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FOREWORD 

The work summarized in this report was done a t  the Electronic 
Technology Division of Gould Laboratories , Cleveland, Ohio, formerly 
known a s  Electronic Research Division of the Clevite Corporation. The 
work was performed under contract NAS3-11845 for Lewis Research 
Center, NASA, under the management of Mr. Larry R. Scudder, NASA 
Project Manager. 
February 18, 1969,  to March 18, 1970. 

The contractural effort covered a period of time from 

H. E. Nastelin was principal investigator. F. A. Shirland initially 
w a s  Project Director followed la te r  by Dr. D. B. Parkinson. 
P. L. DiRenzo was in charge of cell manufacturing and A. L. Gombach 
directed the quality control program. 
dividuals is acknowledged: J. Beller, T. R. Deucher, R. F. Didero, 
W. F. Dunn, J. R. Greene, J. P. Haugh, R. J. Kinley, and J. M, SmithIII, 
The many helpful suggestions of L. R. Shiozawa of the Semiconductor Section 
a r e  also acknowledged. 

The contribution of the following in- 
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ABSTRACT 

Normal pilot line fabrication of standard process cells w a s  limited 
by a period of low production yields. Long te rm storage stability testing 
has been continued for  almost 4 years  on three different tests,  dry shelf 
storage, moisture storage and 100°C-vacuum storage. Machine roll-coated 
Ag-Pyre M L  substrates w e r e  su,bstituted for the standard sprayed sub- 
s t ra tes  and showed an improved production yield a s  well a s  an  apparent 
improvement in performance. Evaporated and electroplated chromium were 
unsuccessfully substituted for  electroplated zinc as the interlayer material, 
FEP Teflon as a cover plastic was successfully attached to gridded cells 
with adhesives and  heat bonding. Its evaluation is continuing. Evaporated 
grids were successfully deposited but their  resistance w a s  much greater  
than that of the present grid and no practical method of reducing this re- 
sistance was found. 
significant temperature gradients were found to exist on the substrate during 
simulated evaporation cycles. Their cause w a s  traced to aluminum evapora- 
tion masks mounted in front of the substrate. 
two designs of evaporation sources was a l so  studied. 

The CdS evaporation process w a s  investigated and 

The evaporation rate profiles of 
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SUMMARY 

The design of the standard process cell remained unchanged over 
the contract period. 
facture of standard process cells. 
which curtailed cell  production af ter  the seventh month. 
normal cell production w a s  confined to a period of only five months. 

Initial production yields were quite low in the manu- 
This necessitated a redirection of effort 

A s  a result 

Lang tern stabixiity testiimg has continued on three separate tests,,  dry shelf 
storage: ' nioi-sture storage, andi-IOO",C vacuum storage. 
ance of cells Qn dry shelf- storage,,fabricated in 1966 and 2967; has remziined 
within 1070 of their  initial performance. 
cells have remained within 570 of initial performance. The 1966 cells on 
moisture storage have decreased to an average of 7770 of their  initial per- 
formance, while the 1967 cells had decreased to 7070. 1968 and 1969 cells 
had decreased to an  average of 8170 and 9470 respectively. 
were present in the 100°C-vacuum storage test  but general  trends were 
apparent. 
4070 of their  initial values. The 1968 cells were at 7670 while the average 
of the 1969 cells remained above their  initial values. The best individual 
cel l  performance showed only a 270 decrease af ter  2 years on 100°C vacuum 
test. 

The average perform- 

The averages of 1968 and 1969 

Wide fluctuations 

The average performance of 1966 and 1967 cells had fallen to 

A development program intended to improve the uniformity, stability 
and performance of thin film cells was also carried out. The substitution of 
machine roll  coated Ag-Pyre M L  substrates for  sprayed substrates showed 
promise in that the manufacturing yields and apparently, cell performance, 
w e r e  somewhat improved. 

FEP Teflon has been successfully attached to gridded cells as a cover 
plastic by the use of adhesives and by heat bonding, 
cover plastic is still being evaluated. 

Its acceptability a s  a 

Evaporated and electroplated chromium were substituted for electro- 
plated zinc as the interlayer material  a t  the back junction. 
in cell performance that w a s  below standard cell performance. 
the difference in electrical  behavior between evaporated and plated chrome 
interlayers suggests that the properties of this back junction a r e  structure 
sensitive . 

Both resulted 
In addition, 

Evaporated gold grids of the required resolution and uniformity were 
How- successfully deposited on the bar r ie r  layer of standard process cells. 

ever ,  their  resistance was much greater  than could be tolerated, and no 
practical method of reducing this resistance was found. 

The standard CdS evaporation process was studied with respect to 
reproducibility from one evaporation cycle to the next. 
rate profiles of two designs of evaporation sources were studied. 
stabil5ty and long life of the design presently used was shown to be superior 
to an  older type previously used. Fairly large temperature gradients were 
found to exist on the substrate during simulated evaporation cycles. Their 
cause was traced to the aluminum evaporation mask mounted in front of the 
substrate. 

The evaporation 
The 



INTRODUCTION 

The scope of the effort reported here covers a number of a r eas  
which were a l l  par t  of a program intended to improve the uniformity, 
stability and performance of the thin film CdS solar  cell. 
the operation of a laboratory pilot line whose purpose was to fabricate 
100 cells each month, the incorporation and maintenance of a quality 
control program on the pilot line, continuation of long term storage stability test-  
ing a n d  a development program which included the investigation of a num- 
be r  of the cell fabrication steps and the substitution of other materials and 
processes in the standard design cell. 

Included were 

The design of the standard process cell remained essentially con- 
stant over the contract period and w ' l  not be detailed here since it has 
been frequently cove re  d els ew he re. hf  This is basically the same cell 
that had been evolved and put into pilot manufacture in 1966. 

CELL FABRICATION 

Standard Cell Production 

During the early portion of the reporting period standard cell manu- 
facture was stymied by a severe slump in production yields. 
w a s  spent in solving this problem during the f i rs t  three months that a la te r  
redirection of the contract effort was necessary. A s  a result, normal 
cell production w a s  confined to a five month period beginning in May, and 
continuing until September when the 100 cell monthly requirement was 
dropped. 
fabricated during the 5 months of normal production and 34 cells from the 
slump period. 

So much effort 

The total acceptable cell production then consisted of the 500 cells 

The average AMO-25°C performance of these 534 acceptable cells, 
a s  well a s  their  maximum and minimum values, a r e  shown in Table I. 
requirements for  acceptance have been defined as a minimum efficiency of 
2.870 and a minimum f i l l  of 68. 570. 

The 

Table I. Average AMO-25°C Performance of 534 Cells 
Av. - Max. Min. 

ocv ,490 V ,440 V . 4 6 9  V 
SCC .975 A . 630 A . 7 6 1  A 
Pmax .315 w .213 w .250 W 
Eff. 4 . 1  7 0  2.8 70 3. 3'70 
Fill 72. 9 70 68.5 70 70. 1 70 

(l)NASA CR 72534, Final Report on Contract NAS 3-9434. 
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Cells were alsotested at AMO-60" C to qualify for NASA acceptance, the 
cri teria being that the SCC shall not decrease by more than 270 of i ts  
AMO-25°C value. The ranges and averages of the 534 cell AMO-60°C 
performance a r e  listed in Table 11. 

