conditions of the high
carrier concentration layer. On the basis of
the achievements of these endeavors, tech-
nology will be developed for the formation
of tunnel junctions which could minimize
the light absorption loss.

3.2.3 (GaP-based, AlGaAs-based)/Si
Solar Cells

(1) Objectives and Work Program °
(Objectives for FY1996)

Conversion efficiency of 35% or more
(1cm?

(Work Program)

Concerning tandem cells formed by
stacking GaP-based, AlGaAs-based and
other chemical compound semiconductor
cells whose possibility to give ultra-high
efficiency has been confirmed by theoreti-
cal calculation and Si cells, techniques will
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be developed for epitaxial growth needed
for the achievement of ultra-high efficiency
and for cell fabrication.

(2) Summary for FY1994

(a) Efficiency improvement of GaAsP
single-junctioned cells by MOCVD
process wholly using organic metal
materials
In GaAsP-based solar cells, there is lat-

tice strain attributable to differences in lat-

tice constant or thermal expansion coeffi-
cient between the GaAs substrate and the pn

junctions of GaAs, and they constitute a

major factor to deteriorate crystallinity and

bring down the conversion efficiency. Usu-

. ally, a composition-graded layer in which

the P composition of GaAsP is gradually
varied to alleviate the lattice strainisinserted
between the substrate and the pn junctions.
This year, the effect of the thickness of this
composition-graded layer on cell perfor-
mance was checked. Study was also made
on the influence of the carrier concentration
of the p-layer.

Epitaxial growth was carried out in a
vertical reduced-pressure MOCVD furnace
which uses only organic metal materials to
produce cells on a trial basis. A P-compo-
sition-graded layer was provided over the
GaAs substrate, and pn junctions were
formed on it, with the window layer con-
sisting of AlGaAsP (the composition of Al
was 0.85).

By increasing the thickness of the com-
position-graded layer, the diffusion length
of the minority carrier of the n-layer was
extended, resulting in improved cell per-
formance. Presumably, the thickened com-
position-graded layer increasingly eased
lattice strain and thereby improved crystal-



linity.

Incellsof 0.19inP-compositionin which
the carrier concentration of the p-layer was
lowered, the quantum efficiency on the short-
wavelength side was considerably improved,
and the conversion efficiency rose to 14.5%
with no anti-reflection film. By further
forming a double-layered anti-reflection
film, a conversion efficiency of 18.5%
(measured by JQA) was achieved though
the composition-graded layer was relatively
thin, This efficiency is the highest ever
attained by GaAsP cells.

(b) Efficiency improvement of GaAs
mono-junctioned cells by all-organic
metal material MOCVD
GaAs cells were fabricated, using as the

window layer GaInP, which has the poten-

tial to reduce the surface recombination of
the generated carrier more than the conven-
tional AlGaAs window layer does. The
window layer torestrain surface recombina-
tion was made of GaInP having an In com-
position of 0.5 which would achieve lattice

matching with GaAs. Against the 20.8%

conversion efficiency of cells having an

AlGaAswindow layer, those having a GaInP

window layer achieved an improvement in

conversion efficiency to 23.3% (measured
by JQA). This conversion efficiency is the
highestregistered by any cell using an organic

V family material. Concerning spectral

sensitivity, the cells with a GaInP window

cell have a considerably higher external
quantum efficiency on the short-wavelength
side than those with an AlGaAs window
layer. Evaluation of the interfacial recom-
bination rate by the time-resolved photo-
luminescence method revealed that the rate
was smaller by almost two digits on the
GalnP/As interface than on the AIGaAs/
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GaAs interface, and this finding endorsed
the efficiency-improving effect of the GaInP
window layer.

(c) Development of technology for

stacked cell fabrication

Basic study was made on the mechanical
stacking technique, which is one of the es-
sential elemental techniques for the fabri-
cation of stacked cells. A GaAs substrate,
on which surface electrodes and an anti-
reflection film were formed, was placed on
an Si cell, and its effect on the performance
of the Si cell was checked. To reduce the
influence of electrode shade, the positions
of the upper and lower electrodes were pre-
cisely aligned. As a result, the conversion
efficiency of the Si cell, which was 14% for
the Si cell alone, was improved to 1.2% by
stacking the GaAs substrate. Though this
still is an insufficient conversion efficiency
for a lower cell, a light transmissivity of
60% to 70% was observed in the long-
wavelength range of 870nm and above,
which the Si cell is to absorb. Since the
transmissivity of the GaAs substrateis greatly
affected by its carrier concentration, the
carrier concentration of the GaAs substrate
hasto be optimized. The performance of the
lower Sicellsislikely to be furtherimproved
by using Si cells more sensitive on the long-
wavelength side.

(3) Future Tasks

Developmentof high-quality film growth
technology by the safety-oriented all organic
metal material MOCVD method will be
pursued, and at the same time improvement
of conversion efficiency will be sought by
optimizing each of the chemical compound
semiconductor cell structures constituting




stacked cells. Furthermore, regarding
stacked cell formation technology required
forthe achievement of ultra-high efficiency,
further study will be made on such elemen-
tal techniques as mechanical stacking and
mechanical interconnection.

3.2.4 InGaP/Si-Based Solar Cells
(1) Objectives and Work Program
(Objectives for FY1996)

Conversion efficiency of 35% or more
(1cm?)

(Work Program)

Using InGaP mixed crystals as top cell
material and a narrow forbidden bandwidth
semiconductor, such as Si, as bottom cell
material, ultra-high efficiency tandem-
structured solar cells will be developed.

(2) Summary for FY1994

(a) Efficiency improvement of InGaP
cells
(D Efficiency improvement of InGaP
mono-junctioned cells
By lastyear, forIn, Ga, [P solar cells
on a GaAs substrate, 17.0% and 17.4%
conversion efficiencies had been attained
with cells with electrode coating ratios of
10% and 5%, respectively. This year, by
reducing the electrode coating ratio to 2%,
an efficiency of 18.5% was achieved with
lcm x 1cm cells. To reduce the electrode
coating ratio, the width of comb-shaped
electrodes was narrowed and their thickness
increased.
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(i) Trial production of InGaP/GaAs
tandem cells
a. Fabrication of GaAs cells

Optimization of the emitter layer
thickness (junction depth) of GaAs cells
was attempted at an epitaxial growth tem-
perature of 650°C.

Regarding cell performance data,
while Isc hardly differed between junctions
depths of 0.05pm and 0.1pm (being slightly
superior at 0.05um), FF was somewhat
greaterat0.1pum, and accordingly the 0.1um
cells registered the highest efficiency. This
difference in FF seems due to a difference in
the sheetresistance of the emitter layer. The
0.2um cells were found inferior in spectral
sensitivity andIsc. Fortandemcells, whereas
the sheet resistance of the emitter layer need
not be taken into consideration, a junction
depth of 0.1um was adopted for GaAs cells
in the following study. An AlInP window
layer is used here, but epitaxial growth of
GaAs tunnel junctions should take place
over the window layer in tandem cells, and
accordingly any defect on the AlInP surface
might prevent high-quality tunnel junctions
from being formed. Therefore, an InGaP
window layer was used in the trial produc-
tion of tandem cells described below.

b. Formation of tunnel junctions

For electrical junctioning of the
upper and lower cells, GaAs tunnel junc-
tions doped in a high concentration were
used. While the previous experiments had
revealed that the optimal growth tempera-
ture for the InGaP top cell is 700°C, a tem-
perature of 650°C was used this time in view
of the possible adverse effect of a higher
temperature on the tunnel junctions.

Formation of samples under vari-
ous conditions resulted in a tunnel peak
current of 44mA. As the expected short-



circuitcurrentof tandemcellsisabout 15mA/
cm?, InGaP/ GaAs tandem cells were pro-
duced on a trial basis using these tunnel
junctions.

c. InGaP/GaAs tandem cells

Trial production of InGaP/GaAs
tandem cells was carried out by integrating
the InGaP top cells, GaAs bottom cells and
GaAs tunnel junctions that had been devel-
oped. First, when a 0.1pum thickness was
adopted for the p* InGaP back-side field
layer (BSF layer) of top cells, the spectral
sensitivity of the top cells dropped below
that of InGaP mono-junctioned cells, failing
to achieve the expected performance. The
cause was found to be the inadequate func-
tioning of the top cell BSFlayer because Zn,
which is the p-type dopant of the BSF layer,
had diffused toward the base layer side.

SIMS analysis indicated prospects
for the suppression of Zn diffusion to some
extent by increasing the thickness of the
BSF layer. Assessment of the dependence
of the spectral sensitivities of the InGaP top
and GaAs bottom cells on the BSF layer
thicknessrevealed thatthe spectral sensitivity
of the top cell could recover significantly
with an increase in BSF layer thickness.
Along with that, the Isc and Voc of the
tandem cells were found to increase. As a
thicker BSF layer entails a decrease in the
Isc and Voc of the bottom cell, this increase
in Vocisattributabletoarisein the top cell’s
Voc. The increased Isc and Voc of the top
cell are due to the recovery of the effect of
the BSF layer.

The most efficient InGaP/GaAs
tandem cell so far obtained had a top cell
BSF layer of 0.5|L in thickness. Asthe Voc
of the GaAs cells was increased by about
30mV by raising the growth temperature
from 650°C to 700°C, the growth tempera-

ture for the bottom and top cells were set to
700°C and 650°C, respectively. The con-
version efficiency registered this time was
27.3%, the highest attained in Japan under
the condition of AM1.5 1SUN and, in the
world, next only to the 29.5% achieved by
NREL (the square measure was four times
as great as NREL’s 0.25cm?).

