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SUMMARY

The objective of this research program is to investigate the technical and economic
feasibility of producing solar-cell-quality sheet silicon. We plan to do this by coating
one surface of carbonized ceramic substrates with a thin layer of large-grain polycry-

stalline silicon from the melt.

Beginning the middle of February 1978, we expanded our proéram to include activities
funded by the Task VI Cell Development Group of the Low-Cost Solar Array (LSA) pro-
gram at the Jet Propulsion Laboratory. This work is directed toward the solution of
unique cell-processing/design problems encountered within the silicon-on-ceramic (SOC)

material as a result of its intimate contact with the ceramic substrate.
The Task VI work is contained within this report and is labeled appropriately.

During the quarter, we demonstrated significant progress in several areas:

2

e We succeeded in fabricating a 4-cm<“ cell having a 10. 1 percent conver-

sion efficiency (AM1, AR).

2

e We succeeded in fabricating a 10-cm< cell having a 9. 2 percent conver -

sion efficiency (AM1, AR),

i

e The continuous (SCIM) coater has succeeded in producing a 16-cm?2

coating exhibiting unidirectional solidification and large grain size.
Other results and accomplishments during the quarter can be summarized as follows:

e A layer was grown at 0.2 cm/sec in the experimental coater which was
partially dendritic but also contained a large smooth area ~100 pm thick.

e Modifications to the cooling shoes of the eAxperimental dipper were com-

pleted, allowing x-y motion and gae cooling.

@ Temperature gradients along the trough still present a problem in obtain-

ing uniform continuous coatings using the SCIM coater.

"e Artop-coating/doctor-blade-type experiment in the SCIM coater yielded a

region of smoothly coated large-grain silicon.



During this quarter, 51 SOC solar cells were fabricated, 39 of which were
AR .coated.

Recent analysis shows that the short-circuit current (Jsc) deteriorates at
roughly -0.11 mA/cm2 for each consecutive sample dipped.

The dark charactcristic measurements of a typical SOC solar cell yield
shunt registance values of 10K chms and series_ resistance values of 0.4

ohm.,

-

The best 2x cell with concentration has a conversion efficiency of 6. 2 per-
cent (AM1, AR) [or a total area of 7 cm?. '

LD within grains has been determined using an LBIC technique and electro-
lyte contacts.

The LBIC technique has been successfully used to determine the difference
in performance between our solar cells and those processed by the Solid
State Electronics Center.

A laser scanning system has been set up to determine grain size distri-

bution in SOC material.

The production dip-coater is operating at over 50 percent yield in terms of
good cell quality material. The most recent run yielded 13 ''good" sub-

strales vul of 15.

SiC particles are appearing in the production dip-coater after successive
dips. The cause for this has not been determined to date.



INTRODUCTION

This research program began on 21 October 1975. 1Its purpose is to investigate the tech-
nical and economic feasibility of producing solar-cell-quality sheet silicon by coating in-
expensive ceramic substrates with a thin layer of polycrystalline silicon. The coating
methods to be developed are directed toward a minimum-cost proéess for producing

solar cells with a terrestrial conversion efficiency of 12 percent or greater.

By applying a graphite coating to one face of a ceramic substrate, molten silicon can be
caused to wet only that graphite-coated face and produce uniform thin layers of large-
grain polycrystalline silicon; thus, only a minimal quantity of silicon is consumed. A
dip-coating method for putting silicon on ceramic (SOC) has been shown to produce solar-
cell-quality sheet silicon. This method and a continuous coating process also being
investigated have excellent scale-up potential which offers an outstanding, cost-effective
way to manufacture large-area solar cells. The dip-coating investigation has shown that,
as the substrate is pulled from the molten silicon, crystallization continues to occur
from previously grown silicon. Thérefore, as the substrate length is increased (as
would be the case in a scaled-up process), the expectancy for larger crystallites in-

creases.

A variety of ceramic materials have been dip-coated with silicon. The investigation has
shown that mullite substrates containing an excess of 5iO, best match the thermal expan-
sion coefficient of silicon and hence produce the best soC layers. With such substrates,

2 in area have been achieved with single-crystal

smooth and uniform silicon layers 25 cm
grains as large as 4 mm in width and several cm in length. Crystal length is limited by
the length of the sibstrate. The thickness of the coating and the size of the crystalline

grains are controlled by the temperature of the melt and the rate at which the substrate

is withdrawn from the melt.

The solar-cell potential of this SOC sheet silicon is promising. To date, solar cells with
areas from 1 to 10 cm2 have been fabricated from material with an as-grown surface.
Conversion efficiencies of about 10. 0 percent with antireflection (AR) coating have been
achieved without optimizing cell processing techniques. Such cells typically have open-
circuit voltages and short-circuit current densities of 0. 55V and 23 mA/cmz, respectively.

The SOC solar cell is unique in that its total area is limited only by device design con-
siderations. Because it is on an insulating substrate, special consideration must be
given to electrical contact to the base region. One method which offers considerable



promise is to place small slots in the substrate perpendicular to the crystalline growth
direction and contact the base region by metallizing the silicon that is exposed through
the slots on the back side of the substrate. Smooth, continuous coatings have been ob-
tained on substrates which were slotted in the green state prior to high-temperature
firing. - The best slotted-cell results indicate a 10.1 percent conversion efficiency (AR-

coated) on a 4-cm? (total area) cell. This cell was not optimized for device performance.

Development efforts are continuing in such areas as improvement in growth rate, reduc-
tion of progressive melt contamination, and optimization of electrical contacts to the base
layer of the cell, The investigation has shown that mullite substrates, to a limited extent,
dissolve in molten silicon. 'I'he impurities from the substrate are believed to adversely
affect solar-cell conversion efficiency. A method for reducing substrate dissolution is

to reduce the contact area the substrate makes with the silicon melt. Therefore, a sili-
con coating facility, referred to as SCIM or Silicon Coating by an Inverted Meniscus,

has been constructed which is designed to coat large (10-cm x 100~cm) substrates in a
continuous manner. It is expected that this facility will not only improve the growth rate,
but also minimize the silicon melt contact with the substrate. This should reduce the
rate at which the melt becomes contaminated. The facility will also permit a study of
possible continued grain growth by accommodating the use of longer substrates. It
should also reveal problems that are likely to be encountered in a scale-up process.

This machine has succeeded in demonstrating coatings exhibiting unidirectional solidifi-
cation (desirable and occurring in dip coating) but has yet to achieve continuous coating

of a 100-cm-long substrate,



TECHNICAL DISCUSSION

SHEET SILICON GROWTH (J.D. Zook, J.D. Heaps, B. Koepke,
L.D. Nelson, D.J. Sauve, O. Harris, and H. Burke)

Dip-Coating Production

The production of SOC substrates during the past few months has been aimed at the
delivery of high-quality substrates to JPL for solar cell fabrication by OCLI and Spec-
trolab. The experimental dip-coating station was also dedicated to production during
part of this time. Outi of the past 220 substrates dipped, 40 have been shipped to JPL,
30 have been shipped to the Honeywell Solid State Electronics Center, and 40 are ready
for shipping. Thus, the overall yield has been about 50 percent. On a most recent run
of 15 substrates, 13 were suitable for shipping. The two that did not meet specifications
were inadvertently pulled at the wrong pull rate. A number of operational problems
plagued the production effort, initially. A1l of these problems have been resolved except

one, as described below:

1) Carbon coating -- The new batch of "K' slotted substrates from Coors ap-

parently have smoother surfaces than the previous batches so that we had
considerable difficulty obtaining a good rubbed carbon layer. The surface
roughness, as measured by profilometers at Coors and at Honeywell, are
quite similar for the different batches, so that the precise nature of the
coating difficulty is not understood. We find that by rubbing the surface
twice, and blowing off the locpe carbon after each coating, coneistent '
wetting can be obtained. The "soak' time in the melt was also reduced to
10 seconds to minimize loss of carbon to the melt. Dag coatings are also
being investigated, and a roller method of applying the Dag seems to be

quite fast and does not get any Dag in to the slots.