Table 11. Average AMO-60°C Performance of 534 Cells 

Max Min Av. 
ocv , 4 3 9  v ,389 V .417 V 
SCC .960 A . 6 2 0  A -751 A 

.263 W . 166 W .207  W P 

Eff. 3.4 70 2 . 2  70 2.7 70 
Fill 71. 5 70 60. 0 70 66. 6 70 

max 

Comparison of the 534 cell average Performance af the two tempera- 
t u r e s  shows that the OCV has a temperature coefficient of -1.49 mV/"C, 
which is somewhat lower than the normally quoted value of -I. 6 mV/"C. 
The reason for this  difference is not known. 
the required 270 of the 25°C SCC. The maximum power, based on these 
534 cells, shows a temperature coefficient of -1. 14 mW/"C. 
factor shows an average temperature coefficient of -0. 1470/ " C. 

The SCC at 60°C is well within 

The f i l l  

As  part  of an effort to  further characterize the performance of the 
thin film CdS cell testing at light levels of 1/ 10 and I/ 100 AM0 was 
initiated on a' routine basis. 
testing al l  Class I monthly production cells were also tested at 0. 1 AMO-25°C 
and 0.01 AMO-25" C during the first  few months of the contract. This was 
later reduced to testing only representative cells at 0. 01 AMO-25°C when 
cell production returned to normal levels and when it became apparent that 
only limited information was being obtained from the 0. 1 AMO-25" C test. 

In addition to the AMO-25" C and AMO-60" C 

Low light level performance has previously been thought to give 
some indication of future cell performance and stability. (2) It w a s  shown 
that the shunt resistance increases a s  light intensity decreases until 
saturating at some limiting value of leakage resistance. 
of this limiting shunt resistance was thought to help determine cell 
performance, the higher the value of this resistance the better cell perform- 
ance and stability. Unfortunately, this resistance does not seem to be 
obtainable from AM0 o r  AM1 o r  even dark I-V curves. It was hoped that 
correlation of these low light level measurements with the various cell 
stability testing programs would result in better methods of predicting 
cell performance. 

The magnitude 

(2)ARL 68-0217, Dec. 1968, A. F. Final Report, Contract No. 
F33615-68-C-1182, H. E. Nastelin. 
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Table I11 shows the average performance parameters of 200 cells 
at 0. 1 and 0 .01  AM0 and 25°C. 

Table 111. Average Performance of 200 Cells at 0 . 1  AMO- 
25" C and 0. 01 AMO-25" C. 

0. 1 AMO-25°C 0. 01 AMO-25°C 
ocv .410 v .349  v 
SCC 7 7 . 4  mA 8 .0  mA 

2 3 . 1  mW 1 . 7  mW P 

Fill 70. 8 70 63. 4 70 

max 
Eff. 3. 0 70 2 . 2  % 

The SCC shows a linear dependence on light intensity; the I /  10 and 
I/ 100 AM0 SCC's a r e  about 1070 and 170 of the 534 cell ANI0 averages. 
The 1 /10  AM0 maximum power is about 1070 of the AM0 average power; 
however, the 1/ 100 AM0 maximum power is only 0.770 of the AM0 maximum 
power, which indicates obviously that the power is not linearly dependent 
on light level. 
the variations in maximum power and efficiency. The low light level I-V 
characteristics indicate that a poor shunt resistance appears responsible 
for  the low fill, which is in line with the ear l ier  observation that an increasing 
shunt resistance with decreasing light level is a necessary requisite for 
good low light level performance. 
of a cell that had relatively good low light level performance, while Fig, 2 
shows a cell with a poor low light level performance. 
that both cells had very similar AMO-25°C curves, Figs. 3 and 4. These 
figures show that the AMO-25°C performance of a cell does not indicate 
how it w i l l  perform at low light levels. 

The behavior of the f i l l  is quite interesting in that it parallels 

Figure 1 shows the I-V characteristic 

It is interesting 

Yields 

Production yields of standard process cells varied considerably 
during the contract yearg not only from month to monthbut within any given 
month a s  well. 
meaningless. 
March to a high of 40. 670 in July; meaning, for example, that 40. 6'7'0 of 
all evaporated films in July finished a s  Class I cells. 

Hence overall yield figures for  the entire year a r e  relatively 
The monthly values varied from a minimum of 1. 770 in 

As  indicated before the Pilot Line w a s  in a severe slump during the 
The cause of the slump w a s  never f i rs t  few months of the contract period. 

fully understood, there were a number of factors that apparently contributed 
to it. 
more  stringent requirements w e r e  made on cell acceptance because cell 
testing was changed from AM1 to AMO, and a s  a result, the 68. 5'7'0 f i l l  
factor requirement became more difficult to meet. Also, the new quality 
control program was incorporated into the fabrication process during the 
same time period with i ts  resultant increase in rejection rates. Finally, 
personnel changes and realignment of responsibilities in the fabrication 
and inspection a reas  were also reflected in the abnormally high rejection 
rates  a t  that period. 

In addition to  something actually out of control on the Pilot Line, 
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' / IO0 AMO-25OC 
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SCC = 6.80rnA 

PMAX = 1.69 mW 

FILL  = 70.6 O/o 

EFF. = 2.20 O/o 

IMAX. = 5.83 rnA 

VMAX.= .290 V 

> *  

FIG. I :  I - V  C H A R A C T E R I S T I C  A T  0.01 A M 0  -250C, 
GOOD L O W  L I G H T  L E V E L  P E R F O R M A N C E .  
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There were two inspection stations that accounted for most of the 
high rejection rates ,  ba r r i e r  inspection and final electrical testing. The 
main cause of rejections at the bar r ie r  inspection w a s  the occurrence of 
copper precipitation on the ba r r i e r  layer and the occurrence of pinholes 
in the barr iered film. 
in the substrate preparation area.  
rejection w a s  low f i l l  factor and low output. 
must have been a common cause for both of these rejections, but this was 
not fully established. 
instead of being just  above 68. 5% is difficult, i f  not impossible, to identify, 
Only in the case of extremely poor fills is a definite cause assignable. 

Both of these were suspected to be caused by faults 

It w a s  first thought that there 
At final testing the main cause of 

The reason that a cell f i l l  is just  below 68. 5% 

It wasn't until after a thorough and methodical examination of each 
step of the standard fabrication process was initiated that the slump started 
easing. By the t ime that the examination had proceeded through the barrier 
formation process yields had returned to acceptable levels. Surprisingly, 
the examination turned up no major faults in the process; only a number of 
minor deviations from the standard process that had apparently slowly 
crept in w e r e  found. 
have accounted for  the slump, but collectively they could, and probably did, 

Individually, none of the minor deviations could probably 

One of the additional benefits of the examination process was that a 
number of improvements w e r e  found that were incorporated into the design 
and construction of the new production facilities that the Pilot Line has 
recently been moved into. For example, the necessity of completely 
separating and isolating the substrate spraying and burnishing areas did 
not become apparent until the examination showed that dust and particle 
contamination in these steps was greater than had been assumed and only 
by completely isolating the two functions could an acceptable level of cleanli- 
ness  be achieved. 