(b) Experiment on formation of InGaP

tunnel junctions

Asapromising candidate for the method
of electrical junctioning of the upper and
lower cells of InGaP/Si tandem cells, a
method using InGaP tunnel junctions is
contemplated. This time, InGaP tunnel
junctions were formed overaGaAs substrate,
and their performance characteristics were
checked. The artificial top cell growth
temperature was 700°C. So far, although
finite tunnel current characteristics have been
obtained, the peak current is only about
5mA/cm?, indicating the need to improve
the structure and growth conditions in the
future.

(3) Future Tasks

For the InGaP/GaAs tandem cells which
were produced on a trial basis this time and
achieved an efficiency 0f27.3%, the highest
in Japan, the performance recovery of the
top cell was intended by increasing the
thickness of the top cell BSF layer at the
sacrifice of the bottom cell performance.
Now the introduction of a thin but effective
BSFlayer should be considered. The world’s
highest efficiency of 30% or more will be
sought from now on by using an appropriate
structure for the GaAs bottom cell besides
working out an improved BSF layer.

For the trial production of InGaP/Si tan-
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dem cells, study will be continued on the use
of hetero epitaxy techniques over an Si sub-
strate and on the method of junctioning the
upper and lower cells.

3.2.5 Super Lattice-Structured Solar
Cells

(1) Objectives and Work Program
(Objectives for FY1996)

Conversion efficiency of 35% or more
(1cm?

(Work Program)

With a view to developing ultra-high
efficiency solar cells having an Si substrate
and a super-lattice layer of chemical com-
pound semiconductor as the light receiving
layer, sophistication of crystalline growth
techniques will be attempted as well as
identification of a solar cell structure which
would provide high efficiency.

(2) Summary for FY1994

(a) Droplet epitaxy
(i) Microcrystalline growth by droplet

epitaxy

Investigation was made on the gen-
eration density of microcrystals and the de-
pendence of their size on the conditions of
growth. First, the generation density of Ga
droplets was found to vary from 10%/cm? to
10%3/cm? depending the volume of TMG
supply and the substrate temperature.

On the other hand, the size of mi-
crocrystalsincreased with the substrate tem-
perature from 0.1pm¢to 1ptm. Thesefindings
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revealed the heavy dependence of the size
and generation density of microcrystals on
the volume of TMG supply and growth
temperature, and revealed that the size and
generation density of microcrystals could be
controlled within the ranges of 0.1pm to
1pm and of 10%cm? to 10%/cm? respec-
tively, under the growth conditions of this
study.
(i) Experiment on doping of

microcrystals

In order to construct a solar cell, .
microcrystals should be doped under precise
control in the n type or the p type. In view of
this need, a doping experiment was carried
out using Si as the n-type dopant and Zn as
the p-type dopant. Crystallinity was con-
firmed by PL luminescence, and it was also
checked whether luminescence attributable
to an impurity level was observed. No such
luminescence was witnessed in Si-doped
microcrystals. On the other hand, Zn-doped
microcrystals manifested such lumines-
cence, whose intensity varied with the
quantity of doping. The p-type doping seems
to have been accomplished somehow, while
then-typedoping hardly was. Atthe moment,
no sufficient control has been achieved, but
these microcrystals seem usable for cell
fabrication.

(b) Trial production of InAlAs/InP hetero

cells

Since such cells form a type II energy
band, checking their effect on cell perfor-
mance characteristics would give guidelines
tothe future pursuitof high-efficiency super-
lattice cells. ‘

The performance characteristics of hetero
cells were compared with those of InP homo
cells. The dependence of cell conversion
efficiency on the thickness of the emitter



film was also assessed. Compared with InP
homo cells produced at the same time on a
trial basis, both Voc and Jsc of the hetero
cells manifested improving trends, and a
conversion efficiency of about 15% was
achieved by cells of 0.1pum in emitter film
thickness. This is a satisfactory efficiency
for hetero cells. An even higher efficiency
may be attained by improving the cell
structure, including the formation of a win-
dow layer to reduce surface recombination.

(c) Trial production of GaAs-on-Si cells

Variations in cell performance charac-
teristics with the thermal cycle annealing
(TCA) temperature were studied. The TCA
temperature was varied from 800°Cto 850°C
and 900°C, and three TCA cycles were car-
ried out. From the dependence of the con-
version efficiency on the TCA temperature,
it was found that annealing at high tempera-
ture was effective in improving cell perfor-
mance. Cells whose crystallinity was im-
proved by TCA at 900°C gave a conversion
efficiency of about 15%. Voc, FF and other
factors are likely to be improved to achieve
even higher efficiency by optimizing the
structure, including the thinning of the emit-
ter layer.

(3) Future Tasks

The future tasks will include identifica-
tion of ways to improve elemental techniques
needed for the enhancement of cell conver-
sion efficiency so that prospects can be
gained for the realization of a 35% conver-
sion efficiency. For this purpose, micro-
structural formation technology using drop-
let epitaxy should be made more sophisti-
cated to investigate in detail the characteris-
tics of the microstructural embedded struc-

ture, and at the same time the effectiveness
of this structure should be clarified by ap-
plying it to the cell structure. Furthermore,
study will be made on hetero crystalline
growth techniques with the focus on the
combination which would constitute an type
IT energy band structure, and these tech-
niques will be applied to the trial production
of cells to demonstrate their usefulness.

3.2.6 Research on Chemical
Compound Materials for
Photoelectric Conversion under
Microgravity

(1) Objectives and Work Program

(Objectives for FY1996)

In order to develop high-performance
material technology indispensable for the
development of ultra-high efficiency solar
cells, research will be made on the crystal-
lization, synthesis and evaluation of chemical
compound materials for photoelectric con-
version in a microgravity environment.

(Work Program)

(a) Techniques for high-quality thin-film
crystalline growth by thin-film capillary
method

(b) Synthesis of photoelectrically converted
crystalline compound particulates by
liquid phase method in microgravity
environment

(c) Synthesisof photoelectrically converted
crystalline compound particulates by
combustion-synthetic method in
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microgravity environment

(d) Techniques to prepare crystalline com-
pounds as photoelectric conversion ma-
terials in microgravity environment

(e) Comprehensive study on chemical
compound materials for photoelectric
conversioninmicrogravity environment

(2) Summary for FY1994

(a) Techniques for high-efficiency high-
quality thin-film crystalline growth by
thin-film capillary method
(1) Research and development of thin-

film crystallization techniques

On the basis of the experience with
the trial-produced furnace in the preceding
year, a high-precision electric furnace with
further improved temperature characteris-
tics was fabricated, and a total of 26 ex-
periments of thin-film crystal growth were
carried out with the new furnace under
microgravity. At the same time, with a view
to increasing the purity of this series of
experiments, a generating apparatus was
introduced to improve the thin-film crystals.

Asaresult, stick-free thin-film crystals were

obtained for graphite crystal cells, indicat-

ing that a refining apparatus could improve
wettability.
(ii) Development of evaluation
techniques for thin-film crystals
GaSb thin-filmcrystals (about 300um
thick) were prepared with the aforemen-
tioned high-precision electric furnace under
gravity and under microgravity, and evalu-
ated with an optical microscope. Asaresult,
rhomboid crystal faces of about 0.25mm in
their longer diagonal measurement were
observed on the crystals formed under
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microgravity, manifesting a difference from
the set of polycrystals formed under gravity.
In regard to the crystal growth orientation,
less disturbance of the molten liquid was
found in the crystals formed under
microgravity, suggesting the effect of the
absence of convection under microgravity.

(b) Synthesis of photoelectrically
converted crystalline compound
particulates by liquid phase method in
microgravity environment
(1) Synthesis of cadmium sulfide

particulates

Study was made on the effect of
gravity on the crystallinity, crystalline
structure and particulate morphology of the
generated cadmium sulfide (CdS) crystals
in synthesizing CdS particulates by the lig-
uid phase method.

Cadmium acetate and ammonium
thionyl were selected as precursors, and
ammonia or triethanol amine, as ligands. It
was confirmed that, while hexagonal
wurtzite-type crystals were generated
whetherunder gravity or under microgravity
when triethanol amine was used as ligand,
cubic crystals were formed when ammonia
was used as ligand.

The morphology of the cubic crys-
talline CdS formed as precipitate was found
to be heavily affected by gravity. Thus,
while particles generated under gravity were
about 8uum in size as petaline Cds crystals
gathered, particulates of about 1umindiam-
eter were formed under microgravity.

(i1) Synthesis of cadmium sulfide thin
films and doping with copper ions

The suitable precursor solution for
evenly separating a thin CdS film over a
glass substrate was found to a mixed aque-
ous solution prepared by adding ammonia



water to an aqueous solution of cadmium
acetate of 0.05mol/1 in concentration to ad-
just its pH to 11 and then adding triethanol
amine in a quantity double that of cadmium
acetate. Placing the glass substrate in this
aqueous solution maintained at 60°C re-
sulted in the formation of a thin CdS film.
The generated CdS had a sphalerite-type
crystalline structure of cubic crystals.

It was also found that a Cu-doped
thin CdS film can be formed by adding Cuto
the precursor aqueous solution.

(c) Synthesis of photoelectrically
converted crystalline composite micro-
compounds by combustion-synthetic
method in microgravity environment
An experiment to synthesize (Ga, In)P

by combustion, taking note of reactions

mainly of oxides, gave the following
findings. The product of combustion-
synthesis from Ga,O, + P using a chemical
furnace mainly consisted of GaP, and the
proportion of unreacted substance was less
undermicrogravity thanunder gravity. Light
absorption by the reaction products were
characteristic of GaP under both conditions.