Ten "type O" substrates from Coors were also dip-coated. The expansion
coefficient and other properties seem identical to the type K, except that
they are much harder to coat with carbon. The surfaces feel rougher, but
the rubbed carbon is readily blown off, and some of the substrates had
bare spots that were not wetted by the molten silicon. It would be useful
to understand the differences in the surface properties of the ceramic that

causc thcsc adverac cffects.



2) Dendrites -- There have been a number of problems leading to the appear-
ance of dendrites in the center region of the samples. In large part, the
dendrites were apparently caused by insufficient baking of the substrates
prior to dipping. At present, the samples are baked at 135°C for 1 hour.

An increase in the number of dendrites also occurred when the new picket-
fence-type heater was installed in the production dip-coating system. It
was found that these could be eliminated by raising the crucible within the
holder and operating at a slightly higher temperature.

3) SiC Particles -- During the course of a run in the production dip-coater,
there is a buildup of particles in the melt at the edge of the crucible. After
about a dozen substrates have been dip-coated, the particle buildup is
such that the particles may adhere to the surface of the layer. This problem
arose at the beginning of January and has appeared consistently on every
run gince then. The results of scanning Auger microscopy (SAM) show very
clearly that the particles consist of SiC, with no other detectable impurities.
A metallographic examination also showed the SiC crystallites.

A number of experiments have been conducted in an effort to identify and:
zliminate the source of these particles. They do not appear in the experi-
mental dip-coating system, even when the dipping operation is conducted

in the same way by the same operator. They develop in the production dip-
coating system only during the acltual dipf)ing process. They develop even if
uncarboniced gubgtratee are dipped. They do not develop if the aystem sgits
without dipping, or if the upper chamber and gate valve are cycled as if
substrates were being introduced to the main chamber. Argon from the
same source and tubing is used in both systems, and both systems are
similar in their ability to hold a vacuum. Undoubtedly there is.a logical
solution to the problem, but so far it has eluded us.

Experimental Dip Coater

During the past quarter, our efforts to improve the throughput of the dip-coating process
were renewed. The basic technique involves the use of cooling shoes placed near the
liquid-solid interface during growth to enhance the removal of latent heat. Initial attempts
to grow 100-pm-thick silicon layers at pull rates exceeding U. 2 cm/sec involved water-
cooled shoes., The cooling was not adequate and one of the shoes was modified to allow a
stream of cooled argon gas to be directed at the silicon-coated side of the substrate.

With this shoe in place, we grew a dendritic layer at 0.2 cm/sec. However, a large



portion of the coating was smooth and had a thickness of 100 pm. Since the gas jets
pointed down, we speculate that the gas cooled the surface of the melt below the liquid-
solid interface as well as the silicon coating. As a result, the other shoe was drilled

with gas jets that impinge on the coating normal to the coating surface.

The original shoes could only be moved along one axis (the x-axis). Most of the efforts
during the past quarter involved modifying the shoes to allow x-y motion without having
to open the system during a run, These modifications are now finished and high pull
rate dipping experiments will start immediately. A batch of 150 unslotted K-mod sub-
strates was obtained from Coors to be used in the tests. A photograph of the two rede-
signed cooling shoes in place in the dip coating system is shown in Figure 1. The shoes
can be moved up and down by moving the vertical support tube. The shoes can be moved
in a direction perpendicular to the support rod by sliding in the track attached to the top
of the vertical support. The shoes are moved toward and away from the substrate by
rotating rods that protrude from the bottom of the support tubes. A lever attached to the
top of each rod affects the motion. A flexible stainless-steel bellows is attached to the

vertical support for carrying water and the cooling gas.

Figure 1. Photograph of Interior of Dip-Coating Apparatus
Showing Pull Rod, Substrate, and Cooling Shoes




Continuous Coating Process

Since the SCIM coater became operational in May 1978, numerous coating runs have been
made. These runs introduced us to a variety of problems, most of which have since been
corrected. One problem that we found to be particularly troublesome from the outset
was spillover of molten silicon as the substrate passed over lhe trough. This problem is
illustrated in Figure 2. Initially, as shown in this illustration, solidification of the mol-
ten silicon did not occur until the layer was a substantial distance downstream of the
trough. We reasoned that if we could create a steeper temperature profile in the solidifi-
cation zonc similar to lhat in dip-coating, and could producé more uniform temperatures
along the trough, the spillover problem would vanish. Over the next few months we did
bit-by-bit shift the solidification front upstream until we had the option of causing solidifi-
cation to occur, if desired, at the downstream edge of the trough. Exercising this option,
several runs were made using a variety of solidification conditions, but the spillover

problem persisted.

To broaden our perspective of this problem, we consulted with Prof. L. E. Scriven
(University of Minnesota) and Profs. J. Verhoeven and R. Trivedi of Ames Laboratories,
Iowa State University. They basically agreed with the following proposed explanation of
the basic problem with the present SCIM coater system. The problem is believed to arise
from the combined effects of gravity and of surface tension gradients. The surface ten-
sion of any liquid decreases with increasing temperature, so that temperature gradients
always produce surface tension gradients. These variations cause an unstable liquid
meniscus in the SCIM geometry because gravity will cause the liquid to be thicker where
the surface tension is weakest. Specifically, if the liquid heramesg hottor in the cente:

of the substrate, it will get thicker because the surface tension supporting the central
region is the weakest. This thicker liquid at the center, therefore, must proceed further
downstream in order to solidify (see Figure 3). The liquid-solid interface therefore
becomes curved. As the growth front develops curvature, the transverse tempecrature
gradients become more pronounced, producing a positive feedback on the tendency to

thicken at the center, resulting in an unstable situation.

Since the meniscus is inherently unstable with respecl Lo lrunsverse temperalure gradients,
this problem would develop even if there were no initial transverse temperature gradients.
The tendency to be cooled at the edges results from the increased radiation from the

edges of the substrate. I the edges were purposely made hotter than the center, for
example, the instability would presumably cause two thickened regions near the edges

instead of one region near the center.
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Figure 3. Drawing Showing Progressive Buildup of Molten Silicon
Before Spillover Occurs

In addition to the above instability, there is a tendency for liquid to be drawn out of the
trough because of Marangoni flow, as pointed out by Prof. Scriven. This type of flow
results from surface tension gradients which apply a surface stress to a liquid, causing
it to move from hotter regions to cooler regions. Such stresses will always be present
in growth from the melt. In vertical growth, Marangoni flow does not cause problems

because the meniscus is inherently stable.

The solution to the meniscus instability problem seems clear. The substrate must be
inclined at an angle to eliminate the gravitationally induced instability. At some angle
of inclination (probably slight), the effect of Marangoni flow would be countered by the
etfect ot gravity.

The SCIM coater was originally designed to be inclined at an angle up to 30 degrees with
minimal modification. This modification is presently being implemented. The SCIM
coater, however, has been subjected to a number of minor modifications over the past
several months and many of these modifications have reduced the efficiency of the insula-
tion which originally surrounded each heating element. While the tilt modification is

10



being made, we are also updating, as needed, outmoded heaters and their surrounding
insulation. While the modified parts are being machined, the coater will continue to

operate, and we expect a minimal down-time while the new parts are installed.

Recent Coating Results -- In Quarterly Report No. 10, it was reported that control of the

solidification position with respect to the trough had been achieved by using a new type
integrated trough/substrate heating element. As shown again in Figure 4, the graphite
trough holder was an electrically active leg of the heating element. Heating is very
localized, permitting a sharp decrease in temperature downstream of the trough. The
solidification location could then be controlled by the temperature setting of the upper
substrate heater. Unfortunately, one end of the trough holder was attached to a water-
cooled electrode. This introduced a substantial transverse temperature gradient along
its length. To overcome this gradient, the heater assembly was modified so that the end
of the trough was no longer attached to this cooled electrode. This was done, as shown
in Figure 5, by locating one of the rectangular legs of the heater assembly below the
trough holder and attaching this leg instead to the cooled electrode. The electrical
resistance in this leg was tapered to produce a uniform temperature along its length in
support of the trough holder.