The necessity of improving the method of mixing the Ag-Pyre NIL 
mixture prior to substrate spraying w a s  a lso stressed as a result of the 
examination. 
and extremely varied resul ts  were u-sually obtained. One of the major 
faults was the Occurrence of agglomerates of si lver flake which usually 
resulted in pinholes during the burnish operation. Although a number of 
methods of mechanically s t i r r ing and mixing had been tried in the past 
with limited success the necessity of continuing the search w a s  emphasized 
by the examination. 

Previously, this mixture w a s  hand mixed "as .well as  possible" 

A Waring Blendor w a s  used for the first time and extremely encouraging 
resul ts  were obtained. The occurrence of si lver flake agglomerates was 
considerably reduced. The sheet resistance of the sprayed substrates was 
reduced to average values w e l l  below hand mixed values. 
the Waring Blendor have been so  encouraging that i ts  use has been adopted 
as part  of the standard process. 

The resul ts  from 
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Quality Control 

At the beginning of the contract period the existing quality control 
A new Q. C. program program w a s  significantly expanded and upgraded. 

was essentially worked out, submitted to NASA-Lewis for approval and 
then incorporated into the standard prbcess. The Q. C. Manual submitted 
to NASA early in the contract period, contains the details of the new Q. C. 
program. 

The new Q. C. program w a s  initiated at a time when, a s  mentioned 
before, the production yields were in a severe slump. 
of the new program were not immediately determinable. However, la ter  
on in the contract year  when the Pilot Line had settled down to more normal 
operation, while st i l l  fluctuating considerably from month to month, the 
yields did occasionally reach higher levels than ever before. 

Hence the effects 

A new cell numbering and card fi le system, which allows the easy 
traceability of all manufactured cells, w a s  instituted early this contract 
year. The production record for  each cell  from the f i rs t  step in i ts  
fabrication process,  as  well a s  inspection reports on a l l  materials used 
in that cell, are  readily available. 

CELL STABILITY 

One of the major tasks of this and the previous contracts has been 
the characterization of cell stability on long te rm shelf storage. 
month, beginning with Contract NAS3-8502 in 1966,  cells have been selected 
from the current month's production and entered into three storage tes ts ,  
The three tes ts  a r e  dry shelf storage, moisture storage and 100°C vacuum 
storage. A l l  cells a r e  removed from the test environment monthly for  
AMO-25°C testing for  cells fabricated since 1969 and AMl-25°C testing 
for  a l l  cells fabricated pr ior  to 1969. A l l  of the cells on these tes ts  a r e  
of the present standard construction; that is, sprayed Ag-Pyre ML substrates 
and gold plated copper grids held in place with conductive gold epoxy, 
cover plastics a r e  held in place with a transparent epoxy. The ear l ie r  
cells a r e  Mylar covered and those made since mid-1967, Kapton covered. 
Fluctuations in cell performance a r e  obviously going to be present over 
such a long time period, approaching four years in the case of cells fabri- 
cated during 1966.  Some of the fluctuations a r e  due to actual instability 
o r  degradation in cell performance, however, much of it is due to variations 
in the tes t  conditions. Attempting to maintain uniform test  conditions over a 
period of several  years  is obviously difficult, and some changes a r e  bound 
to  occur. 
placed a t  least  once since testing began. However, some general trends in 
cell  performance a r e  present and these w i l l  be reported. 

Each 

The 

The tes ter  has been modified considerably and completely re- 
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In the tables that follow , the actual and relative efficiencies of each 
cel l  a r e  reported. The relative efficiency is the percentage of pre-test  
efficiency; that is, 
in the data a r e  due to using this pre-test  performance as a basis of compari- 

resent efficient efficien2y x 100. Some of the wide fluctuations 

son because practically a l l  cells seem to go through a n  adjustment period 
after fabrication. They then seem to settle down to a more constant per- 
formance afterwards.  
tes ts  where the average performance seems to be marked by an  initial more 
rapid degradation rate  followed by a much slower rate. 

This is most apparent in the dry and moisture storage 

Drv Shelf Storage 

The dry  shelf storage tes t  consists of a standard laboratory type 
desiccator kept at room temperature and pressure.  
provides the dry atmosphere. 

A chemical desiccant 

Tables IV through VI1 show the actual and relative efficiencies of 
cells while Fig. 5 shows plots of the average relative efficiency according 
to yea r  of manufacture. A s  expected, no serious degradation problems 
appear  to be present a s  indicated by the fact that a f te r  42 months the 
average efficiency is still within 94% of the initial value. It is difficult 
to extract  an  average degradation value from such widely varying data, 
Probably of most significance is the fact that there are  several  cells that 
exceed their  initial performance even af te r  almost four years  of testing. 

An analysis of the I-V characteristics of the 1966 cells shows that 
the decrease in efficiency in a l l  cells was accompanied by a decrease in 
SCC. Rather remarkably, in no instance w a s  there a significant decrease 
in f i l l  o r  OCV. However, 
the i r  initial fills were quite low t o  begin with since they w e r e  fabricated 
at  a t ime when specifications on f i l l  were either quite low o r  non-existent. 
In those cases  where the f i l l  remained constant the decrease in relative 
efficiency was almost numerically equal to the decrease in relative SCC. 
And in  those cases  where the f i l l  increased the loss in relative efficiency 
was l e s s  than the loss in  relative SCC. This behavior is shown in Table 
VIII . 

The f i l l  ei ther improved o r  remained constant. 
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Cell No. 
0 2 4 6 

N127CK3 4. l l l 0 0  
N128AK1 4.21100. 
N128AK4 4. 31100 
N163BK1 4.01 100 
Nl63BK5 4.21 100 
N163BK9 4.01 100 
N167CK2 4.01 100 
N185BK3 3.81100 
N186AK2 3.81 100 
N186BK4 3. 81100 
N186BK7 3. 91 100 

N190BK4 4.31 100 
N196CK4 4.01 100 
N197AK1 4.01 100 
N202BK9 4.11 100 
N263AK7 3. 81100 
N263CK8 3.81100 
N264BK6 4.01 100 
N266AK1 4.01 100 
N279BK4 3.81 100 
N280AK1 3.71 100 

N280AK8 3.81 100 
N280&3 .3. 71 100 
N289CK6 4.11 100 
N290AK3 4.11 100 
_ _  N Z 9 ~ B K ~ + . ~ / l O O  

N292AK2 4.11100 
. N300CK6 3.91100 

N300CK9 3.91 100 

N301AK3 3.91 100 
N301BK5 3.91 100 

- N308CK9 3.91100 
N309AK1 3.81100 
N313AK4 4.0llOO 
N314CK8 4. 01100 
N326BK8 4.21 100 
N326CK5 4.21 100 
N327BK7 4. 11 100 
N327CK3 4.21 100 
N348AK6 4.01 100 
N348CK1 4. 11100 
N349CK2 4.0 I100 
N350BK4 4. 11 100 