The product of combustion-synthesis from

In,0, + P was InP with almost no unreacted

substance both under gravity and under

microgravity. The products under micro-
gravity, unlike that under gravity, did not
flocculate, but were evenly dispersed. The
products of combustion-synthesis from

(Ga,0,,In)Pand (Ga,0,,In,0,)P were mixed

(Ga, In)P crystals, indicating that the lattice

constant varied according to theratio between

GaandInand sodid the forbidden bandwidth.

Thelattice constants of the products obtained

under microgravity conformed more closely

to Vegard’slaw than did those under gravity,
and it was found that, when chemical

compounds of the III to V families were
synthesized by combustion in a short peridd
of time under microgravity, the achievement
rate of reaction improved, particles were
dispersed evenly, and mixed crystallization
took place, maintaining a blend composition.

(d) Techniques to prepare crystalline
compounds as photoelectric
conversion materials in microgravity
environment
(i) Synthesis of CulnSe, by

coagulation of molten Cu-In-Se

The quantity of Se grains in a Cu-In
mixed powder disk was varied, melted by
heating to 1,100°C and coagulated. Only

CulnSe, was identified in the coagulated

samples under microgravity and on the

ground. While the product of melting and
coagulation under gravity was poor in sur-
face roughness and manifested wide varia-
tions in component distribution from one
position of measurement to another, the
process in a microgravity environment pro-
vided thin-film crystals small in size, ex-
celling in crystallinity and manifesting no
unevenness in composition.
(ii) Synthesis of CulnSe, film by
selenization of Cu-In stacked film
Culn samples were selenized so fast
thatselenization could be achieved by raising
the temperature to 530°Cin 10 seconds. Cu-

Instacked films selenized under microgravity

were found to have sharper absorption ends

of light absorption and somewhat wider
bandgaps, but they are still inferior to

monocrystalline CulnSe, and accordin gly
need to be 1mproved

(3) Future Tasks

(a) Techniques for th—efﬁciency high-
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quality thin-film crystalline growth by

thin-film capillary method and its

evaluation

As this year’s work provided GaSb thin-
film crystals using graphite samples in a
stick-free state, research will be carried out
on the conditions of crystallization, using
graphite cell materials for the basic struc-
ture, to elucidate the states of grain size
expansion of and impurities distribution in
the thin-film crystals. The evaluation of
crystals will be made more precise by
measuring Raman scattering and otherwise
identifying the effect of microgravity on
crystalline growth.

(b) Synthesis of photoelectrically
converted crystalline compound
particulates by liquid phase method in
microgravity environment
Study will be made on the formation of

thin films from the fine powder synthesized
in amicrogravity environment, measurement
of the physical properties of CdS thin films,
analysis of the state of Cu in the films, effect
of gravity of the doping of CdS with Cuand
that of Cu doping on the physical properties
of the films among other aspects.

(c) Synthesis of photoelectrically
converted crystalline composite micro-
compounds by combustion-synthetic
method in microgravity environment
On the basis of the results obtained so

far, the product range will be expanded to
include the ITto VIfamilies as well in pursuit
of combustion-synthesis of more evenly
dispersed photoelectrically converted crys-
talline composite micro-compounds, and at
the same time the establishment of techniques
for combustion-synthesis of filmy structured
products will be undertaken.
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(d) Techniques to prepare crystalline
compounds as photoelectric
conversion materials in microgravity
environment
Concerning selenization, which is the

most practical production method for
CulnSe, films, attempts will be made to
improve the adhesion between thin films
and the substrate, uniformity of the films,
reduction of the crystal size due to solid
dissolution of Ga and S, and interfacing
between window materials including Cds
and CulnSe,.

3.3 Investigations Concerning Analyses
for Practical Application

(1) Objectives and Work Program
(Objectives for FY1996)

Both domestic and international techni-
cal trends regarding super-high efficiency
solar cells will be quickly and accurately
identified and analyzed to support technical
development efforts for super-high effi-
ciency solar cells.

Furthermore, for efficient implementa-
tion of technical development of super-high
efficiency solarcells, the technical problems
involved will be analyzed to find out solu-
tions to them.

(Work Program)

(a) Investigation of technical trends
~ regarding practical application of
ultra-high efficiency solar cells
With a view to supporting the endeavors
for technical development of ultra-high ef-
ficiency cells, the Investigation Working



Group for Crystalline Chemical Compounds,
in which industry, government and the
academic community are represented, will
be set up to investigate technical trends
regarding solar cells made from III to V
family compounds.

+ Investigation of crystalline chemical
compound-based solar cells

+ Investigation of latest technical trends

(b) Technical research regarding practical
application of ultra-high efficiency
solar cells
For the purpose of efficient implemen-

tation of technical development attempts for
ultra-high efficiency solar cells, the Tech-
nical Working Group on Crystalline
Chemical Compounds, in which industry,
government and the academic community
arerepresented, will be setup tokeep abreast
of the progress of developmental work,
identify and analyze technical problems,
and find solutions to the problems.

To further promote joint research
projects, Information Exchange Meetings
will be held in which the association and
commissioned companies will participate.

(2) Summary for FY1994

(a) Investigation of technical trends
regarding practical application of
ultra-high efficiency solar cells
(i) Investigation of crystalline

compound-based solar cells
a. Trends of, and problems in, tech-
nical development of III-V family
compound semiconductor-based
solar cells
In order to expand the applicable
range of solar cells made of III to V family
chemical compound semiconductors, the
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immediate target of research and develop-
ment efforts is thin-film solar cells of II-V
on Si, Ge structure. The ultimateinefficiency
improvement should also be sought. The
highest efficiency two-junctioned cells can
achieve is expected torange from 36 t0 39%
theoretically. Especially, the stacking of
solar cells of III to V family chemical
compound semiconductors featuring high
efficiency together with low-cost Si solar
cells and approaches to their light condens-
ing actions seem to imply the potential for
high-efficiency low-cost solar cells. Fur-
thermore, three-junctioned cells can be ex-
pected to attain a conversion efficiency of
beyond 40%.

However, techniques of on-Si
hetero epitaxial growth involve many un-
solved problems, necessitating further study
on alternative approaches including on-Ge
techniques, mechanical stacking and epi-
taxial lifting-off. Atthe sametime,concern-
ing techniques of on-Si hetero epitaxial
growth as well, it is essential to complete
basic research and the search for break-
through technology into practically appli-
cable technology. According to a tentative
cost estimate, light-condensing action is a
way toreduce the costs especially of cells of
IIT to V family compounds, and it seems that
the time has come to assess the advantages
and disadvantages of light-condensing
technology once again.

b. Ultra-high efficiency solar cell
structure with 40% efficiency tar-
get
i. Choice of upper and lower cell

materials for multi-junctioned

cells

For two-junctioned cells, Si is
likely to be the most suitable material for
lower cells, and a semiconductor of about




1.8eV in forbidden bandwidth is desirable
foruppercells. Inordertorealize monolithic
cells, it is necessary to grow such semicon-
ductors hetero-epitaxially on an Si substrate.
While a number of combinations are con-
ceivable for three-junctioned cells, inregard
to efficiency, a structure comprising a wide
forbidden bandwidth material (Eg—1.8eV)/
Si/Ge and another wide forbidden bandwidth
material (Eg—1.95eV)/GaAs/Ge seems
promising. For both two-junctioned and
three-junctioned cells, the choice of the
material for upper cells is particularly im-
portant, and major candidates are likely to
include materials of 1.8 to 2eV in forbidden
bandwidth such as Al Ga, ,As, In Ga,_P,
GaAs,_P_and InN.

ii. Efficiency improvement of Si

solar cells for tandem cells

As a result of simulated study
on GaAs/Si tandem cells regarding the re-
lationship between the structural parameters
of Sicellsand the performance characteristics
of the tandem cells, it was found that:

+ in order for the Si cells to
achieve high efficiency, thinning the
GaAs layer is indispensable;

* itis necessary to study the
fluctnations of efficiency of top cells
whose GaAs substrate is thinned and the
structure of top cells which would be able
to maintain high efficiency even if
thinned;

« study using the GaAs
absorption coefficient under doping with
Si, a commonly used n-type impurity, is
essential, and

* itis necessary to clarify the
influence of the interface between top and
Si cells.

iii. Advantages and possibility of
light-condensing action
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The open-end voltage rises in
direct proportion to the logarithm of the
light condensation ratio (by about 60mV
with an increase in the light condensation
ratiotothe nextdigit). Ifthe valueof the series
resistance Rs can beignored and the value of
the curvilinear factor FFremains unchanged,
the efficiency will increase. In practice,
however, the effect of a temperature in-
crease and that of Rs, among other factors,
would emerge along with a rise in the light
condensation ratio. Considering the de-
pendence on the forbidden bandwidth at
light condensation ratios of 30 and 1,000, it
was found that semiconductors having a
forbidden bandwidth of 1.14eV (1.1ptm) are
suitable as light-condensing elements, and
reducing the series resistance loss poses a
major requirement.

iv. Toward a leap in Voc improve-
ment

As the open voltage is heavily
dependent on the physical properties of cell
materials and the cell structure, itis essential
tohave accessto correct values of the physical
properties of cell materials and to develop
techniques for the analysis of cell perfor-
mance characteristics.

c. Simulation of tandem-structured
solar cells
The limit of efficiency was esti-

mated in detail, and that of the tandem type
was calculated on that basis. Guidelines on
the optimal structure were also studied.

d. Physical properties of mixed-
crystal semiconductors and per-
formance characteristics of solar
cells
i. Method to evaluate physical

properties of III to V family

mixed-crystal semiconductors

A long-distance order structure



has been discovered in the epitaxial film of
III to V family mixed-crystal semiconduc-
tors, such as InGaAs and InGaP. Investiga-
tion was made on variations in related
characteristics, butrelevant experiments are
too few, necessitating further study.

ii. Impurities, trap center and mi-
nority carrier lives, and solar
cell characteristics
In order to improve the effi-

ciency of chemical compound semiconduc-
tor solar cells, the minority carrier lives and
diffusion length are essential factors, which
are affected by impurity defects, the crys-
talline grain boundary and the surface of the
materials among other factors. Inactivation
of defects in III-V on Si and other aspects
were investigated.

iii. Potential of super-lattice struc-
ture for use in high-efficiency
solar cells
It was found that, inMQW cells,

shifting of the absorbing end toward the
long-wavelength side results in improved
spectral sensitivity and an increased short-
circuit current. On the other hand, it was
found that the open voltage is determined by
non-radiantrecombination and decreases as
the bandgap narrows. This point needs
further study from now on.

e. Sophistication of hetero epitaxial

growth techniques

i, Choice of buffer layer

In fabricating high-efficiency

solar cells by hetero epitaxy, the choice of
the buffer layer is an essential factor.
Problems currently conceivable include the
dislocation and stress in crystals, and the
structure, features, problems and disloca-
tion density so far achieved, among other
factors, of typical buffer layers were stud-
ied.