Figure 4. Photograph of New Trough/Substrate
Heater (Also Showing Quartz Cru-
cible/Trough Piece)

11
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OF HEATER ASSEMBLY

Figure 5, Drawing nof Mnst Recent Tronugh/Suhstrate Heater
Assembly for SCIM Coating Purposes

Using this latest heater configuration, four coating runs were made. - The spill-

over problem remained troublesome, but one run produced a coating with impressive
large-grain crystalline structure. Figure 6 is a photograph of this coating. The grain
structure cannot be seen in the photo, but it is very similar to that of dip-coated layers
grown at similar velocities. There appears, in the photo, to be a discontinuity in the
layer about midway in its growth. This is a slightly dimpled growth striation which is
exaggerated by the photographic lighting. The photo also illustrates the previous descrip-

tion of how the growth front develops curvature before catastrophic spillover occurs.

While parts related to the 3U-degree tilt modification are being couslrucled, top-coating
experiments are being performed with the SCIM coater. The coater was temporarily
adapted to allow molten silicon to be poured on the top surface of a carbon-coated sub-
strate. The objective was to then pass this silicon covered substrate under a hot
(21420°C) doctor blade for the purpose of controlling the thickness of the layer. TFur-
ther downstream, the molten coating would then unidirectionally solidify to produce the

columar grains common 1n dip-coating.

The design of the trough heater and doctor blade is shown in Figure 7. The doctor blade
is a quartz-covered graphite rod and is heated by being a resistive element of the heater
assembly. Figure 8 shows a cross section of the adapted growth chamber. As shown,
a pouring spout was added to the quartz trough to direct the molten silicon onto the sub-
strate. A quartz tray is provided to catch silicon in the event of spillage.

12



Figure 6. Photograph of Most Recent SCIM-Coated
Silicon Layer

Figure 7. Trough/Substrate Heater Assembly Used for
Doctor-Blade-Type Top-Coating Experiment

13
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An attempt to top-coat a substrate in this manner was made, with encouraging results.
As expected, pouring molten silicon is not trivial because of its large surface tension.
Before pouring could be accomplished, a very high meniscus developed along the trough.
When the pouring finally started, the quantity of silicon delivered was larger than de-
sired. Figure 9 is a photograph of the coating attained in this attempt. This first attempt
did reveal two significant positive factors: 1) the fact that even with an excessive amount
of molten silicon applied to substrate, the excess of silicon did not flow outside the boun-
daries of the carbon coating. (The outermost edges of the substrate were not coated with
carbon.) This implies that if we were to adopt this coating technique, uniform applica-
tion of molten silicon is not likely to be a ''fussy' part of the coating procedure. 2)
While no attempt was made to keep the substrate in intimate contact with the doctor
blade, nevertheless, that portion of the substrate which did make intimate contact pro-
duced a smoothly coated region of large-grain silicon.

14



Figure 9. Photograph of First Doctor-Blade-Type
Top-Coated Substrate

Future Continuous Coating Plans -- Alterations necessary to incline the SCIM coater are

near completion. A number of improvements have been made within the coating chamber
to facilitate rapid part substitutions for experimental purposes. These improvements

will allow us to intermix experimental top-coating runs with inclined SCIM -coating runs.

During lhe nexl quarter, we will investigate the anticipated gravitational advantage of
SCIM coating at angles up to 30 degrees above horizontal. In the near future, we also
intend to investigate the top-coating potentialities of the method shown in Figure 10.

This method proposes to coat the top surface of the substrate via a long, narrow slot in
the bottom of the quartz trough. Calculations show that a slotted trough will contain mol-
ten silicon, providing a particular liquid level is not exceeded. In top-coating, this level
can be temporarily exceeded until silicon contacts the carbon-coated substrate. Once
contact has been made, we anticipate that the linear motion of the substrate will continue
to draw silicon from the trough. Previous concerns about silicon creeping over the edges
of the substrate have diminished now that we have observed that molten silicon does not

overflow the carbon-coated areas.

15
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CELL FABRICATION AND DEVELOPMENT (B. Grung, T. Heisler,
and S. Znameroski - Task II and Task VI)

Performance of SOC Cells

So far, the best SOC cell conversion efficiency is 10.1 percent (AM1, AR), for an area
of 4.08 cm2 Moreover, the best 10-cm2 SOC cell conversion efficiency is 9.2 percent.
The current-voltage characteristics of these two cells are given in Figures 11 and 12.
An ELH lamp was used for all measurements and the reference cell was recently cali-
brated by JPL.

The 10. 1 percent cell has an open-circuit voltage, V., of 0.56 V, a fill factor of 0. 72,

a short-circuit current density, J of 25 mA/cm2, and a metallization coverage of 10

sc’ o
percent. The latter two values give an active-area J_ of 27.5 mA/cm®, which is one
of the highest values measured so far. In addition, the 10. 1 percent cell has one of the

highest values of Voc’ reflecting the high quality of the starting SOC material,
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The 9.2 percent cell shown in Figure 12 has an area of 10 cm2, a Voc of 0.54 V, a fill
factor of 0. 73, a Jsc of 23 mA/cmz, and a metallization coverage of 8 percent. The
metal fingers are 0. 02 cm wide and are spaced 0.25 cm apart. The cell has a length of
4 cm and a width of 2. 5 cm. The SiO AR coating has a dark blue appearance, indicating
low reflection of incident light. For the 9.2 percent cell, the AR coating increased Iy

c
by approximately 44 percent.

During the past quarter, a total of 51 SOC cells were completed and 39 of these were AR
coated. Inthe future, this group of cells will be called the 1978 baseline cells, for two
reasons: First, the characteristics of these cells are remarkably similar and can be used
for future ¢omparisons. Second, the cells were fabricated by nearly idcntical procedureg
and, as a result, statistically meaningful results can be derived. It should be noled here
that most of the baseline cells were fabricated to evaluate the quality of the SOC material
that is being delivered to JPL, for cell fabrication by OCLI. Thus, we intentionally
completed a large number of cells without significantly changing our fabrication proce-

dures.

For some cells the emitter-contact metallization process was slightly modified, as fol-
lows. Just prior to the Ni deposition, a thin (~500-4 -thick) layer of Ti was sputter
deposited. This modification appears to improve the adhesion of the emitter metalliza-
tion, as was expected. More important, the modification appears to increase the fill
factor from about 0. 72 to about 0. 74. Theoretically, Ti should have the lowest contact
resistance to n-type silicon. It also should reduce geries resistance due Lu any pussible
oxide on the silicon surface. As a result of the improved performance, the Ti process

" step will be incorporated in our standard cell process.

The major characteristics of the 1978 baseline cells are given in Tables 1 and 2. Tuble

1 gives efficiency values and shows that the average efficiency for AR-coated cells is

8.6 percent, with a standard deviation of 0. 7 percent. Except for five ]()-cm2 cells, each
cell has an area of 4. 08 cmz. Table 2 gives more completé information on the 1978
baseline cells. Table 3 gives the corresponding information for recent single-crystal
cells.