4.0198 
3.9193 
4. 1195 

4.0195 
3.9198 
9 9/98 
3.6195 
3.6195 
3.6195 
3.6192 
4.2198 
3.7192 
3.8195 
4.0198 
3.5192 
3.6195 
3.7193 
3. 8/95 
3.81100 
3.5195 
3. 81 100 

3.71 100 
4.0198 
4.0198 
4,0198 

3. 9/95 
3.8198 
3.8198 
4.01103 
3.8198 
3.8198 
3. 81 100 
3.8195 
3.9198 
4.21 100 
4.31 102 
4. l l l 0 0  
4.21100 
3.9198 
4. 11 100 
4.01 100 
4.0198 

4. O l l O O  

3.9195 
3.8191 
4.1195 
4.01 100 
4.0195 
3.9198 
3.81 95 
3.5192 
3. 5/92 
3.5192 
3.6192 
4.2198 
3.7192 

3.9195 
3.5192 
3.6195 
3.6190 
3.7193 
3.91103 
3. 81 lo3 

3.7192 

3.81100 
3. 81.103 
4.11 100 
4.11 100 
4.11 100 

4.0198 
3.91 100 
3.91 100 
4.01103 
3.8198 
3.8198 
3.7197 
3.8195 
3.9198 
4.31 102 
4. 41 105 
4.11100 
4. 31 102 
4. O l l O O  
4.21 102 
4.01 100 
4.11100 

3.9195 
3.8191 
3.9191 
3.9198 
3.9193 
3.6195 
3.7193 
_-  
3.6195 
3.6195 
3.6192 
-- 
-_ _ _  
_-  
_ -  
-- 
-- 
-- 
-- 
-- 
-- 
-- 
4.11100 
4.11 100 

4.11100 

4.0198 
-- 
-- 
-_ 
-- 
4.0/  103 
3.81 100 

3.9198 
3.8195 
4. 31 102 
4.41 105 
4.11100 
4.2/ 100 
-_  
-- 
-- 
-- 

Averape 97 97 

8 

-- 
-- 
-- 
-- 
-- 
-- 
-- 
3.7197 
-- 
-- 
-- 
4.2198 
3.7192 
3.7192 
3.9195 
-- 
--  
-- 
-- 
3.7197. 
3.91 105 
3.91 103 
3,81103 
-- 
-- 
-- 
- -  
3.91 100 
3.8198 
3.91 100 
3.8198 
-- 
--  
- -  
-- 
4. 31 102 
-- 
_ -  
_-  
3.9198 
4.21 102 
4.01100 
3.4183 

98 

M o n t b  
10 12 14 16 18 20 22 24 

Table VI. Actual and Relative Efficiencies of 1968 Cells on Dry Shelf Storage 

Relative Efficiency 

3.8193 
3-8 /91  

4.01 100 
4.01 95 
3. 9/98 
3.8195 

3.7197 
3-7/97 
3.7195 

-- 

-- 

-- 
_-  _ _  _ _  
3.6195 
3.7197 
3.8195 
4.01 100 -- 
-- 
-- 
-_ 
4.11100 
4.0198 
4.0198 

3.9195 _-  
_ -  
_-  
-- 
3.91100 
3.8/ 100 
3.8195 
4.01 100 
4 .21  100 
4. 31102 
4. I1 100 
4.21 100 
-- 
4.11  100 
4.01 100 
3.4183 

3.8193 
-- 
-_ 
_ -  -- 
-- _ _  
3.81100 
3.7197. -- -- 
4.31 100 
3.8195 
3.8195 
4.11 100 -- _ _  _ _  
-_ 
3.81 100 
3.81 103 
3.81100 
3.71100 
4. l l l 0 0  
4.11 100 
4.11 100 

4.0198 
3.91 100 
3.8198 
3. 91100 
3.8198 
3..9/ 100 
3.81 100 
3.9198 
3.9198 
4.21 100 
4.31102 
4.11 100 
4.21 100 
4. 11 102 
4.31105 
4.21 105 
3.5186 

-- 
-- 
-- 
4.11 102 
4.21 100 
4.11102 
3.9198 -- 
-- 
3.81100 
3.8198 -- 
-- 
-- 
-- 
3.5192 
3.7197 
3.7193 
3-9 /98  -- 
-- -- 
-- 
4.11100 
4,11100 
4.11 100 

4.0198 
4.21 108 
4.01103 
4.01103 
3.91100 
4.01103 -- 
-- 
-- 
4.41105 
4.51 107 
4.31105 
4.41 105 
4.11 102 
4.31 105 
4.11 102 
4. I1 100 

4. 11100 
4.0195 
4.0193 
4.11 102 
4.1197 
4.01 100 
3.6195 
3.6195 
3.81 100 
3.7197 
3.8198 
4.31 100 
3.8195 
3.8195 
4.0198 -- _ _  
- _  
3.9198 
3.81 100 
3.71 100 
3.81 100 
3.81 103 
4.21 102 
4.21 102 
-- 
-- 
4.11105 
4.01103 
4.01103 
4.01 103 
3.91 100 
3. 81100 
3.8195 
3.9198 
4. Z l l O O  
4.41 105 
4.11 100 
4. 31 102 
3.9198 
4.21102 
3.9198 
4. 0198 

4.0198 
3-9 /93  
4.0193 
4. I /  102 
4.1197 
3.9198 
3.8195 
3.7197 
3.81100 
3.81 100 
3.8198 
4.31100 _- 
3.7192 
3.9195 
3.6195 
3.81 100 
3.8195 
3.9198 
3.91103 
3.81 103 
3.91103 
3.81 103 
4.11100 
4.11 100 
4.11 100 

4.11 100 
3.91 100 
3.91 100 
4.01 103 
3.8198 

4.0198 
3,8191 
4.1195 
4.01 100 
4.0195 
3.8195 
3.9195 
3,81100 
3. 91 102 
3.91 102 
3.91 100 
4.41 102 
3.9198 
3.9198 
4.11 100 
3.5192 ' 

3.7197 
3.7193 
3.8195 
3.91 103 
3.81103 
3.91 103 
3. I/ 100 

4.,11100 4. l l100 
4.0195 4.0195 
4.2198 4.41 102 
4.21 105 
4.31 102 
4.11102 
4.01 100 
3.7197 

3.7197 
3.7197 

3.7195 
4.31 100 
3.8195 
3.8195 
4.0198 

97 99 101 99 99 98 99 99 
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Cells D385B and D410B show that the decrease in relative efficiency is 
almost numerically equal to the decrease in relative SCC for the case 
where the f i l l  remained relatively constant. 
both mechanisms in effect, a loss of SCC and an increase in f i l l ,  but the 
loss  in efficiency is less than the loss  in SCC. 