‘efficient.
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ii. Sophistication of conventional
techniques
The available approaches in-
clude the insertion of an intermediate layer,
two-stage growth by MOCVD, and reduc-
tion of stress in the growth layer by removing
the layer underneath the growth layer by
etching.
iii. Potential of low-temperature
growth techniques
The application of the low-
temperature MBE growth process utilizing
hydrogen atoms to various electronic and
optical devices, including ultra-high effi-
ciency solar cells above all, seems to have
become a considerably realistic possibility.
Research on the method to directly control
the growth mechanism by supplying an ap-
propriate substance, such as atomic hydro-
gen, to the growth, so-called surface meta-
morphic epitaxy,is expected tomake further
progress as a new hetero epitaxy technique
likely to lead to a major breakthrough.
iv. Van der Waals epitaxial growth
technology
Since no chemical combination
is needed between two kinds of substances
differing in lattice pitch, hetero growth is
possible even where lattice matching con-
ditions are not met, nor does any stress arise
from a difference in thermal expansion co-
This means that II-V/Si hetero
epitaxy has the potential for a breakthrough
from a structural point of view.
v. Availability of alternative tech-
niques
Attemptsare being aggressively
made to integrate an Si substrate and GaAs,
for which low-cost integration techniques
by the ELO method are well advanced.
Study was made on the bonding interface
and the physical properties of the thin film




after adhesion.

f. Particulars of manufacturing tech-
niques for chemical compound
semiconductor solar cells
i. Problemsin electrode formation

techniques and possible solu-

tions

The formation method forGaAs
ohmic electrodes, which constitute a basic
aspect of chemical compound semiconduc-
tors, was studied separately with respect to
the n-type and the p-type. Whereas the
formation of a high-concentration doping
layer or an intermediate layer is important
for the n-type and that of a doping layer is
essential for the p-type, there are remaining
problems of film thickness control, repro-
ducibility and adhesiveness among others.

ii. Problems in anti-reflection film

techniques and possible solu-

tions

There are problems including
the unevenness and peeling of the anti-re-
flection film thickness dependent on the
cleanness of the substrate, variations in di-
ode characteristics and an increase in sur-
face recombination rate attributable to dif-
ferences in film formation method, and dif-
ferences in optical characteristics due to
differences in film formation method, and
these problems were studied.

iil. Significance of and problemsin
thin-film substrate techniques
and process for continuous pro-
duction
It is necessary to prepare low-

costmonocrystalline substrates or polycrys-
talline substrates having the smallest neces-
sary grain size over a low-cost substrate
material. Centaxy grapho-epitaxy technol-
ogy is attracting note in this connection. It
is also necessary to reduce costs by compos-
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ing the process in a closed loop for
reutilization of raw materials.
g. Cost estimation
Whereas the cell cost is as impor-
tant as the photoelectric conversion effi-
ciency, conceivable alternatives for cost
reduction include increasing the production
volume, improving the means of production,
reducing the raw material cost, enhancing
the utilization rate of raw materials, thinning
the cell structure, modulization, and reduc-
ing the overall system cost including that of
racks.
h. Safety and resource problems
For greater safety, it is desirable
that the production of cells flow continu-
ously from the production of raw materials,
because the continuity would make it pos-
sible to minimize the risks of transit and
reduce the required stock level. This would
also contribute to cost saving. To provide
against contingencies, multiplication of the
emergency cut-off system, enlargement of
the emergency hazard removing system,
and a shift to low-toxicity gas would be
required. In regard to material resources,
though the cost per unit volume can be
dramatically reduced by increasing the pro-
duction volume, the availability of alterna-
tive raw materials is called for from the
safety point of view as well.
(ii) Investigation of latest technical
trends :
a. Investigation of domestic and in-
ternational technical trends
In order to investigate domestic
and international technical trends regarding
crystalline compound solar cells, officials
participated in various international meet-
ings and visited research bodies including
universities and institutes.
i. Domestic investigation



» Inspection of Tsubosaka
Temple PV system

* Investigation of Agravic
Experiment Center

ii. Overseas investigation

* First World Conference on
Photoelectric Energy Conversion
(WCPEC-1): Varian Research Center,
Photonic Power Systems, Northwestern
University

» Third World Renewable
Energy Congress

b. Lectures by invited speakers
i. Lectures by foreign speakers

» C. Verie (Centre National
de l1a Recherche Scientifique), “Science
and Technology of Tandem Solar Cells”

¢ T. Cross (EEV Limited),
“III-V Compound Space Cells — Conven-
tional and Thin Film Technologies™

c. Investigation of industrial trends
Latest data on the safety of chemi-

cal compound solar cells (III-V and II-VI
families) were researched with particular
regard to materials and manufacturing.

(b) Technical research regarding practical
application of ultra-high efficiency
solar cells
The progress of developmental work by

the companies sharing the tasks of technical
development of ultra-high efficiency solar
cells was kept track of. Problems were
identified, relevant phenomena analyzed,
and conceivable solutions discussed.

The Technical Working Group on
Crystalline Chemical Compounds was
convened according to the following sched-
ule to discuss technical problems arising in
the course of the progress of commissioned
research projects.

Further to promote joint research en-

deavors, Information Exchange Meetings
were held in which the association and com-
missioned companies took part.
(i) Technical Working Group on
Crystalline Chemical Compounds
First meeting:
Monday, September 12
Second meeting:
Friday, March 10
(ii) Information Exchange Meetings
First: Wednesday, June 29
Second: Wednesday-Thursday,
July 27 through 28
Third: Thursday-Friday,
September 29 through 30
Fourth: Friday, November 18
Fifth: Tuesday, February 21

(3) Future Tasks

To support endeavors for technical de-
velopmentof ultra-high efficiency solarcells,
the Technical Working Group on Crystalline
Chemical Compounds was set up to keep
track of the latest relevant technical trends.
This year, the group’s investigation focused
on the meaning of the development in pur-
suit of ultra-high efficiency for IIT-V/Si(Ge)
tandem cells, achievement of ultra-high ef-
ficiency, and possibility of cost reduction.
Other themes of investigation included ba-
sic physical properties of mixed crystal
semiconductors, simulation of tandem cells,
ultra-high efficiency device structure, el-
emental techniques for efficiency improve-
ment, trends of hetero epitaxial growth tech-
niques, epitaxial growth and peripheral
techniques, availability of resources, and
safety. From now on, the development of
the latest technical trends should be con-
stantly monitored to update therelevantdata
on hand.
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4. Research and Development of
Evaluation Technology for
Photovoltaic Power Generation
Systems

4.1 Research and Development of
Solar Cell Evaluation System

4.1.1 Research and Development of
Solar Cell Evaluation System

(1) Objectives and Work Program

(Objectives for FY1996)

(a) Research and development to improve
the accuracy of unified performance
evaluation techniques
Unified techniques formeasurement and

evaluation compatible with cells for stacked
type solar cells having a wide spectral re-
sponse will be developed by improving the
spectral proximity of double light source
type solar simulators and other means.

(b) Research and development to improve
the accuracy of unified reliability
evaluation techniques
Outdoor exposure tests now under way

atfour points (Kitami in Hokkaido, Setagaya

in Tokyo, Tosu City in Kyushu and Miyako

Island) will be continued to collect and ana-

lyze further data and, at the same time,

various testing techniques relevant to long
useful life (20 years or more), including an
accelerated degradation test, will be devel-
oped on the basis of reciprocal comparison
with the findings of outdoor exposure tests.

(Work Program)

(a) Research and development to improve
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the accuracy of unified performance

evaluation techniques

With an eye to improving the calibration
accuracy of stacked-type solar cells with
artificial light sources and full sky sunlight,
attempts will be made to establish outdoor
measurement techniques as well as mea-
surement methods for advanced solar cell
modules including the chemical compound
semiconductor type.

(b) Research and development to improve
the accuracy of unified reliability
evaluation techniques
Long term exposure tests will be contin-

ued at locations with a variety of meteoro-

logical conditions, and basic degradation
data will be accumulated to establish a test-
ing method for accelerated degradation.

Attempts will also be made to establish

methods for weatherability tests and dura-

bility tests compatible with photovoltaic
systems for application to NEDO-size
modules.

(2) Summary for FY1994

(a) Development of performance
evaluation methods
(1) Research and development to
improve the accuracy of
measurement of stacked solar cells
For the measurement of stacked so-
lar cells, an effective auxiliary light source
method is used, which can realize equiva-
lent reference sunlight. Furthermore, out-
doormeasurement experiments using natural
sunlight were carried out, and the findings
were evaluated in comparison with indoor
measurements as part of the evaluation of
measurement accuracy.
Table 1 shows the comparison of



indoor and outdoor measurements. Though
the samples are limited, the measurement
deviation between indoor and outdoor mea-

surements was satisfactory, no more than
+2%.