Gtatistical Analysia

Distribution diagrams for the 1978 baseline cells are given in Figures 13, 14, and 15.
Figure 13 shows four diagrams for the baseline cells before AR coating. The upper left
diagram is for the open-circuit voltage (Voc) and the others are for the fill-factor (FF),
the short-circuit current density (Jsc)* and the conversion efficiency (n). Without AR
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Table 1. Conversion Efficiencies of the 1978 Baseline Cells
Total-Area Conversion
Efficiency, %

Item Cell Area Before AR After AR

No. (cm?2) Coating Coating
1 143 12-~102 4,08 5.0 6.1
2 143-12-201 4.08 5.8 7.7
3 143-13~102 4,08 6.0 9.2
4 143-13-201 4.08 6.5 9.0
5 144-04-102 4.08 6.1 8.3
6 146-06-102 4. 08 5.6 9.6
7 146-06-201 4.08 5.2 7.8
8 147-07~102 4,08 4.5 x
9 148-07-101 4.08 6.2 X
10 148-07-202 4.08 6.9 x
11 148-08-101 4.08 5.9 7.9
12 148-08-202 4.08 5.7 7.8
13 148-15-102 4.08 4.4 X
14 148-16~102 4.08 5.4 8.1
15 148-16-201 4.08 6.4 7.7
16 150-14~102 4,08 6.9 9.0
17 151-10-~101 4.08 6.3 8.3
18 151-10-202 4.08 6.6 8.4
19 151-13-102 4.08 7.3 8.7
20 151-13-~201 4.08 6.6 9.0
21 151-14-102 4.08 6.0 8.2
22 151-14-201 4.08 6.3 8.6
23 151-15~101 4.08 6.5 8.5
24 151-15-202 4,08 5.9 8.2
25 156-02~101 4.08 6.5 8.7
26 156-06-103 10. 00 6.6 9.2
27 156-11~103 10. 00 6.4 9.2
28 156-12-102 4.08 5.6 7.9
29 156-12-201 4.08 5.7 7.9
30 160-02-102 4.08 7.3 10.1
31 160-02~201 4.08 6.5 9.4
32 160-05~102 4.08 6.7 9.2
33 160-05~201 4.08 6.5 9.1
34 160-09~103 10. 00 6.3 8.9
35 164-01-103 10. 00 6.6 9.1
36 165-01~101 4.08 5.4 b 4
37 165-01-202 4.08 5.5 b 4
38 165-14~103 10. 00 5.4 x
39 168-08-101 4.08 6.5 X
40 168-08-~202 4.08 5.2 X
41 416-01-101 4,08 6.6 8.8
42 416-01-202 4.08 6.8 8.9
43 416-01~302 4.08 7.1 9.4
44 416-06~101 4.08 6.8 8.9
45 416-06-~202 4,08 6.6 8.7
46 416-07~101 4,08 6.5 8.7
47 416-07-~202 . 4.08 6.8 9.5
48 416-08-102 4.08 6.2 8.1
49 416-08-201 4.08 2.1 b'q
50 416-09-101 4,08 4.7 X
51 416-09-202 4.08 5.8 X
Average 6.0 8.6
] 0.9 0.7

Number 51 39
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Table 2. Characteristics of the 1978 Baseline Cells

Total-Area Conversion
Efficiency
ftem Cell Isc | Voo | winn T e n
No. {mA) (V) Factor | (mA /cm?) (%)

1 143-12-102-0 71.40| 0.54 0.53 17.5 5.0
143-12-102-1 - 92,001 0,55 0.50 22.6 6.1 (AR)

2 143-12-201-0 70.58 ] 0.54 0.62 17.3 5.8
143-12-201-1 92.30 | 0.55 0.62 22.6 7.7 (AR)

3 143-13-102-0 64.871 0.54 0.70 15. 9 6.0
143-13-102-1 93.00| 0.55 0.74 22.8 9.2 (AR)

4 143-13-201-0 69.601} 0.54 0.71 17.1 6.5
143-13-201-1 95.00 | 0.54 0.71 23.3 Y. 0 (AR)

5 144-04-102-1 67.73 | 0. 54 0.68 16. 6 Aot
144-04-102-1 96.70| 0.55 0.63 23.7 8.3 (AR)

6 146-~06~102-0 73.03 | 0.55 0.57 17. 9 5.6
146-06-102-1 96.10] 0.55 0.4 23.6 9.6 (AR)

7 146-06-201-0 65.69} 0.53 0.61 16.1 5.2
146-06-201-1 91.60| 0.54 0. 65 22.5 7.8 (AR)

8 147-07-102-0 69.80| 0.51 0.51 17.1 4.5

9 148-07-101-0 71.50} 0.54 0. 65 17.5 6.2

10 148-07-202-0 71.50{ 0.54 0.73 17.5 6.9

11 148-08-101-0 65.32 | 0.53 0.69 16.0 5.9
148-08-101-1 88.10} 0.54 0.68 21.6 7.9 (AR)

12 148-08-202-0 67.321 0.54 0. 64 16.5 5.7
148-08-202-1 93.00 ) 0.54 0.63 22.8 7.8 (AR)

13 148-15-102-0 64.00 | 0.52 0.55 15.7 4.4

14 148-16-102-0 64.601} 0.53 0.65 15. 8 5.4
148-16-102-1 88.50| 0.54 0.69 21.7 8.1 (AR)

15 148-16-201-0 66.50 | 0.54 0.72 16.3 6.4
148-16-201-1 89.601| 0.54 0.65 22.0 7.7 (AR)

16 150-14-102-0 70.60 | 0.54 0.74 17.3 6.9
150-14-102-1 88. 80| 0.55 VE 21.8 9.0 (AR)

17 151-10-101-0 8'7. 10| 0.53 0.72 16.§ 6.3
151-10-101-1 88.20 | 0.54 0.70 21.6 8.3 (AR)

18 151-10-202-0 67.90 ]| 0.54 0.74 16. 6 6.6
151-10~-202-1 87.50| 0.54 0.72 21.5 8.4 (AR)

19 151-13-102-0 76.30 | 0.53 0.73. 18.7 7.3
151-13-102-1 93.90| 0.54 0.69 23.0 8.7 (AR)

20 151-13-201-0 69.80] 0.54 0.%2 17.1 6.6
151-13-201-1 93.001} 0.55 0.71 22.8 9.0 (AR)

21 151-14-102-0 68,40 | 0.53 0.67 16. 8 6.0
151-14-102-1 93.00}| 0.54 0.67 22.8 8.2 (AR)

22 151-14-~201-0 68.70( 0.54 0.70 16.8 6.3
151-14-201-1 94,50 0.54 0.69 23.2 8.6 (AR)

23 151-15~101-0 71.00| 0.54 0.70 17.4 8.5
151-15-101-1 95.60) 0.54 0.67 23.4 8.5 (AR)

24 151-15~202-0 67.60] 0.54 0.66 16. 6 5.9
151-15-202-1 95.201} 0.55 0.64 23.3 8.2 (AR)

25 156-02~101-0 69.00| 0.54 0.72 16. 9 8.5
156-02-101-1 91.201 0.55 0.71 22.4 8.7 (AR)
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Table 2. Characteristics of the 1978 Baseline Cells (Concluded)