Cells D296B and D391B show 

Loss of SCC with no corresponding loss  in f i l l  can be caused by a 
decrease in area o r  a decrease in light transmission, Since these early 
cells were all covered with Mylar it is tempting to  conclude that the loss  
of SCC w a s  due primarily by a loss  of transmission in the Mylar, which 
is known to be somewhat susceptible to aging. However, the cells fabri- 
cated in 1967,  Table V, half of which w e r e  Mylar and half Kapton covered, 
showed no essential improvement in degradation rate.  
of efficiencies between Mylar and Kapton covered cells fabricated during 
1967, Table IX, shows no significant difference. Numbers in parenthesis 
indicate the number of cells in the averages, Hence if the loss  of SCC is 
actually caused by a loss in transmission in the cover plastic then these 
data indicate that Kapton and Mylar lose their transmission at almost equal 
ra tes .  Or ,  another, as yet unknown, mechanism may be responsible for 
this decrease in SCC. 
data. 

In fact a comparison 

Loss of a rea  is difficult to reconcile with the observed 

Table V and Fig. 5 shows that cells fabricated during 1967 did not 
perform as well as did the 1966 cells. 
fact that during early 1967 the transition to  100 cells per day pilot line 
production was started.  Although none of the fabrication steps w a s  changed 
in concept, they were changed to  handle larger  numbers of cells. 
changes in fabrication steps have always been followed by periods of 
readjustment during which cell performance w a s  usually quite poor before 
returning to previous levels. 

This was probably caused by the 

Such 

The 1967 cells showed much the same patterns that the 1966 cells 
did with the exception that a decreasing: f i l l  was now present. 
fills as well a s  constant fills w e r e  a lso present. 

Increasing 
This is shown in Table X. 

Again, if the f i l l  remained constant'the loss  in relative efficiency 
$as numerically equal to the loss  in relative SCC. 
N78AK5 and N14B2. 
the loss in relative efficiency is greater than the loss  in relative SCC. 
Cells N35B3 and N86C5 show that if the f i l l  increases the loss in relative 
efficiency is not a s  great as the loss in relative SCC. 

This is shown by cells ' 

Cells N44B3 and N31BK4 show that i f  the f i l l  decreases 

Table VI shows the actual and relative efficiencies of the 1968 cells. 
It appears that there is no serious degradation problem with these cells 
on dry shelf 'storage. 

Table VI1 shows the results of the cells fabricated during 1969. 
Obviously it is too soon to  remark on their  stability, but the short t e rm 
data indicate no problems as yet. 
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Moisture Storage 

Cells on the moisture storage test a r e  kept at room temperature and 
pressure and at a relative humidity of 80%. 
the actual and relative efficiencies of cells according to year of manufacture. 
Figure 6 shows plots of average relative efficiencies, also according to year 
of manufacture. 

Tables XI through XIV show 

The type of degradation seen on the moisture test, strangely enough, 

Al l  of the moisture degradation is accompanied by a corresponding 
is quite similar to that seen on the dry shelf storage, except that the rates  
a r e  greater.  
loss in SCC in those cases where the f i l l  remained constant. 
decreases were registered by those cells whose fills also decreased. 
There was also some loss in OCV in some of the cells but it could not be 
correlated with the variation in fill. 
in relative efficiency can be numerically equal to the variation in relative 
SCC when the f i l l  remains fairly constant. 

The largest 

Table XV again shows how the variation 

Table X V .  Comparison of Initial and 40 Month Performance of 1966 
Cells on Moisture Storage 

Cell Eff. Eff. Eff. SCC SCC SCC Fill Fill Fill 
No. Initial Final Relative Initial Final Relative Initial Final Relative 

D350F 4 . 7  4. 0 85  70 988 7 18 7 3% 55. 0 63. 7 115% 
D357E 5 . 2  3. 9 75  860 6 42 7 5  67. 0 67. 9 10 1 
D401B 5 . 0  3. 6 69 885 7 15 81 69. 1 59. 4 86 

Cell D357E which had practically no change in f i l l  shows a decrease in 
efficiency that is numerically equal to the decrease in SCC. Cell D350F, 
whose f i l l  increased, showed a decrease in efficiency that was much less  
than i ts  decrease in SCC; while Cell D401B, whose f i l l  decreased, showed 
an efficiency decrease that w a s  greater than its loss in relative SCC. 

The 1966 cells and most of the 1967 cells a r e  Mylar covered, but 
again it appears that there is little difference attributable to the type of 
cover plastic. 
affecting both dry and moisture storage degradation. The one mechanism, 
loss in SCC, appears to be present in a l l  cells, while the second one, which 
affects the fill, is more difficult to characterize because i ts  effects a r e  
variable. The f i rs t  one has been associated with a loss  of area o r  loss 
of transmission, but thus fa r  has eluded a more precise definition. 
a r e  a number of reasons that could cause the observed variation in fill, 
but they al l  concern themselves with effects on either the ser ies  or  shunt 
resistance. 
into one o r  the other category, s o  a more precise definition of this failure 
mechanism isn't possible at this time. 

Hence, it appears that there a r e  two separate mechanisms 

There 

Unfortunately, the observed variations in f i l l  do not neatly fall 
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The simple fact that exposure to water vapor resulted in a greater 
degree of degradation than exposure to the desiccated atmosphere suggests 
that water vapor by itself can cause degradation. In a previous cell design, 
in which the grid was kept in pressure contact with the barr ier  layer simply 
by the cover plastic-barrier layer bond, degradation by exposure to high 
humidity conditions w a s  a common failure mechanism.. It was shown later 
that the cover plastic bond was moisture sensitive and exposure to water 
vapor resulted in a weakening of the bond which loosened the grid contact 
and raised the ser ies  resistance. 
laminating conditions that were used initially to attach the cover plastic was 
sufficient to res tore  the bond and cell performance to their initial states. 

Ordinarily, subjecting the cell to the same 

A number of cells on moisture test which had degraded to below 
7570 of their initial efficiencies were removed from the test to determine if  
any similar recovery tendencies were present. Four of the cells were put 
through a 180°C lamination cycle. for 10 minutes at 100 ps i  which was 
initially used to bond the cover plastic epoxy to the barr ier  during cell 
fabrication. 
laminating, a step also used during cell fabrication, 
results. 

The cells were also given a 15 hour vacuum bake at 135°C after 
Table XVI shows the 

Table XVI. Effect of Laminating and 15 Hour 135°C Vacuum 
Rake on Moisture Degraded Cells 

OCV SCC M P  Fill Eff. 
Cell No. mV mA mW 70 70 
D385C 400 498 112 56. 5 

42 0 665 153 54. 9 
382 6 10 82 35 .0  

N38B-7 450 600 146 54. 1 
455 690 180 5 7 . 4  
425 6 30 99 36. 8 

D454A 435 620 176 65. 2 
430 7 48 2 1 1  65. 6 
440 6 90 197 64. 9 

D357E 478 6 46 205 66. 5 
46 5 6 10 191  67. 5 
470 600 187 66. 3 

2. 05 (A) Initial Perf. 
2 .  80 (B) After Lamination 
1.  49 (C) After Vacuum Bake 

2 . 6 6  (A) 
3 . 2 9  (B) 
1. 80 (C) 

3 . 2 0  (A) 
3. 85  (B) 
3. 60 (C) 

3. 74 (A) 
3. 49 (B) 
3. 41  (C) 

There was a noticeable improvement in 3 of the 4 cells a s  a result. 
of the lamination but a decrease in the fourth cell. 
the major change was an increase in SCC, but significantly, there was no 
major change in f i l l .  
the gold epoxy bond it wasn't apparent from these data 
cells decreased in performance after the vacuum bake was another indication 
that the effect of the laminating cycle was not permanent but only temporary. 