Table 1 Results of Indoor and Outdoor Measurement of Various Cells

Indoor m:lasurement Outdoor measurement Deviation
value al
Cell type = e (based on outdoor values)
(mA/100mW - cm?)
c-Si 117.1 117.3 -0.2
a-Sifa-Si 26.8 26.9 -04
a-Si/a-Si (EVA) 264 26.1 +1.1
a-Si/a-Si (EVA) 262 26.2 0.0
a-SiC/a-SiGe/a-SiGe 450 4.58 -1.7

(ii) Incident angle characteristic of

stacked cells

Surveys and experiments were con-
ducted regarding the dependence of stacked
cells on the angle of the incident light. As
cells were placed on a 37° inclined plane at
AML1.5 (42 in solar altitude) in outdoor
measurement, the incident angle of the direct
sunlight was about 11. The error at an
incident angle of 10° was —~0.3% for double-
layered cells and —1.3% for triple-layered
cells. Atanincidentangle of 60°,it wasabout
~7% and —11%, respectively.

(iii) Survey on power outputs of

various modules

Whereas the dependence of module
outputs on temperature, irradiation intensity
and other factors have been evaluated at the
laboratory level, the output of each module,
when used outdoors, would delicately fluc-
tuate with changes in weather and other
meteorological conditions. In view of this
aspect, a survey was carried out on power
generation efficiency, utilization rate and
other factors at the module level.

Six samples were surveyed, includ-
ing c-Si (two sheets), p-Si (two), a-Siand a-
Si/a-Sitandem modules, each provided by a
different manufacturer. The power genera-
tion efficiency, characteristically, may
manifest completely reverse seasonal
variations between crystalline and a-Si-based
modules. The bestutilizationrate was shown
by p-Si.

(b) Development of reliability evaluation
method
(1) Collection and analysis of
degradation data by long-term
exposure tests
The long-term exposure tests were
intended to collect and analyze degradation
dataneeded for thedevelopmentof anaccel-
erated degradation test method. Data col-
lected at the Setagaya, Kitami (fourth year),
Tosu (third year) and Miyako Island (sec-
ond year) sites, according to which investi-
gation and research had been conducted to
set the conditions of accelerated degrada-
tiontests for a service life of 20 years, are not
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yet sufficient as a basis for this work, and are
used merely as a tentative reference.

Since outdoor testing is subject to
measurement errors due to the influences of
temperature, illuminance and spectrum,
among other factors, the modules were
brought back regularly for indoor measure-
ment. None of the modules has manifested
noticeable progress of degradation after the
first year of exposure.

(i) Outdoor exposure tests of a-Si
modules differentiated by starting
month
The exposure of the first group was

started in September 1993, and every group
had been exposed by August 1994.

At the moment, no significant differ-
ence in the extent of degradation has been
noticed among the groups.

(iii)) Experiment to recover performance
characteristics of a-Si modules
This experiment was intended to re-

cover the performance characteristics of
photodegraded modules by preservation at
high temperature, derive various parameters
of a recovery model formula expressed in a
function of the expansion index, and estimate
performance recovery at a given preserva-
tion temperature. The temperature levels
used were 60°C, 70°C, 80°C and 90°C, and
two samples were tested ateach temperature
level. The parameters of the recovery model
formula were derived from standardized
TECOVery rates.

(iv) Accelerated degradation tests of
thin-film cells and modules
Investigation andresearch have been

carried out on accelerated degradation tests
of various modules for a supposed service
life of 20 years. In order to set evaluation
test conditions corresponding to this long
life, attempts have been made to develop a
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testing apparatus and find out proper test
conditions and pattern with reference to the
already-set tentative test conditions for the
initial-year degradation rate. As aresult, an
accelerated photodegradation testing appa-
ratus was developed, which is capable of
emitting 10SUN light and controlling the
temperature. This apparatus, using a SkW
xenon lamp as light source, has a function to
radiate 10SUN by condensing the generated
light. As the light source spectrum of this
apparatus has unsuitable spectral character-
istics for a standard apparatus, a spectral
correction filter was inserted to cut the in-
frared region, and the resultant drop in ra-
diation illuminance in the ultraviolet and
visible ranges was compensated for by in-
creasing the capacity of the xenon lamp, so
that 10SUN is available at the prescribed
spectral radiation illuminance.

(3) Future Tasks

(a) Development of performance
evaluation methods

(1) Aspart of the effort to improve the
measurement accuracy of stacked cells,
research will be conducted on the spectral
distribution of a double-light source solar
simulator and management techniques for
artificial component cells, and at the same
time investigation will be made on
measurement techniques for the output
characteristics of stacked modules on the
basis of measurementtechniques for stacked
cells.

(ii) While identifying the electric
output characteristics of new types of cells
including chemical compound
semiconductor-based ones, research will be
conducted on the methods of measurement
and calibration.



(iii) The power outputs of various solar
cell modules differing in cell material and
structure will be surveyed in the state of
actual use.

(iv) Unification of the measurement
methods for the performance characteristics
of cells and modules used by the companies
commissioned by NEDO will be attempted.

(b) Development of reliability evaluation

method A

(i) Thelong-termexposure tests atthe
Setagaya, Kitami, Tosu, Miyako Island and
Hamamatsu will be continued to build up
basicdata and analyze the degradation modes
of various modules.

(i) Experimental research will be
conducted to improve the accuracy of the
accelerated degradation test method for a
supposed long service life.

(iii) Unification of the measurement
methods for the weatherability of cells and
modules used by the companies
commissioned by NEDO will be attempted.

4.1.2 Investigations of Research and
Development Attempts
Regarding Solar Cell Evaluation
Systems

(1) Objectives and Work Program

Investigations will be made to promptly
and accurately identify technical trends re-
garding solar cell evaluation systems, effec-
tively bring the findings to bear on our own
research and development, and thereby es-
tablish unified, appropriate and fair evalua-
tion methods for the performance and reli-
ability of solar cells.

(2) Summary for FY1994

(a) Investigations regarding development
of methods for performance evaluation
and reliability evaluation
Five sessions of the Working Group on

Performance-Reliability Evaluation were

convened to promote technical development

for appropriate and impartial solar cell
evaluation methods with respect to the

“Development of a Performance Evaluation

Method” and the “Development of a Reli-

ability Evaluation Method,” and technical

problems were analyzed and discussed.

Concerning the “Development of a
Performance Evaluation Method,” analysis
and discussions focused on experiments to
improve the measurement accuracy of
stacked cells and the accuracy of indoor
calibration by a double light source solar
simulator.

With respect to the “Development of a
Reliability Evaluation Method,” analysis and
discussions centered on the long-term ex-
posure tests at the Setagaya, Kitami, Tosu
and Miyako Island sites and accelerated
degradation tests.

(b) Database establishment for solar cell-

related technologies

It is extremely difficult to keep track of
the progress of solar cell development efforts
internationally because solar cell technol-
ogy involves high-tech elements. In view of
this background, with an eye to keeping
abreast of solarcell developmental activities
worldwide and to promote the further de-
velopment of solar cell systems, information
on research achievements by solar cell de-
veloping institutes in many countries of the
world was collected efficiently, and its inte-
gration into a database was attempted. The
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sources of information were pertinent inter-
national conferences and academic jour-
nals, and the derived information was clas-
sified by the type of material, country and
institute.

(3) Future Tasks

Concerning the performance evaluation
method, the tasks include the establishment
of the spectral distribution of the solar
simulator and the management method for
artificial component cells, and support of
theestablishment of measurement techniques
for the output characteristics of stacked
modules based on measurement techniques
for stacked cells.

Regarding the reliability evaluation
method, while continuing the long-term ex-
posure tests to build up, evaluate and analyze
pertinentdata, support should be given from
now on to the establishment of a
photodegradation testing method.

4.2 Research and Development of Test
and Evaluation Methods for BOS
Component Devices

(1) Objectives and Work Program
(Objectives)

Required specifications for peripheral
components needed to compose both stand-
aloneand grid-connected photovoltaic power
generation systems, such as support struc-
tures for solar cells, power inverters and
power storage systems will be clarified, and
unified testing methods and evaluation
methods for these units will be elucidated.

B e S L o
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(Work Program)

(a) Studies on specifications for BOS
component devices

(b) Studies on unified test method for
BOS component devices

(c) Cost evaluation of PV systems
(2) Summary for FY1994

(a) Study on required specifications for
peripheral components
(i) Study on practical specifications
for BOS component devices

The results of previous study on the
specifications for actual use of components
peripheral to photovoltaic power generation
including storage batteries, inverters and
interconnection-protection devices and on
ways to effectively utilize storage batteries
were put together.

As aresult, it was found that effec-
tive future orientations of technical pursuit
willinclude utilization of the potential capa-
bilities of the combinations of an inverter
and small storage batteries or the like to
stabilize voltage, improve power quality
and compensate for instantaneous peakloads
and identify the value they can add, in ad-
dition to seeking cost reduction through
drastic simplification of the inverter circuit
design and its adaptation to multipurpose
use and mass production, amongother things.

(i) Survey on technology for wide
utilization of PV systems

With an eye to identifying various
forms of application useful for promoting
practical application and extensive use of
photovoltaic systems, studies of photovol-
taic systems in other countries were carried



out as they were last year. As a result,
information on 1,158 cases in 103 countries
was collected.