Total-Area Conversion
Efficiency
e Cell s | Vo | min s n
m No. (mA) V) Factor | (mA/cm?) (%)
26 156-06-103-0 163. 00 { 0.54 0.74 16.3 6.6
156-06-103-1 10 cm2 236.00 | 0.54 0.72 23.6 9.2 (AR)
27 156~11-103-0 160.30 | 0.54 0.74 16.0 6.4
156-11-103-1 230.00 ] 0.54 0.73 23.0 9.2 (AR)
28 156-12-102-0 62.30 10.53 0.69 15.3 5.6
156-12-102-1 89.50 | 0.54 0.66 21. 9 7.9 (AR)
29 156-12-201-0 65.00 | 0.53 0.67 15.9 5.7 )
156-12-201-1 91.00 } 0.54 0.66 22.3 7.9 (AR)
30 160-02-102-0 73.00 }0.55 0.74 17.9 7.3
160-02-102-1 102.20 |} 0.56 0.72 25.1 10. 1 (AR)
31 160-02-201-0 68. 00 | 0.54 0.72 16. 7 6.5
160-02-201-1 98.00 | 0.55 0.71 24.0 9.4 (AR)
32 160-05-102-0 68.20 | 0.54 0.74 16. 7 6.7
160-05-102-1 95.70 | 0.55 0.71 23.5 9.2 (AR)
33 160-05-201-0 68.00 |0.54 0.72 16. 7 6.5
160-05-201-1 96. 70 | 0.55 0.70 23. 7 9.1 (AR)
34 160-09-103-0 164.90 | 0.54 0.70 16. 9 6.3
160-09-103-1 110 cm2 224.00 ] 0.55 0.71 23.0 8.9 (AR)
35 164-01-103-0 174.30 | 0.55 0.69 17. 4 6.6
164-01-103-1 244.00 | 0.55 0.68 24.4 9.1 (AR)
36 165-01-101-0 69.00 ] 0.52 0.62 16. 9 5.4
37 165-01-202-0 69.70 |0.53 0.61 17.1 5.5
38 | 165-14-103-0 )10 cm2 | 162.10 [0.53 | 0.63 16.2 5.4
39 168-08-101-0 71.10 | 0.54 0.69 17. 4 6.5
40 168-08-202-0 67.00 | 0.52 0.61 16. 4 5.2
41 416-01-101-0 68.90 | 0.54 0.72 16. 9 6.6
) 416-01-101-1 97.50 [0.56 0.67 23.9 8.8 (AR)
42 416-01-202-0 71.40 | 0.54 0.73 17.5 6.8
416-01-202-1 100.00 10.55 0.66 24.5 8.9 (AR)
43 416-01-302-0 71.60 |0.54 0.75 17.6 7.1
416-01-302-1 98.80 |0.55 0.70 24.2 9.4 (AR)
44 416-06-101-0 69.00 ]0.54 0.75 16.9 6.8
416-06-101-1 90, 90+10.54 0. 74 22.3 8. 9 (AR)
45 416-06-202-0 68.80 }0.53 0.73 16.9 6.6
416-06-202-1 90.80 }0.54 -0.72 22.3 8.7 (AR)
46 416-07-101-0 66.50 |0.53 0.75 16.3 6.5
416-07-101-1 93.30 |0.54 0.71 22.9 8.7 (AR)
417 416-07-202-0 68.60 |0.53 0.76 16. 8 6.8
416-07-202-1 97.70 ]10.55 0.72 24.0 9.5 (AR)
48 416-08-102-0 69.90 |0.53 0.69 17.1 6.2
416-08-102-1 94.80 |0.54 | 0.65 23. 2 8.1 (AR)
49 416-08-201-0 61.90 | 0.46 0.30 15.2 2.1
50 416-09-101-0 67.00 |0.50 0.58 16. 4 4.7
51 416-00-202 -0 G6.30 J0.58 0.67 16. 3 5.8
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Table 3. Characteristics of Recent Single-Crystal Cells

Total-Area Conversion

Efficiency
I Voo . 3
Item Cell sc o Fill sc o n
No. (mA) (V) Factor | (mA /cm?) (%)

1 | Q48A-00-102-0 86.09] 0.57 0.79 21.1 9.4

2 | Q48A-00-301-0 83.641 0.57 0. 78 20.5 9.1
Q48A-00-201-1 127.90] 0.57 0.74 31.4 13.4 (AR)

3 | Q48B-00-101-0 91.39| 0.56 0.74 22.4 y.2
) Q48R-0N-101-1 125.50 | 0.55 0.71 30.8 12.1 (AR)

4 | Q48B-00-202-0 86.50}) 0.57 0,77 21.2 9.2
Q 48B-00-202-1 127.501 0.57 0.74 31.3 13.3 (AR)

5 | Q51A-00-101-0 83.64| 0.56 0.78 20.5 8.9
Q51A-00-101-1 122.80 0.56 0. 175 30.1 12. 6 (AR)

6 | Q51A-00-202-0 85.27] 0.56 0.79 20.9 9.

Q51A-00-202-1 125, 00| 0.57 0.75 - 30.6 13.1 (AR)

7 | Q51B-00-101-0 88.94} 0.56 0.78 21.8 9.5
Q51B-00-101-1 124.30} 0.57 0.76 30.5 13.2 (AR)

8 | Q51B-00-202-0 89.35| 0.56 0.79 21.9 9.8
Q51B~00-202-1 125,201 0.58 0. 77 30,7 13. 7 (AR)

9 | Q52-00-102-0 89.80| 0.56 0.79 22.0 9.7
Q52-00-102-1 128.70} 0.56 0.175 31.5 13.3 (AR)

10 | Q52-00-201-0 86.40| 0.55 0.76 21.2 8.9
Q52-00-201-1 128.60] 0.56 0.71 31.5. 12. 6 (AR)

11 | Q56A-00-102-0 88.00] 0.55 0. 77 21.6 9.0

12 | Q56A-00-201-0 88. 70| 0.54 0.77 21.7 9.0

13 | Q58A-00-101-0 85.70] 0.49 0. 72 20.9 7.3

14 | Q58A-00-202-0 88.60{ 0.51 | 0.70 21.7 7.6

15 | Q56B-00-102-0 80.00} 0,48 0,171 21. 8 73

16 | Q68B-00-201-0 a0. 60| 0 48 n. 70 22.2 7.5

17 Q60A-00-103-0. 233.00| 0.56 0.78 23.3 10.1
Q 60A-00-103-1 10 cm2 | 296.001 0.57 0. 72 29. 6 12.2 (AR)

18 | Q 60B-00-103-0[ 227.00} 0.56 0.175 22.17 9.5
Q60B-00-103-1 298,00} 0.58 0.177 29.8 13.1 (AR)

19 | Q 62A-00-102-0 85.60] 0.55 0.75 21.0 8.1
Q82A+00-102-1 123, 70| 0.54 0.70 30.3 11.6 (AR)

20 | Q62A-00-201-0 87.20] 0.55 0.76 21.4 9.0
@ G2A-00-201-1 123.60] 0.56 0.170 3n, 3 11. 9 (AR)

21 | Q62B-00-102-0 89.30] 0.55 0.76 21.9 9.2
Q62B-00-102-1 123.80) 0.55 0.73 30.3 12.3 (AR)

22 | Q64A-00-102-0 89.60] 0.57 0.68 ¥e.u 8.5

23 | Q64B-00-103-0} 10 vin? | 214.00| 0.57 | 0.63 21.4 7.1

24 | Q69A-00-101-0 88.170] 0.56 0.76 21.7 9.2

25 | Q69A-00-202-0 87.80{ 0.56 0.75 21.5 9.0
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coating, the baseline cells have: (1) an average Ve of 0.53 V, with a standard devia-
tion (o) of 0. 01 V; (2) an average FF of 0. 67, w1th a 0 of 0.08; (3) an average J

16. 8 mA/cm , withaogof 0.7 rr\A/uu ; aid (4) an average n of 6,02 with a g nf 0 9
percent, The efficiency values were in the range from 5.0 percent to 7.83 percent,

after omitting the three lowest values.

Figure 14 shows four distribution diagrams for the AR-coated baseline cells. Average

and standard deviation values are given in Table 4,

Table 4. Average, Standard Deviation, and Percent Variability Values
for Baseline Cells willh AR Coatings

Standard Percent
Parameter | Average Deviation | Variability
Voe 0.53 V 0.01V 4
FF 0.68 | 0.05 15
A A
Jge 23.0 55, | 0.9 0% 8
n 8.6% 0.7% 16
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The efficiency values are in the range from 7.7 percent to 10. 0 percent, after omitting
the lowest value of 6. 1 percent. The last column in Table 4 gives the percent variability,
which is 'given by dividing the variability by the average value and then multiplying the
result by 100. The variability is defined as 20, where ¢ is the standard deviation. For
the conversion efficiency, the percent variability if 16 percent, which demonstrates that
we can obtain very repeatable results with our present fabrication methods. For the AR-
coated baseline cells, about 95 percent of all efficiency values are within 16 percent of
the average value of 8.6 percent.