Of the cells that improved 

If the main effect of the lamination was to improve 
The fact that all  

25  



Another group of four cells that had degraded on moisture testing 
was put directly into the vaccum bake. 
15 hour vacuum heat treatment without the lamination cycle would improve 
the cells. 

The purpose was to  determine if  the 

Table XVII shows the results. 

Table XVII. Effect of 15 Hour 135°C Vacuum Bake on 
Moisture Degraded Cells 

OCV SCC M P  Fill Eff. 
Cell No. mV mA mW 70 7 0  

~~ 

N17B3 42 6 52 5 130 5 8 . 2  2 .40  (A) 
42 5 495 112 5 3 . 2  2 .04  (B) 

D509E 

N52B4 

0. 8 (D) 
414 495 93  45 
3 52 490 44 25  

46 5 598 177 6 3 . 6  3 . 2  (A) 
450 570 145 5 6 . 5  2 . 7  (B) 
430 570 105 4 3 . 0  1 9 iC)  

455 628 169 59. 3 3. 1 ( A )  
385 600 66 2 8  1 . 2  (B)  
360 600 58 27 1 1  (c) 

After removal from test. 
After bake. 
Taken in immediate 
succession 

D480B 480 605 191 65. 9 3.'5 (A) 
47 5 6 40 196 64. 6 3. 6 (B) 

Again in 3 of the 4 cells the effect of the vacuum bake was a large 
decrease in cell performance? which again, is probably an indication of the 
unstable nature of moisture degraded cells. 
af ter  the bake show an even more  rapid deterioration of cell performance 
than before baking. 

In fact, successive curves taken 

Why should the vacuum bake add to the woes of these already badly 
Two such bakes a r e  part of the standard process that 

Also, this bake is usually quite effective 

deteriorated cells? 
is used in the manufacture of the cells initially, so  they should be able to 
withstand this treatment easily 
in restoring cell performance lost a s  a result of degradation 
no specific pattern other than a general deterioration of practically all  cell 
parameters Hen -e, it appears that after moisture degradation these cells 
a r e  beyond recovery but the actual degradation mechanism escapes identification. 

The data show 

Figure 6 shows that the average performance of the 1967 cells is 
somewhat worse than the 1966 cells, probably for  the reasons listed before. 
The 1968 cells show an improvement over both previous years '  cells, 
probably because most of the ezrlier difficulties were gradually being 
eliminated. Again, the 1969 cells have riot been on test long enough to 
conclude ariything about their performance. 

2 6  



100" C Vacuum Storage 

Cells on the 100°C vacuum stora e test a r e  kept in a heated vacuum 
system maintained at a pressure of 10-#Torr by an oil diffusion pump 
and a liquid nitrogen trap. Each month the system is cooled down and 
opened up to allow the cells to be tested and t o  enter new cells on test. 
There is no in s i tu  testing. -- 

Tables XVIII through XX show the actual and relative efficiencies of 
cells manufactured by year from 1966 to 1969. 
of the average relative efficiencies also by year. 
a r e  averaged together since there were only 5 of the 1966 cells that survived 
this long. 

Figure 7 shows the plots 
1966 and 1967 cells 

This test is the most severe of the three tests and a s  a result cell 
response sho%s the greatest variation. This is shown in Fig. 7 by the 
extreme width of the e r r o r  bars ,  which indicates that cell performance 
ranged between almost complete failure to only a slight degradation. 
However, the important conclusion here  is that the best performance 
observed, even i f  it occurs only in a single cell, represents the limit of 
any intrinsic degradation that may be present in the thin film solar cell. 
Hence, in Fig. 7, the upper limit of the e r r o r  bars'  is of a s  much significance 
as are the averaged data points themselves. 
that after 24 months in 100°C vacuum storage the average cell performance 
is at 60. 8% of its initial value, while the best performance, registered by 
Cell D586B, is at 9870 of its initial performance. 

For  example, we can see 

An indication of the chanism responsible for heat degradation 
has  been given by Shiozawa. ?% During bar r ie r  layer formation copper from 
the newly formed CuzS layer is assumed to diffuse into the CdS layer, 
resulting in a very thin copper- compensated photoconductive insulating 
layer.  
of the cell. 
ness  of this insulating layer and the proposed mechanism of high tempera- 
tu re  degradation is a thickening of this layer caused by the continued 
diffusion of copper. An increased thickness of this insulating layer should 
appear a s  an increased ser ies  resistance of the cell, ' and indee'd; this is 
actually what is observed during the various stages of high temperature 
degradation. Similar performance has been observed by the deliberate 
introduction of external resistance 

The presence of this layer appears necessary for efficient operation 
The most efficient cell operation calls for an optimum thick- 

in se r ies  with the cell. . .  

The first  indications of high temperature degradation a r e  a decreased 
f i l l  and efficiency a s  a result of the ser ies  resistance increase. 
I-V curve continues to flatten out a point is reached where the SCC begins 

A s  the 

( 3 ) A R L  69-0155, Final Report on Contract AF3,3(615)-5224 (Oct. 1969). 
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Table XM. Actual and Relative Efficiencies of 1968 Cells on 100°C Vacuum Storage 

Months 

Cel l  No. 

Dll lAK2 
D112AK5 
D 1 13CK8 
N116AK8 
N127BK2 
N128BK5 
N128BK6 
Nl63BK3 
N163BK8 
N164AK2 
N165BK9 
N171BK4 
N185BK4 
N186CK5 
N187AK5 
N199BK5 
N200CK9 
N199AK4 
N202BX6 
N262BK5 
N262BK7 
N264BK7 
N265BK1 
N278AKl 
N278AK5 
N278AK7 

N279BK5 
N290AK5 
N290BK1 
N290BK4 
N290BK7 
N300CK2 
N301AK8 
N301CK2 
N301CK7 
N309BK5 
N3 13BK7 
N 3 14CK5 
N314CK6 
N324BK5 
N324CK4 
N329BK4 
N 3 3 OBK7 
N353AK5 
N350AK2 
N348BK5 
N348CK4 

0 2 

4. 01100 3.7191 
4.21 1OU 4.31 102 
4. 21100 4.21100 
4.51 100 4.61 101 
4. 41 100 4.51 101 
4.8/100 4.6196 
4.41100 4.2196 
4. 01100 3.8195 
4. 11100 4.0198 
4.21100 4.0195 
4.21100 4.0195 
4. 01100 3.8195 