(b) Study on unified testing and evaluation
methods
(i) Study on methods for performance
test of BOS devices
a. Performance test methods for ad-
vanced-type storage batteries
Two different types, the NEDO-
developed (Phase II) new type lead-acid
storage battery and the nickel-hydrogen
storage battery, were subjected to PSOC
cycle tests and accelerated longevity tests.
i. Basic performance tests

As shown in Table 2, both
manifested the specified capacities and ef-
ficiencies.

ii. Cycle tests

The progress of the long-term
cycle tests now under way is traced in Table
3.

The high-rate charge-discharge
type lead storage battery and the nickel-
hydrogen storage battery, which have high
current ratios, showed slight capacity drops
in both the PSOC and the accelerated lon-
gevity tests. Conversely, a deep-discharge
type lead storage battery, whose current
ratiois relatively low, manifested a capacity
increase.

One of the problems identified
was a temperature rise in high-discharge
rate accelerated longevity tests. This was
particularly intense in 1C repeated cycles;
the temperature of the nickel-hydrogen
storage battery sometimes surpassed its per-
missible limit of 50°C, and that of the high-
rate charge-discharge type lead storage
battery also rose beyond 45°C occasionally.
However, discussions by the Working Group

on Storage Batteries arrived at the conclu-
sion that this could not be helped in tests for
practical application, and the group decided
that later development should be watched
with a +5°C allowance.
b. Performance tests of commercially
available storage battery
The PSOCcycle test of a commer-
cially available storage battery according to
the NEDO/DPIE revised profile (GS: SLB-
200) has been carried on for about 300
cycles so far, equivalent to about 1,500C in
terms of the five-hour rate of discharge
capacity (125Ah). The battery has barely
reached 90% of its rated capacity, and is
expected to take six more months or even
longer to reach its age limit.
c. Summary of performance testing
methods for peripheral devices
With a view to facilitating future
study on JIS requirements among other
things, a summary was made on points to be
noted in performance tests and the imple-
mentationof tests and in designing the testing
apparatus for such devices as inverters,
storage batteries and interconnection-pro-
tecting devices.
(i) Summary of results of performance
tests of peripheral devices
For storage batteries, it is essential to
effectively use their rated capacities and
extend their service lives as much as pos-
sible. Concerning inverters, it is more
practical to seek reduction of fixed losses
than to try to improve the conversion effi-
ciency at the rated level, and in this connec-
tion simplifying and reducing the size of
control circuits would make an important
contribution to cost saving.

(c) Performance/cost evaluation of
peripheral devices
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Table 2 Results of the New-Type Storage Battery Basic Characteristics Tests, Including Capacity and PSOC Efficiency

Current rate 0.1C,, 0.2C; 0.3C,, 1.0C, 1.0C,,
Model
i Test sample #1 #2 #3 #1 #2 #3 #1 #2 #3 #1 #2 #3 #1 #2 #3
¢)) lG(%i-I}OO Discharge capacity (Ah) 110.4| 109.8
PSOC efficiency (%) 99.6| 98.9
(2) PSC-500 isch i 564.6| 559.6
S00AD Discharge capacity (Ah)
PSOC efficiency (%) 933 952
(3) MH-5100 | Discharge capacity (Ah) 90.0| 102.3
100Ah
PSOC efficiency (%) 96.8] 956
@ IIV(I)I(-)IAI-}EIOO Discharge capacity (Ah) 105.1| 104.5
PSOC efficiency (%) 96.0( 95.1

Notes: 1) GRE-100 and MH-H100 are assembled batteries, while PSC-500 and MH-S100 are single cell batteries.

2) Values for MH-5100 represent the results of reexamination after replacing lost electrolyte and retightening the pressure valve.

3) Temperature was compensated at 25°C for lead-acid batteries, while no temperature compensation was made for nickel-hydrogen batteries.
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Table 3 Test Items and Long-Term Cycle Test Process of New-Type Storage Batteries

. Discharge PSOC
Testing Storage battery Current Testitems Tested | capacity (Ah) efficiency
bed - rate cycles
Basic test Cycle test Current/Initial
#1 High current rate #1 | 0.1C | Capacity, efficiency and High current rate cycle test 400 69.0/76.6 -/93.5
lead acid I-V characteristics I
GRE-100
#2 #2 | 02C | Capacity, efficiency and PSOC cycle 36 93.9/104.0 -/96.8
I-V characteristics
#3 Deep discharging rate #1 0.3C | Capacity, efficiency and Deep discharging cycle test 245 534.6/509.0 | 103.5/103.3
lead acid I-V characteristics
PSC-500
#4 #2 | 0.1C | Capacity, efficiency and PSOC cycle 48 601.2/559.6 94.2/95.2
I-V characteristics
- Nickel-hydrogen #1 1.0C | Capacity, efficiency and High current rate cycle test - - -
long-life I-V characteristics I
MH-S100
- #2 | 02C | Capacity, efficiency and PSOC cycle - - -
I-V characteristics
#5 Nickel-hydrogen #1 1.0C | Capacity, efficiency and High current rate cycle test 3,200 783/92.8 | 113.6/110.9
high current rate I-V characteristics Il
MH-H100
#6 #2 | 02C [ Capacity, efficiency and PSOC cycle 48 93.3/101.7 101.7/98.4
I-V characteristics
#9 Common testing bed #3 | Storage characteristics, overcharge and overdischarge characteristics and other supplemental tests

Notes: 1) High current rate lead-acid and nickel-hydrogen batteries are assembled batteries.

2) Nickel-hydrogen (long life) battery is on standby for a testing bed.

3) One cycle of a PSOC test is four days.

4) Temperature was compensated at 25°C for lead-acid batteries, while no temperature compensation was made for nickel-hydrogen batteries.




A proposal has been put together re-
garding cost reducing measures for photo-
voltaic systems.

As a result, while the efforts to reduce
the costs of elemental components are im-
portant, it was found that optimization of the
system configuration by extending the ser-
vice lives of storage batteries, optimizing
the storage batter}{ inverter capacity relative
to the scale of solar cells and otherwise
could also have very significant cost-saving
effects. Besides that, study was made on
evaluation techniques for interconnection
systems from the power industry’s point of
view, and model calculation and evaluation
were carried out.

(d) Investigation of overseas trends -

Officials attended IEA’s international
conference organizing committee meeting
held in Rome to investigate the recent situ-
ation of the use of photovoltaic power gen-
eration in the utilities industry, and visited
the 3AMW systemrecently completedin Serre,
Italy to learn about its design, technical
features and construction cost, among other
aspects. This system achieved a per-watt
cost of ¥1,000 by using a rack structure
consisting of simple members and a decen-
tralized inverter configuration.

(3) Future Tasks

Various tests of the Phase II storage
battery will be continued to verify the ra-
tionality of the new type storage battery
testing method, and at the same time the
performances of various advanced storage

batteries will be evaluated by long-term

cycle tests.

4.3 Research and Development of
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System Evaluation Technoiogies
(1) Objectives and Work Program
(Objectives)

Evaluation methods for systems needed
to improve the efficiency of photovoltaic
power generation systems will be developed,
and the establishment of optimal design
methods and optimal operating techniques
for various photovoltaic power generations
systems will be attempted by utilizing the
developed evaluation methods.

(Work Program)

(a) System evaluation technology

(b) Establishment of database
(c) Simulation technology
(d) Oyérall evaluation

©) s{nvey

(2) Summary for FY1994

(a) System evaluation technology
Operational data of the testing equipment
constructed in fiscal 1993 were collected,

and on their basis various characteristics
were analyzed. This year, two or three
design parameters, which had not yet been
determined, were quantified, and precision
improvement was attempted for already
quantified parameters as well.

A I-V curve tracer for on-site measure-
ment of the output of solar cell arrays was
developed, and measurement tests were
carried out with it.



(b) Establishment of database

The sort of data collected in the past
solar power generation projects of NEDO
continued to be put together in an integrated
and unified manner as in fiscal 1993. The
database thereby established will be made
available for extensive common use as well
as for our own research and development
purposes. In fiscal 1994, information from
17 NEDO projects was incorporated into the
database.

(c) Simulation technology

As simulation of the energy flow, the
relationship between the maximum output
and the intensity of solar radiation, charac-

teristics parameters of modules and inter-
connection system were simulated. For the
water pump system, a simulation program
was developed. Concerning the intercon-
nection system, simulation was carried out
using the capacity ratio between the array
and the inverter as parameter, and the opti-
mal capacity ratio was assessed.

(d) Overall evaluation

Various design parameters were figured
out from the measured data and the results of
simulation, and primary estimated values
were worked out. The result is shown in
Table 4. A design manual was further pre-
pared by utilizing these parameters.