For the short-circuit current density, the information given in Figures 13 and 14 is
reproduced in Figure 15, which shows two peaks (one for cells without AR coating and

the other for cells with). Each square corresponds to one of the cells given in Tables 1
and 2. As the figure indicates, the cells with dip numbers in the range from 1 to 5 are
marked with a cross; those in the range from 6 to 9 are not marked; and those in the range
from 10 to 16 are shaded. The figure clearly shows that the short-circuit current den-
sity decreases as the dip number increases. This decrease indicates that there is a
correlation between cell performance and dip number.

The information shown in Figure 15 can be analyzed more quantitively by using linear
regression. The result is an approximate relationship of the form

Jee = A + BN (1)
where A and B are constants and N is the dip number. For the 1978 baseline cells, A
=23.9 mA/cm2 and B = -0.11 mA/cmZ/dip, Thus, the average Jsc of cells with N = 1
is 23. 9 mA /cmz. As the dip number N increases, JSC decreases at a rate of 0. 11 mA/
cm2 per dip number, The constants A and B for Jsc are given in Table 5, along with the

FF, and n.

corresponding constants for V.,

Table 5. Linear Regression Constants for Baseline Cells
With AR Coating

Parameter A B r?
Jsc 23.9 mA/cm2 -0.11 (mA/cmZ/dip) 0.34
Voe 0.55 V -0.0006 (V/dip) 0.24
FF 0.700 -0.001/dip 0.02
n 9.10% -0.07%/dip 0.20
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The last column of Table 5 gives a number, r2, which indicates the quality of fit achieved
by the regression. Values of r2 close to unity indicate a better fit than those close to
zero, The quality of fit is best for Jsc and least for fill factor. In fact, the value of

0. 02 indicates that there is no correlation between fill-factor and dip number, which is

to be expected, since the fill factor is strongly dependent on the fabrication process and
only weakly dependent on the material quality. The negative values given in column 3 for
the B parameters indicate that the material quality decreases as the dip number increases.

Dark Characteristic Measurements

The dark characteristics of a number of recent SOC cells were measured during the
reporting period to determine more accurately the series resistance. Curve fitting
methods were employed to evaluate the experimental results. One example is given in
Figure 16, which is for cell no. 143-13-102-1. This céll has a Voc of 0.55 V, aJSC of
23.5 mA/cmz, a fill factor of 0.72, and an n of 9.3 percent, for a total area of 4. 08

sz.

100 - Voo 0.55 V

= 93mA

FF = 0.74
ol o n =29.2%

SLOTTED SOC GELL
#143-13-102-1

CURRENT ImA)

RS
0 - Rgp* 1UK

0.4184

n = 30

Yoo = 25x 16> ma/om?

0.0l - JOI = 1.3 )(l(.)BmA/cm2

A : 4.08 cm?
ReA= 1.7 0 - ¢m?

(o) 1 1 | ! 1 ] 1
0l 02 03 04 05 06 0.7 08

VOLTABGE (V)

Figure 16. Dark Current-Voltage Characteristics of SOC
Cell No. 143-13-102-1
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The curve-fitting procedure is as follows. First, it is assumed that the well-known

single-crystal solar cell equation is valid for the SOC cells; thus:

I = 101 {exp [Q(—VI;T&-)-] - 1}

q(V - IRS)
+ 1o {oxp | —er= |- 1f @
VvV - IRs
t TR
sh
where 101 and 102 are saturation currents, Rs is the series resistance, RSh is the shunt

resistance, and n is a number in the range from 1 to about 4. For voltage values less

than about 0.3 V, this equation becomes

I = Iy, {exp [_n‘lgr] - 1} +R:h (3)

Second, three voltage values are selected in the range for 0.05 V to 0.3 V and the corre-
sponding current values are found from the dark curve. Each pair of current-voltage
values is then substituted into Equation (3), giving three equations in three unknowns.
Third, the three equations are solved for 102, n, and Rsh‘ and the resulting values are
substituted into Equation (2). Fourth, two voltage values are selected in the range from
0.5 Vto 0.8V and ‘the corresponding current values are found from the dark curve.
These two current-voltage pairs are then used with Equation (2) to give two equations in
two unknowns. Finally, the two equations are solved for Rs and 101.~ For the dark curve

given in Figure 16, the resulting values are given in Table 6.

Table 6. Dark Curve Values for SOC Cell

Parameter Value

R W ===
102 t10'2 mA (J02 =2.5x10"3 mA/cmz)
n 3.0
Rsh 10K ohms
Iy, 5.2x 108 mA (Jy, = 1.3 x 10" 8 mA/cm?)
Rs U.41 ohm (HSA = 1.7 ohms sz)




NOVEL DEVICE DEVELOPMENT (B. L, Grung, T. Heisler,
and S. Znameroski - Task VI)

The best 2x-cell with concentration has a total-area conversion efficiency of 6.2 percent

(AM1, AR), for a total area of 7. 06 cm

2

The characteristics of this cell are given in

Table 7, along with those of two other 2x-cells, ore using SOC material and the second

using single-crystal material.

Table 7. Characteristics of Recent 2x-Cells With Concentration

1 v . J
. sc oc Fill sc n
Cell Section | oAy | (v) |Factor |(mA/em2) | (%)
1 26.9 0.53 0. 66 19.5 6.8
2 28.9 0.54 0. 64 20.9 7.2
SOC 3 27.7 | 0.53 0.57 20.1 6.1
cell
no. 163-17 4 27.3 0.53 0.61 19.8 6.4
5 - 27.4 0.53 0. 65 19. 9 6.9
All 137.7 0.53 0.60 19.5 6.2
1 22.4 0.48 0. 60 16. 2 4.7
2 25.0 0.52 1 0.64 18.1 6.0
sOoC 3 23.0 0.52 0. 66 16. 7 5.7
cell
no. 136-13 4 23.3 0.51 0.62 16.9 5.4
5 23.6 0.47 0.56 17.1 4.5
All 121.8 0.50 0.59 17.3 5.1
Single -
crystal All 206.0 0.55 0.55 29.2 9.1
cell

Note: Each 2x-cell ha

area of 3. 70 cm*<.

% a total area bf 7.06 cm

MATERIAL EVALUATION (D. Zook and R. Hegel)

2 and an active

During the past quarter, evaluation of SOC material using the LBIC (light-béam -induced

current) technique continued.
to evaluale electrolyte cclla, cells that have heen AR coated, and cells that show appreci-

able shunting resistance.

This report describes our efforts to extend the technique

We have also found that the LBIC technique can be a valuable

tool for identifying the causes of differences in short-circuit current due to cell pro-

cessing., Results are summarized in Table 8.
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Table 8. Diffusion Length Measurements by the LBIC Technique

them SSlSNslgr(:;e I C oitfi{n g2 1 -R (erJR) t(pArf-Sl Me;{s;:rheor:]lent Comments
1 130-14-01 No 0.70 21.5 1.5 | D-C current
2 | 130-14-02 No 0.84 | 23.0 0.5 { D-C current
3 130-14-06 | No 0.75 27.3 0.7 | D-C current
4 | 130-14-07 No 0.91 | 32.2 2.8 | D-C current
5 130-14-09 No 0.76 27.2 3.1 | D-C current
6 135-8CJH No 0.73 20.3 2.3 | D-C current
7 95-4A-05 No 0.85 | 20.3 1.5
8 141-6CKH No 0.69 33.0 4.5 | A-C electrolyte| Over slot
9 141-6CKH No 0.50 50. 2 9.7 | A-C electrolyte| Over ceramic
10 142-3CKH No 0.68 43.8 5.7 | A-C electrolyte| Over slot
11 142-3CKH No 0.80 1 29.6 5.3 | A-C electrolyte| Over ceramic
12 143-13-A Yes 0.99 32.3 0.9 | D-C voltage
13 [ 143-13-D | Yes 0.94 | 19.9 1.8 | D-C voltage - _
14 143-5-A Yes 0.78 38.9 3.5 | D-C voltage SSEC proces-
sed
15 143-5-B Yes | 0.89 25.5 1.5 | D-C voltage SSEC proces-
, sed
16 416-1T-C No 0.76 73.4 8.3 | D-C voltage Highest Lp
measured on
SOC material
17 | 416-7-A No 0.72 | 27.6 | 2.0 D-C voltage
18 151-13-D Yes 0. 92 28.9 1.8 | D-C voltage
19 TSS-038 Yes 0.93 | 138.1 14.0 { D-C voltage JPL standard
. cell with glass
N ' slide overcoat

Electrolyte Techniques

The electrolyte technique has only been partially developed to date. The signal-to-noise
ratio has not been adequate for good cell scans. However, LD measurefnents within
grains have been made using a large spot size (~ 100 pm dia.’). The cell fabrication pro-
cedure is very simple as shown schematically in Figure 17. The cathode material is in
the form of a thin platinum foil with a hole a few nmiillimeters in diameter to admit the
incident light. The cathode is cemented to a glass cover and an O-ring is used to contain
a few drops of electrolyte-. The semiconducting photoanode is then clamped in place on

the O-ring.