3.91100 4.01103 
4.21100 4.0195 
4.41106 4 3 / 9 6  
3.71100 3.5195 

4.11100 4.0198 

4.01 100 4.01 100 

4. i l i o o  4.0198 

4.01 100 4.01 100 
4.01 100 4.01 100 
3.91 100 3.91 100 
4.01 100 4.11 103 
3.91 100 3.8198 
3.8llOO 3.81100 
3.81 100 3.81100 

3. a / i o o  3. a / ioo  
4 51100 4 51100 
4 21100 4.31102 
4.51100 4.51100 
4.31 100 4.41 102 
4. 01100 3. 9/98 
4. ol io0  3.9198 

4.01 100 4.01 100 
4.11100 4.11100 
4.11100 4.21102 
4.01 100 4.11 102 
4.11 100 4.11 100 

4. l l l 0 0  4.21103 

4.31 100 4.41 102 
4.31 100 4.51 105 
4.41 100 4.41100 
4.51 100 4.51 100 
4.41 100 4.51102 
4.11 100 4.21 102 
4. 11100 4.31105 
4.21 100 4.31 102 

4 

3. 3 /81  
4.21 100 

4.1198 
4.51 100 
4. 41 100 
4.5194 
4.1193 
3.4185 
3.9195 
4.0195 
4.0195 
3.6190 
3.6190 
3.7195 
4.0195 
4. 3/98 
3.5105 
4.0198 
4,0198 
3. 9/98 
4.01 100 
3.8198 
4.01 100 
3.8198 
3.81 100 
3.7197 

3 3/87 
4. 3/96 
4 1198 
4. 4/98 
4. 31 100 

3.9198 
4.21 103 
4.01 100 
4.11 100 
4.21 102 
4.11 102 
4.11100 
4.51 105 
4.41 102 
4.41 100 
4.61 102 
4. 41 100 
3.9195 
4.21 102 
4. 31102 

3 9/98 

6 

2.3156 
4.0195 
3.1188 
4. 3/96 
4.0191 
4.5194 
3. 8/86 
3.4185 
3.9195 
4.0195 
4. 1198 
3.5188 
3.4185 
3.7195 
3.9193 
4.3198 
3.5195 
3.9195 
4.0198 
3.9198 
4.01100 
3.8198 
4.01 100 
3.8198 
3.81 100 
3 7/97 

2.9176 
4. 4/98 

4 4/98 
4. 31100 

4.1198 

3 9/98 
3.9198 
4. 11100 
4.01 100 

4.21102 
4. 11 102 
4. 11100 

-- 

-- 
-- 
- -  
-- 
--  
-- 
_ -  
-- 

Average 97 94 
Relative Efficiency 

8 

2.5161 
4.0195 
3.7188 
4.4198 
4.01 91 
3.8179 
3.8186 
3.3183 
3.9195 
4.1198 
4. 1/98 
3.4185 
3.4183 
3.7195 
3. 9/93 
4. 3/98 
3.5195 
4.0198 
4.0198 
3.8195 
4.01 100 
3.7195 
4. 11 103 
3,8198 
3. 81 100 
3.81 100 

2. 6/68 
4.41 98 
4.1198 
-- 
4.41 102 
-- 
-- 
-- 
- -  
--  
-- 
-- 
-- 
3.9191 
4.2198 
4.1193 
4.2193 
-- 
-- 
3.8193 
- -  

93 

10 

2.5161 
4.0195 
3.8191 
4.51 100 
4.0191 
3.8119 
3.8186 
3.2180 
3.951 95 

4.21100 
4.1198 
3.3183 
3.1178 

3.5183 

_-  
_ _  
-- 
-_  -- 
-- 
-- 
-- 
3.9198 
3.9/100 
3 7/97 

3. 91103 

1.6142 
-- 
-- 
4.0189 
- -  
3.6190 
3.7173 
4.0198 
3.8195 
3. 8/93 
4.0198 
3.9197 
4.0198 
3.8188 
4. 1/95 
3.9189 
4.0189 
3.6182 
3.7190 
3.9195 
4.31 102 

9@ 

12 

2.2154 
4. 1198 
3.8191 
4.4198 
4.0191 
3.5173 
3.9189 _ _  
-- 
-- 
-- 
_-  _ _  
3.4187 

3.9189 
3.6197 
3.9195 

3.4185 
3.6190 
3.4187 
3.8195 
3.1195 
3 6195 

3.7191 

1.51 39 
4.1191 
3.8190 
3. 9/87 
4.0193 
3. 4/85 
3.7193 
4.11 100 
3.8195 
3.7190 
4.0198 
4.01 100 
4.0198 
4.0193 
4.2198 
4.1193 
4.2193 

_ _  

3.9195 

-- 
-- 
-- 
4.1198 

90 

14 

-- 
-- 
-- 
-_  
3. 3115 
2.9160 
3.6182 
2.8170 
3.5185 
4.0195 

2.8110 
2.4160 
3.2182 
3. 1/74 
3.8186 
3.4192 
3.8193 
3.9195 
3.4185 
3.7193 
3.5190 
4. O l l O O  
3.91 100 
3 7/97 

4.01 105 

-- 

4.2193 
3.9193 
3. 9/87 
4.0193 
3.5188 
3.8195 
- -  
4.01 100 
3.8193 

4. O l l O O  

-- 
-- 
3.7186 
4. 31 100 

4.2193 
3.6182 
3.6188 
3.8193 
3.9193 

88 

16 18 

2.4159 2.4159 
3.9193 4.1198 
3.5183 3.6186 
4.2193 4.4198 
3.3175 3. 4/77 

2.9/60 2.8158 
3.5180 3.6182 
2.5162 2.7167 
3.2178 3.4183 
4.0195 -- 
4.21 100 4. 31 102 
2.8170 3.0175 
2.6165 2.8170 
3.0177 3. 3/85 
3.1114 3.0172 
3.9189 3.8186 
3,5195 .3 .3/89 
4.0198 3.8193 
-_  3.81 93 
3.4185 3.2180 
3.1193 3. 5188 
3.4181 3. 3/85 
3.9198 3.7193 
3.91100 3.8198 
3.1197 3 5/92 

3.81100 3.7191 

4. 3/96 
3.8190 
3.9187 
4.0193 
3.3183 
3. 5/88 
3.9195 
3.7193 
3.6188 
3.9195 
3.8195 
3.9195 

88 84 

20 

2.7166 
4.0195 
3,7188 
4. 3/96 
3.3175 
2.7156 
3.7184 
2. 5/62 
3.2178 
3.9/93 
4.0195 
2.8170 
2.5163 
3. 1/60 
2.8167 

22 

2. 1/52 
3.9193 
3.4181 
4. 3/96 
3.3175 
2.6154 
3.5180 

78 76 

29 
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to  decrease. 
resistance until an ext-reme is reached, 
Superimposing I-V c ~ r v e s  from a cell that degraded on the 100" -v2c1;um 
test ,  shows this  effect. The great amount of scatter in the data however is 
difficult to reconcile with a commoz7_ degradrtion mechanism. 
the variation of some, a s  yet unknown, cell property from cell to cell may 
determine the degradation rate  more than the intrinsic mechanism, the 
intrinsic mechanism merely representing the best that car_ be achieved. 