Table 4 List of Design Parameters

Design Parameters Values of Design Parameters
Ku (Incident irradiation | Ku = KupeKus«Kuc
modification factor)
Kup (Annual deviation) | 0.94-0.97 (yearly) 155 sites in Japan
0.81-0.96 (monthly)
Kus (Shadowing) | Read from Figs. 4. 1-1 and 4. 1-2
Kue (Contribution for tracking) | Kuc = Kucp+Kuer
Kucp (Normal direct irradiation) | 1.0 Flat plate fixed
1.0 Flat plate tracking
0.66 Focus, tracking
Kuer (Flat plate tracking gain) | 1.0 Flat plate fixed
1.22 Flat plate tracking
1.0 Focus, tracking
Kr (PV conversion efficiency | Kp = Kpp:KpreKra*Krm
modification factor)
Krp (Efficiency deviation by aging) | Kpp = Kpps*Kppp*KrpR
Krps (Soil) | 0.98-0.99 At Hamamatsu test site
KrpD (Degradation) | 1.0 Crystalline type
(1-dnp)YL Amorphous type
KrpRr (PV response deviation) | Kppr = KpDrs*KPDRN
(Spectral response deviation) | Kpprs = 0.97 Crystalline type
Keprs = 1.02 Amorphous type
(Nonliner response deviation) | Kpprn=0.97 Yearly mean (Crystalline type),
amorphous: unfixed)
Ker (Cell temperature) | 1+oPmaxs(Tcr - Ts) Crystalline type: 0.98; amorphous: 0.99
oPmax = -0.0041 Crystalline type
oPmax = -0.0020 Amorphous type
Tcr = Average atmospheric + average 15°C
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Table 4 List of Design Parameters (continued)

Design Parameters " Values of Design Parameters
Kpa (Array circuit) | Kpa = KpaueKpar
Krau (Unbalance) | 1-0.127 x (standard deviation ¢ / average) when 6=0.02 0.997
KraL (DC circuit loss) | 1-(0.6 x rated wiring loss rate + 1 / rated voltage)
Kem (Load matching) | 0.94 Grid connected
091 Standalone: Stable power supply, except overcharging
0.89 Standalone: Controlled load by irradiation, except
overcharging
Ks (Battery circuit factor) | KB = (1-yBA)*T|BD+YBA*T|BA .
YBA (Battery contribution) | 0.8 Stable power supply
037 Controlled load by irradiance
TBD (Efficiency of bypass circuit) | 1.0 Without bypass converter
7BA (Energy storage efficiency) | mBa=Ks,0rnBTs
KB, op (Battery operation efficiency) | Ks, op = KB,sd*KB,ur*Ks,au*nac
Kg, sd (Self discharge) | 1-(self dischargeftotal discharge) 0.99 self discharte 0.1%/D
Kz, ur (Rebalancing) | 1-(rebalancing/total discharge) 1.0 Implemented when overcharging
Ks, au (Auxiliary power) | 1-(electrolyte stirrer/total discharge) 0.99 With stirrer
mBC (Charge controller) | 1.0 Without charging controller, efficiency
with charging controller
TBTS (Battery units efficiency) | 0.84-0.87
Kc (Power conditioner circuit factor) | Kc=vypcsKpb+(1-ypc)* K
gyl (DC extractionratio) | 0.0 No DC load
Kop (DC/DC converter) | Kop =Kbcc «nppo
Kbpce (DC/DC circuit factor) 1.0 ’ No DC load
TDDO (DC/DC converter | 1.0 No DC load
energy efficiency)
Ky (Inverter circuit) | K= Kaccenmo
Kacc (Inverter AC circuit) | Kacc = KNaueKacir-Kacrr-Kacn-Kacsa
Kmau (Auxiliary circuit | 1.0 Included in inverter efficiency
energy efficiency)
Kacmr (Transformer) | 1.0 Included in inverter efficiency
Kacer (Filter) | 1.0 Included in inverter efficiency
Kacn (AClineloss) | 1-(AC line loss/output power)
Kacsa (Auxiliary power) | 1-(Auxiliary power/output power) 1.0 Without auxiliary power
supply
TNO (Inverter energy efficiency) | Mmo=7nRe{a/(0.16 + 0.957a+ 0.0272)}
mNR: Inverter efficiency at rated operation
a: Load factor /100
When power factor is 0.8, and within the range of #>0.15, subtract
0.02 from calculated value .

(e) Investigations

With a view to facilitating the prediction
of the extent of the future dissemination of
photovoltaic systems, performance and cost
evaluation, and study on new applicable
areas, officials participated in the WCPEC
meeting held in Hawaii in December 1994,
and conducted a technical investigation. A
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visit was also paid to a photovoltaic instal-
lation in the Republic of Kiribati to survey
trends of practical application of photovol-
taic systems and techniques to promote their
extensive use.

(3) Future Tasks



(a) System evaluation technology

Data will be collected and analyzed, and
at the same time technology for on-site
measurement will be established.

(b) Database

A database will be established, and made
available for use in the evaluation of various
systems.

(c) Simulation technology

Techniques which would allow quanti-
tative grasp and evaluation of the efficiency
and economic features of various solar
photovoltaic systems will be developed.

(d) Overall evaluation

Overall evaluation will be carried out to
determine and quantify design parameters.
The manual for the rationalization of design
calculation formulas will be improved and
prepared anew.

5. Research and Development of
Systems to Utilize Photovoltaic
Power Generation and Peripheral
Technologies

5.1 Research and Development of
Photovoltaic Modules Integrated
with Construction Materials

(1) Objectives and Work Program
(Objectives)

Research and development will be car-
ried out on altogether six methods of three
types of building material-integrated mod-
ules applicable to a wide variety of installa-
tionsincluding personalresidences and high-

rise buildings with a view to accelerating the
expansion of the use of photovoltaic power
generation utilizing systems and peripheral
technologies as part of the project todevelop
them.

(a) PV modules integrated with roofing
materials: ¥170/W in module cost (PV
increment)

(b) PV modules integrated with wall
materials: ¥85/W in module cost (PV
increment)

(c) Flexible modules integrated with
unspecified construction materials:
 ¥190/W

(Work Program)

Investigation will be carried out on
building material-integrated modules usable
for roofs and walls of personal residences,
and study will be made on the module con-
necting method and installation and fixing
methods taking account of the ease of
maintenance including repair and replace-
ment so as to develop reliable and yet low-
cost modules. Furthermore, demonstration
test units incorporating building material-

integrated modules will be built to conduct
demonstration tests.

(a) PV modules integrated with roofing

materials

(1) Exchangeable PV shingle method:

Solar cell roof tiles to replace flat roof tiles,
permitting ready installation orreplacement
needing no special tool will be developed.

(ii) Prefabricated PV roof panel
method: Factory-fabricated roof panel
modules of solar cell tiles with built-in solar
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cell modules arranged over a flat tile type
base will be developed.

(iii) Heat-insulated PV roof panel
method: Roof panels consisting of large
amorphous silicon solar cells installed in a
factory over thermally insulated roof
modules will be developed.

(b) PV modules integrated with wall
materials
(i) PV glasscurtain wall method: Solar
cell curtain walls permitting a wide choice
of colors to replace PC panels and glass
curtain walls will be developed.

(ii) PV metalcurtain wall method: Solar
cell curtain walls consisting of solar cell
modules with radiator fins installed with an
inclination over surface panel units metallic
curtain walls will be developed.

(c) Flexible PV modules for roofing: Solar
roofing will be developedfor which
flexible solar cells, so structured as to
permit cutting on site into any desired
length, are used in place of waterproof-
ing paper, which is usually laid under
roof tiles, with glass sheetsinstalled over
them.

(2) Summary for FY1994

(a) PV modules integrated with roofing
materials
(i) Exchangeable PV shingle method
a. Trial manufacture and evaluation
were carried out on modules integrated with
building materials according to specifica-
tions close to final specifications. The basic
performance free from problems was con-
firmed and methods of execution and instal-
lation of the modules were studied.
b. The design characteristics and
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forced airflow cooling. structure were ex-
amined aiming at practical application.
Fig. 1 is a conceptual drawing of
the exchangeable PV shingle method.
(ii) Prefabricated PV roof panel
method

a. The roof panel module and solar
cell roof tile structures were examined. A
series of wind resistance and water spray
tests were carried out and the performance
was affirmed. ,

b. As for improvement of the quality
of execution of the prefabricated PV roof
panel method, fluctuations in frame accu-
racy were grasped. As a result, the on-site
fitting workability to complete installation
smoothly in 3 hours and 20 minutes (about
6 minutes per panel) was demonstrated.

c. The PV module basic structure,
PV module structure and component mate-
rials were studied. Prototype modules
compatible with thin 6-mm thick roof tiles
satisfying the necessary conditions of the
roof tile-integrated structure were fabricated.

Fig. 2 is the basic structure of the
prefabricated PV roof panel method.
(iii) Heat insulated PV panel method

a. The PV module design, trial
manufacture and performance evaluation
were carried out. The module rigidity, heat
deformation and cooling tests were also
conducted.

b. In an overall demonstration test,
module panels were installed on a test house
and their the design and execution charac-
teristics were confirmed. A series of per-
formance tests (power generating perfor-
mance, heat insulation) was started.

c. Heatinsulated PV panels (PV area:
about 68 m?) were installed on an overall
demonstration house (three-story wooden
building, building area: 135 m?) and its de-
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sign and execution characteristics were con-
firmed. A series of tests on power generat-
ing characteristics and heat insulating per-
formance was started.

Fig. 3 shows the heat insulated PV
panel method demonstration testhouse. Fig.
4 shows the results of measurement of
amounts of the generated energy.

(b) PV modules integrated with wall
materials
(i) PV glass curtain wall method

a. A market survey was conducted
centering on high-rise building wall materi-
als. Engineering processes were examined,
taking into account building wall reforming
needs in addition to new building demand.

b. Development was carried out on
technology for manufacturing a variety of
PV cells by changing reflection preventive
film forming conditions. A cell sealing
method using flame retardant EVA was
examined.

c. As part of study on methods of
integration with building materials, devel-
opment was carried out on improvement of
endurance, module structure and enlarge-
ment of module sizes with trial manufacture
of prototypes in each category together with
a study on execution methods. Using the
simplified demonstration test unit shown in
Fig. 5, the design characteristics, execution
methods, etc., of PV modules were exam-
ined.

(i) Metal curtain wall method

a. Performance requirements in ap-
plication as wall materials and problemati-
cal points in practical utilization were iden-
tified and examined.

b. The PV module and panel devel-
opment was carried out. Optimization was
sought of submodule installation angles and
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intervals. Using a power generating perfor-
mance evaluation wall shown in Fig. 6, a
series of performance and reliability tests
were conducted.