29



LIGHT FROM
MONOCHROMATOR

vy4 \
_ Pt ANODE
. COVER GLASS —# - [ e

0-RING ————— () @) =0~
—0 +
SUBSTRATE —p> ‘\
p- Si CATHODE
ELECTROLYTE

Figure 17. Photovoltaic Electrolyte Test Cell Configuration

We found that p-type silicon generally does not form a good Schottky barrier with any
electrolyte. We have therefore used these cells in a photoconductive mode with an applied
bias. The bias makes it necessary to use chopped light to separate the signal from the
d-c bias current. The best electrolyte found to date has been a 0. IM solution of EuC 12.
The d-c bias on the cell is varied to produce the largest signal (as seen on an oscillo- .
scope) across a 100K ohm lead resistor. The signal was compared to that produced by
the calibrated photodiode to obtain a spectral quantum efficiency.

Methodology

We have noticed that in the electrolyte method, as well as in the p-n junction photodiode
method, there appears to be systematic errors. The possible sources of errors are:

® Values of o, (absorption coefficient) obtained from the literature
e Values of Ry (reflectivity) also from the literature
e Calibration errors. of the comparison photodiode

e Wavelength calibration errors of the monochromator

The systematic errors appear as inconsistencies in the usual way of interpreting the data.
Examination of the sources of error showed that the most likely problem was the value

of R,. Certainly with the electrolyte method the literature value of R, is not correct
because of the presence of the quartz and of the electrolyte. With AR-coated cells, there
is also uncertainty in the value of R,. We have found an improved method of deducing a
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diffusion length from the data that gives more consistent values of LD Briefly, the
reflectivity, R)\, is regarded as an unknown constant, R, for each sample, and the value

of R is chosen to give the best fit to the data.

A1l the techniques for deducing Ln from spectral response data depend on the well-known

formula for the spectral quantum efficiency:

1-R)o, LL
A'"n
- _n . (4)
SK 1+a/)\Ln . .

where R is the reflectivity and a, is the absorption coefficient taken from the literature.
The formula is valid in the long-wavelength limit. The usual method relies on a plot of
S{l versus a)zl and on a published value of R, The systematic error appears as an incon-
sistency in the value deduced from the slope and the value deduced from the intercept.

The new approach we have used for deducing the value of L is as follows. An initial
guess is made for the value of 1 - R. Each data pomt (value of §,) is then used to calculate

a value of Ln by solving the above equation for Ln:

ol
Los 2 ®)
1-R/S,

The values of Ln are then averaged to obtain a value Ln and a standard deviation 5Ln.
The value of R is then varied to give the least relative error, oLn/ -Ln' It is interesting
that this procedure gives very reasonable values of 1 - R for AR-coated cells as well as

non-AR -coated cells, as shown in Table 8.

A second type of systematic error can also be checked with this technique. If there were
no systematic errors in the values of @, uged, the deviations of the individual values of
L from the average L would be random We have looked for a pattern in the deviation
by calculating the value of ar)\ that would have given a perfect fit to the data and listing
the relative differences between these values and the literature values used in the calcula-
tion. The values from the literature that are most controversial (because they depend

on sample preparation, etc.) are the longest wavelength values. We used the values of
Runyan, ! and find that for most of the samples, larger values of a{l would have fit the

data better. . —_

r
1"Minority Carrier Diffusion Length in Silicon . . .,'" ASTM Standard F391-73T (1973).
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AR -Coated Photodiodes and Solar Cells

Generally, we find that AR -coated photodiodes and solar cells have lower shunt resistances
than uncoated cells. With our normal procedure, a low value of Rsh would make the mea-
surement impossible because of the current offset in the electrometer. One method to
overcome the shunting problem would have been to use chopped light and the a-c technique.
But, because of phase noise in the lock-in amplifier, this technique has not been as sensi-

tive as the d-c technique.

We have found that the d-c technique can easily be used with ''leaky'' cells by using a
Keithley digital multimeter instead of an electrometer across the cell. The resistance
mode of the multimeter is used to measure the actual shunt resistance, Rsh' The multi-
meter is then used in the microvolt mode with the analog output connected to the chart
recorder to record LBIC scans. The output is then reduced to current by dividing the
voltage value by Rsh‘ For example, suppose Rsh = IOK ohms. With the electrometer

in the current mode, the offset current is greater than 10'9 A when Rsh = 10K and the

off sct current tends to be noisy. In the voltage mode, a signal of 1 nA would give a
voltaoge of 10 V. We find that the measurement limit is about 1 V, corresponding to
1071

since a 3-pm-diameter high spot gives a current of 3. 1079 A, or 30 pV. Since many

A. This is adequate for diffusion length measurements at 1 sun (30 mA /cmz),

large cells have Rsh values in the 10K ohm range, it is possible to make LBIC scans and

measure L with high spatial resolution in 10-cm? cells.

During the past quarter, a number of SOC solar cells were fabricated at Honeywell's
SSEC. These cells showed a significantly lower short-circuit current than cells made
at Honeywell's CMSC with our standard process. It was of interest to see if the LBIC
technique could be used to determine the reason for the lower current values, The cells
being compared were AR -coated and had a significantly lower shunt resistance than the
cells we had selected for evaluation previously, so that the voltage mode was used. '

The spectral response of an SSEC cell and a CMSC cell are compared in Figure 18. The
spectral response, as well as the values of Lp, show that the differences in Isc are not
due to differences in Lp. It should be noted that values of 1 - R deduced from the six
data points used for the LD determination are consistent with the peak response observed
in the visible. The conclusion is that the SSEC processing has resulted in a loss of light
at the surface of the cell, since it affects all wavelengths equally. Visually, the cells -
appear identical, so the differences are not due to light scattering or to thickness of the
AR coating,
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Figure 18. Spectral Response of an SSEC Cell (No. 143-5A)
and a CMSC Cell (No. 143-13A). Both cells
were AR coated.

The main difference in processing was the application of the top metallization. At SSEC,
the metallization was applied using conventional integrated-circuit technology. The metal
was evaporated onto the entire surface, and the excess was then removed. At CMSC,

the photoresist was applied first, so that metal only contacted the surface at the electrode
areas. It is not entirely clear why the differences in processing produced the observed
differences in efficiency, but at least the LBIC technique identified the specific mode of

degradation.

Grain Size Distribution Measurements

One of the goals of our materials evaluation efforts this year is to develop a simple but
viable method of evaluating grain size distributions and correlating these with the growth
conditions. During the reporting period, we set up a very simple system which seems

quite promising.
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In the experimental setup, a He-Ne laser is focused on the sample at an angle of incidence
of about 45 degrees. The laser beam is scanned across the sample using a mechanical
stage. As each grain boundary crosses the beam, a large amount of light is diffracted.

If the plane of incidence is perpendicular to the predominant grain boundaries, the dif-
fraction patterns of the grains are in the plane of incidence and a large amount of light
can be detected in the plane of incidence separated from the undiffracted (specularly
reflected) light.

A typical trace of a 7-mm region of an SOC layer is shown in Figure 19. Each sharp
peak reprcsents a boundary. Generally, the small peaks correspond to twin boundaries,
while the large peaks correspond to grain boundarics. However, there is not a complete

correlation with visual observations of grain boundaries.
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j_«'igure 19, Scattered Taser T.ight from As-Grown SOC Surface.
Conditions: 10-pm spot size, 45-deg angle of
incideuce, 0-deg scattering angle.

The procedure looks quite promising and work will be continued. A scan can be per-
formed in a minute or two, so that it would be quite feasible to do several scans on every
substrate as soon as it is cleaned. If the peak data can be automatically processed to
yield a grain size distribution, we would have a valuable ool to evaluate crystalline

quality.
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CONC LUSIONS AND REC OMME NDA TIONS

CONC LUSIONS
From work performed during the quarter, we conclude that:

e The production dip-coating facility is capable of high yield coating of

solar cell quality substrates.

e Slotted substrates can be carbon coated easily and successfully using

a roller method.

e Water cooling of the cooling shoes in the experimental dip coater is not

adequate for fast growth. Gas cooling must also be employed.

e Temperature gradients along the trough of the SCIM coater contribute

to a meniscus instability inhibiting our ability to coat continuously.

e Top-coating of the substrate using a doctor-blade technique is able to

produce a smooth area of large-grain silicon,

e By using our "standard" slotted-cell processing techniques we can pro-
g our g

duce cells having a narrow range of performance parameters.

® Successive dip-coated samples show a deterioration of Jsc equal to

-0.11 mA/cm? per dip.
e The shunt resistance of a typical SOC cell is 10K ohms.

e The series resistance in slotted SOC cells is 0.4 to 0.5 ohm, indicating

the slotted pattern is not unduly penalizing our cell performance.

e The LBIC technique is useful in measuring LD within grains on SOC
material using electrolyte contacts.

e The LBIC technique can be used for identifying the causes of differences

r

in short-circuit current due to cell processing.
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RECOMMENDATIONS

To date, we have been attempting to fabricate 2x concentrator cells to investigate the
feasibility of a nonslotted approach to high SOC cell performance. Our experimental
activity has lead to cells with high series resistance. We therefore recommend
de-emphasizing the experimental aspects of nonslotted cell approaches in favor of a
more rigorous analytical investigatiotil of this topic.
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PROJECTION OF FUTURE ACTIVITIES

Future activities are projected as follows:

o Work will continue in the production dip-coater with emphasis on providing

optimum base doping and thinner layers for cell fabrication.

e The experimental dip-coater will run a series experiments with the new
cooling shoes in place, leading to useful layers pulled at from 0.2 to
0.3 cm/sec.

e The SCIM coater will be used to coat substrates at an angle up to 30
degrees with the horizontal. Top-coating of substrates will also be carried

out using various trough/crucible schemes.

® Slotted-cell fabrication steps will be modified to provide improved overall

performance.

e Analytical studies of nonsglotted geometries will be initiated in an attempt

to identify the most cost-effective structures.

e '""Thin'' SOC slotted cells will be fabricated to learn what impact thickness

has on cell performance.

e The electrolyte LBIC technique will be refined to provide predevice screen-

ing of our SOC material.

] LBIC work will alsn continue in an attempt to correlate LD with different

growth rates (i.e., grain size) and impurity content.
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NEW TECHNOLOGY

There were no reportable ""New Technology' items uncovered during this reporting period.
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PROGRAM STATUS UPDATE

Updated versions of the Program Plan, Program Labor Summary, and Progré.m Cost
Summary are presented in Figures 20, 21, and 22, respectively.

1979 1980

TASK/MILESTONE

A, DIP-COATING FACILITY NO, 1:

1. PROVIDE MATERIAL FOR SOLAR CELL
FABRICATION:
a) DETERMINE OPTIMUM SILICON THICKNESS
FORSLOTTED SOC SOLAR CELLS.
b) DETERMINE COATING COMPATABILITY OF
VARIOUS SUBSTRATE COMPOSITIONS/ WA )
PERFORATION CONFIGURATIONS

8. DIP-COATING FACILITY NO. 2: >

1. DETERMINE MAXIMUM PULL SPEED
COMMENSURATE WITH REQUIRED SOC
SOLAR CELL PERFORMANCE:

a) PROVIDE INITIAL 0.2 CM/SEC SOC P
MATERIAL FOR CELL FABRICATION AND
MATERIAL EVALUATION,

h) OPTIMIZE 0.2 10 0.3 CM/SEC SOC
MATERIAL FOR MAXIMUM SOC
SOLAR CELL PERFORMANCE.

c) APPLY THERMAL ANALYSIS MODEL TO

DETERMINE MAXIMUM VELOCITY/
THICKNESS TRADEOFF FOR 0IP COATING.

C. CERAMIC SUBSTRATES:

1. SELECT, PURCHASE, AND FABRICATE
SUITABLE CERAMIC SUBSTRATES FOR
SILICON DIP-COATING.

0 MATERIAL CHARACTERIZATION:

1. OETERMINE RELATIVE IMPORTANCE OF
IMPURITIES VERSUS STRUCTURE ON SOC
SOLAR CELL PERFORMANCE:

a) DEVELOP QUANTITATIVE TECHNIQUE
FOR GRAIN BOUNDARY DENSITY
MEASUREMENTS.

b) MEASURE Ly USING LBIC TECHNIQUE
TO DETERMINE IMPURITY EFFECTS ON

CELL PERFORMANCE. [ | l l l L l L
¢} COMPARE GRAIN BOUNDARY/IMPURITY :

EFFECTS IN SOC MATERIAL PRODUCED
UNDER VARIOUS GROWTH CONDITIONS .

)

E. SOLAR CELL,FABRICATION:

1. FABRICATE SOLAR CELLS FROM RESlDUAL
SOC MATERIAL FOR PURPQSES O AN
MATERIAL EVALUATION:

2) SUBMIT FABRICATED CELLS AN
ASSQCIATED DATA TO JPL AS REOUESTED -

F. SOC SOLAR CELL PERFORMANCE:
1. PERFORMANCE OPTIMIZATION OF SLOTTED
SOC CELLS:

DETERMINE LIMITING PERFORMANCE
PARAMETER N SLOTTED SOC CELLS.

OPTIMIZE BASE DOPING CONCENTRATION,
IMPROVE PRESENT PROCESSING - A

a

b
[3

TECHNIQUES

d) ACHIEVE 11 PERCENT SLOTTED SOC 2 1 1 | [ 1
CELLS HAVING TOTAL AREA OF 10 CM

2. PERFORMANCE OPTIMIZATION OF

NUNSLUTIED SUC CELLS

a) DEVELOP STRIPE- ch_ PROCESSING
TECHNOLOGY.

b ANALYZE STRIPE/|INTEGRAL OPTICAL
COUPLER DEVICE L’!RFORMANCE

OTENTIA

¢) DETERMINE STRIPE/IOC PERFORMANCE - A
LIMITS.

G. MATERIAL DISBURSEMENT:

1. PROVIOE SOC SAMPLES WITH IDENTIFYING
DATA AS AVAILABLE AND AS SELECTED BY
JPL OF UP TO S0 PERCENT OF THE SOC
SAMPLES.

NOTE: IN A DITION TO THF AROVF PROGRAM PILAN. THE HONEYWELL CORPORATE TCCHNOLOGY A PLANNED
ER WILL PROVIDE THE REQUIRED DOCUMENTATION, ATTEND THE REQUIRED MEETINGS A ACCOMPLISHED
AND DELIVER THE REQUIRED SAMPLES AS PER CONTRACT AGREEMENT, GOALS

Figure 20. Updated Program Plan
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DIRECT LABOR (HOURS x 1000)
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Figure 21.
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Updated Program Labor Summary
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Figure 22. Updated Program Cost Summary
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