(c) Flexible PV modules for roofing

(i) As application of engineering
processes in use today is assumed for solar
roofing, the flexible module should be able
to be rolled just as easily as current roofing
sheets. The flexibility of module component
materials was tested and a basic structure of
solar roofing was decided. Fig.7 shows the
basic construction of solar roofing.

(i) Theexamination of a pointmethod
for glass sheet holding was promoted, taking
into account the effect of shadows, and
basic specifications were established. A
water spray test was made to check visually
for inward leakage of water. The
waterproofing proved acceptable.

(iii) As for the energy generated when
the use of glazed or tinted glass is specified,
study was carried out at different levels of
glass transmissivity. Results showed no
loss of transmissivity with the use of glazed
glass while itdropped to 60—80% with tinted
glass.

(3) Future Tasks

(a) PV modules integrated with roofing

materials

() Exchangeable PV shingle method

a. Through examination of module

materials and structures, final confirmation
of the reliability of the modules of final
specification and development of the mod-
ule execution and installation methods study
will be promoted on execution and instal-
lation methods and practical application,
and a series of tests using cut models will be



Fig. 3 Heat-Insulated PV Roof Panel Method Demonstration Test House
(Hino City, Tokyo)
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Fig. 4 Generated Power Measurement Results (March 15 - 31, 1995)
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Fig. 5 Simplified Demonstration Test Facilities

Fig. 6 Test Wall Used in Generation Performance Evaluation
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Fig, 7 Basic Structure of Solar Roofing

conducted.

b. A demonstration test and econom-
ics evaluation will be made with a model
house for overall performance evaluation.

(ii) Prefabricated roof panel method

a. Painted/baked type CdS/CdTe PV
modules to double as roof tiles will undergo
outdoor deterioration, sealing performance
and various reliability tests. Basic issues
concerning mass production and practical
application will be examined and research
on improved design and engineering pro-
cesses will be carried out.’

b. The component members such as
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solar cell roof tiles, wiring units, etc., and
roof panel modules will continue to undergo
reliability tests, aiming at a decision on a
final structure of PV modules integrated
with roofing. In addition, engineering pro-
cesses to insure favorable fitting character-
istics and accuracy of roofing will be carried
outand trial execution conducted. A system
design built around roofing panels will ma-
terialize and systemresearch aiming atdem-
onstration tests will be carried out.
(iii) Heat insulated PV panel method

a. The module specification incor-

porating the results of final improvement




will be completed. In particular, a perfor-
mance test will be made in association with
enlarged solar cells (484 x 872 mm each)
and problem-free operation be confirmed.

b. The execution techniques will be
completed. Especially, the ridge cover de-
sign, fabrication and workability will be
confirmed together with study on mainte-
nance methods, and a confirmation test will
be carried out.

¢. The module roofing of the overall
demonstration house will continue to un-
dergo performance evaluation. In addition,
a design support system will be developed
by improving existing software and a col-
lection of model plans assuming various
roof shapes and roofing materials will be
prepared.

(b) PV modules integrated with wall
materials
(i) PV glass curtain wall method

a. Design characteristics and instal-
lation methods will be examined using the
simplified demonstration test unit. Based
on the results, a demonstration test unit that
will be attached to actual buildings will be
fabricated. The amount of energy generated
and useful forms of its consumption will be
studied.

(ii) PV metal curtain wall method

a. Specifications on the submodule
structure, component materials, etc., will be
set. At the same time research will be
carried out to optimize the angle and interval
of submodule installation and shape of alu-
minum substrates.

b. A simulated test wall will be fabri-
cated, design characteristics confirmed and
problematical points in execution examined.

c¢. The module unit performance as a
building material will be tested (water tight-
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ness, wind resistance, heat elongation, etc.)
and wiring and maintenance methods stud-
ied.

(c) Flexible PV modules for roofing

(1) As part of flexible PV module
manufacturing technology development,
techniques for wiring between solar cell
tiles, laminating modules for supply in rolls,
etc. will be developed.

(ii) For development of technology to
insure higher reliability, the environment-
resisting characteristics of the trial
manufactured solar roofing will be tested,
and the improvement of sealing and
protective film materials will be promoted.

(iii) For trial manufacture and
installation of modules for houses and roofing
function technology development,
problematical points associated with various
roof configurations will be identified,
appearance aspects of roof finishing
materials studied and waterproofing tests
made.

5.2 Development of Various
Installation Methods

(1) Objectives and Work Program
(Objectives)

In order to facilitate the introduction of
photovoltaic power generation, investiga-
tion will made of possible locations of me-
dium- to large-scale installation of solar
cells other than on the roofs of personal
residences and office buildings, to identify
technical opportunities and problems. At
the same time low-cost configuration tech-
niques and installation methods suitable for



different areas of utilization will be devel-
oped.

(Work Program)

(a) Investigation of applicable areas and
study on technical problems

(b) Study on installation techniques for
photovoltaic arrays

(¢) Testing and evaluation of structural
design of array racks

(d) Basic design of various promising
systems

(e) Performance and cost evaluation
(f) On-site overseas survey
(2) Summary for FY1994

(a) Investigation of applicable areas and

study on technical problems

Assuming highways, railroads, dry river
banks, public facilities and such like as
applicable locations, a comprehensive fea-
sibility study was conducted covering vari-
ous types of application, installation possi-
bilities, matters to be noted in terms of
geographical conditions, compulsory regu-
lations, etc. Atthe same time concrete types
of application and installable wattage were
summed up. The results are shown in Table
1. This table shows that about 7,900MW
will be usable in locations other than houses
and buildings. As instances of overseas
application, 18 interesting instances in-
volving remote islands, remote villages,
mountain areas, oceans, etc. were investi-
gated.

(b) Study on photovoltaic array

installation techniques

Various types of application were repre-
sented by models according to types of in-
stallation, installation methods and system
configurations. These werereduced to basic
and simple design conditions, which could
be combined to meet specific needs of ap-
plication. By allowing for special conditions
such as the wind velocity coefficient,
earthquakes, load, snow load, momentary
maximum wind velocity, etc., it was made
possible to deal with various types of appli-
cation uniformly.

(c) Testing and evaluation of structural

design of array racks

(i) Wind tunnel test

Wind tunnel test models assuming

the use on structure wall surfaces, station
platform buildings and highway sound bar-
riers were tested. As aresult, conditions of
preparing the optimum design in terms of
wind load, space between tPV array panels,
PV array angles, etc. were grasped.

(i) Indoor installation tests

Fivetypesofracksin twoinstallation

categories (inclined surfaces like faces of
slopes and highway noise insulation walls)
were fabricated on a trial basis and tested. It
was learned that material costs, personnel
costs and so on accounted for the majority of
rack costs, leaving only little room for cost
reduction by increasing production. It was
also revealed that adoption of larger and
prefabricated panels and advanced con-
struction machinery to reduce the installa-
tion cost which would otherwise tend to
assume a larger portion of the total cost, and
promotion of integration of solar cells and
sound barrier materials, etc. should be sought
hereafter.
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Table 1 Potential Installation Objects and Installable Volume

re. Installation object installft?c?nogbject Potentiallnitauatl)::t::ll:i‘:lng (Mvg)tenﬁal C

1 | Embankments 2441 km (68.3km?) | 1,628 (50%)| 814 (25%) | 407 (12%)

Riverbeds 105km*| 249 (5%)| 100 (2%) 50 (1%)

2 | Harbors (facilities) 14.7 km? 140 (20%) 70 (10%) 35 (5%)

Harbors (parking lots) 0.004 km?| 0.17(100%)| 0.09 (50%) | 0.03 (20%)

3 | Airports (facilities) 1.10 km? 26 (50%) 16 (30%) 8 (15%)

Airports (parking lots) 1.44 km? 68(100%) 34 (50%) 13 (20%)

4 | Railway stations (JR) 101 km? | 1,916 (40%)| 958 (20%) | 479 (10%)

lésil;;ray stations (private 254km?| 484 (40%)| 241 (20%) | 121 (10%)

5 Stgr;eral roads (guardrails, | 17212km (125km?) | 297 (5%)| 120 (2%) 59 (1%)

Highways (on slopes, etc.) 253km (1.77km?* | 3.37 (4%)| 1.69 (2%) | 075 (1%)

Freeways (on slopes, etc.) 163km?| 388 (5%)| 155 (2%) 77 (1%)

6 | Agricultural areas (pasture) 6,608 km?| 3,147 (1%){ 1,573 (0.5%) | 629 (0.2%)

Agricultural areas (foot- 226km?| 431 @4%)| 215 (2%)| 108 (1%)
paths and roads)

7 | Public facilities 1.09 km? 26 (50%) 10 (20%) 5 (10%)

8 | Urban parks 146 km? 69 (1%) 35 (0.5%) 0 (0%)

9 { Dams (on dam banks) 573 km (3.99 km?) 95 (50%) 48 (25%) 19 (10%)

10 | Natural parks (fields, etc.) 11,547 km? | 2,749 (0.5%) | 1,100 (0.2%) | 550 (0.1%)

11 | Seashore (sandy beaches) | 11,201 km (78.3 km?) 373 (10%)| 187 (5%) 75 (2%)

12 | Lakes and marshes 943 km (6.59 km?) | 157 (50%) 79 (25%) 31 (10%)

13 | Schools (facilities) 203 km? 961 (10%)| 480 (%) | 192 (2%)

14 | Forest 6,711km?| 3,196 (1%) | 1,598 (0.5%) | 320 (0.1%)

15 | Golf courses (facilities) 113km?| 216 (40%)| 108 (20%) 54 (10%)

Total 26,149 km? 16,620 7,943 3,233
Notes: 1) Area of installation object: For linear objects, added values of applicable areas are 