A s  a rule the OCV is seldom affected by an increasing ser ies  
Figure 8, which W;IS p r epxed  by 

It may be that 

Capacitance measurements of heat degraded cells would be expected 
to show smaller values of capacitance than undegraded cells. 
because if the irisulating layer is assumed to be the dielectric separating 
the plates of the parallel plate capacizor formed by the grid and the sub- 
strate,  then the thickness of this layer should be inversely proportiocal to 
the cap3citance. Actual measurements show this. Ceils D407D and D392A 
were tested or- an H P  Model 4800 Vector Impedarce Meter and w e r e  com- 
pared with cells that were very receritly fabricated, i. e 
255321D arid 255218C. Table XXI shows the r e s d t s  of this measurement. 
The heat degraded cells, by virtue of the increasicg capacitance with 
decreasing frequency, a r e  obviously extremely non-uniform and result in 
a dispersion type behavior. 
behavior over the same frequency range, their capacitance remaining 
fairly constant. 

Tkis is 

P-o heat degradation, 

The undegraded cells show much more stable 

Table XXI. Capaci taxe Meestirements of Heat Degraded 
and Undegraded Cells. 

Ca pa ci5 m c e  , Microfarads Frequency 
HZ D407D D392A 25532 1 255218 

100 k . 0 2 3 8  . 0 2 3 1  - -  - -  
10 k . 0 4 9  . 0 3 0  . 318 . 2 4 4  

l k  . 405 . 171 . 3 3 1  . 2 7 0  

100 4. 0 1. 62 . 356 . 500  
- -  - -  10 40 16  
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CELL IMPROVEMENT PROGRAM 

Rol l  Coated Substrates 

The preparation of Ag-Pyre ML substrates by machine roll-coating 

During standard process substrate preparation a mixture of 

The viscosity is adjusted to a sprayable mixture by the 

w a s  studied a s  a possible substitute fo r  the standard process sprayed 
substrate. 
two parts Pyre-nIL varnish to one part Ag flake, by weight, is sprayed onto 
Kapton film. 
addition of a one to one mixture of dimethyl formamide and toluene. 
After spraying the substrate is given two heat treatments; the first ,  at 
low temperatures,  drives off the solvents, while the second, at much higher 
temperatures,  actually cures the Pyre  ML varnish. Since each substrate 
is prepared individually i ts  cost is high and the probability of obtaining 
uniformity from one substrate to the next is not very high. It w a s  felt that 
if the Kapton could be coated by a roller machine process, such a s  is 
presently use$ to  coat the cover plastic with epoxy, both greater uniformity 
and a reduced cost could be achieved. The same vendor that supplies the 
epoxy coated cover plastics was also asked to prepare the roll coated Ag 
substrates. Three ratios of varnish to  silver w e r e  studied, one to’one, 
one and a half to one and two to  one, a l l  by weight. A nominal thickness 
of 0. 3 mil  was specified. 

Inspection after receiving indicated that the thickness, light trans- 
mission, and resistance of the roll coated substrates were very non-uniform, 
and i f  the same inspection standards that a r e  used in evaluating sprayed 
substrates had been applied to these rol l  coated substrates, they would 
have been rejected. 
randomly throughout a roll, ra ther  than a s  a gradual variation from one 
end to the other. 
A s  expected, the resistance varied with varnish to silver ratio. The 1: 1 
material  ranged between 0. 012 and 0. 030 ohms/square;  the 1 -1 /2 :1  ranged 
from 0. 025 to 0. 056, while the 2: 1 material  consistently was greater than 
0 .06  ohms/square.  An upper limit of 0. 030 ohms/square is presently the 
upper inspection limit tolerated fo r  sprayed substrates. 

The variations were rather  errat ic  and occurred 

The thickness was found t o  vary between 0. 1 and 0. 35 mils, 

During the ro l l  coating process the material  apparently was heated 
enough to  remove the solvents. 
received the same cure cycle as did the standard process material. 
Also  in the standard process substrates a r e  given a light burnish prior 
to zinc plating. Since the effect of burnishing roll coated substrates was 
unknown, about half of the roll coated substrates were given the standard 
burnish treatment and the other half not. 
later indicated that there was no significant difference between the burnished 
and nonburnished substrates. 

For evaluating purposes the material  

Comparison of finished cells 

Of the three weight ratios the 1:l material  resulted in cells with 
the best performance. 
worst. 
cells fabricated from the three different materials. 

The 1- 1/2: 1 material  was next best and the 2: 1 was 
Table XXII shows these results by comparing the performance of 

The substrates were 
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a l l  cured in the same way. 
in the data; however, a number of cells were rejected at various stages 
of fabricatioo. 

A l l  of the cells that w e r e  completed are included 

Table XXII. AMO-25’C Performance of K?ipt.cn Covered Roll- 
Coated Substrate Cells 

Min Max Av. 
58 1:l Roll Coated 

ocv 
SCC 
P 

Eff. 
Fill 

rnax 

18 1- 1 /2 :  1 Roll Coated Cells 
ocv 
SCC 
P 

Eff. 
Fill 

max 

22 2 : l  Rol l  Coated Cells 
ocv 
SCC 
P 
Eff. 
Fill 

max 

. 4 4 9  v . 482 V , 469 V 

. 7 1 7  A . 9 7 5  A . 867 A 

. 2 4 0  W . 313 W . 2 8 1  W 

3.  2 70 4. 1 7 0  3. 7 7 0  

65. 0 70 71. 4 70 69. 2 70 

. 460 V . 4 9 1  v . 476 V 
, 7 5 0  A . 900 A . 826 A 
. 2 5 3  W . 2 9 1  W . 2 6 8  W 

2 .  9 yo 3. 6 70 3. 4 7 0  

59. 4 7 0  69. 170 67. 0 70 

. 4 6 1  V . 478 V . 4 7 0  v 

. Y O 0  A . 959 A , 8 3 9  A 
. 2 1 7  W . 2 8 7  W . 2 5 8  W 

2 .  8 70 3 . 7  70 3. 3 70 
57. 8 70 6 8 . 9  % 65. 6 70 

A cornparisox of the performance of roll-  coated substrate cells with 
standard process cells wzs made several  times. 
performacce of 1: 1 roll coated and standard process cells fabricated 
toget.her, beginning with zinc pl3tirg and CdS evaporation. 

Table XXIZl shows the 
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Table XXIII. AMO-25" C Performance of Standard Process and 
1: 1 Roll Coated Substrate Cells 

Max. Min- Av . 
43 Roll Coated Cells 
ocv 
SCC 
P 
Eff. 
Fill 

max 

27 Standard Process Cells 
ocv 
SCC 
P 
Eff. 
Fill 

max 

.470 V .445 v . 4 6 3  V 

.920 A .700 A .796 A 
,292 W * 222 w .258  W 

3. 80 70 2. 90 70 3. 36 70 
73.0 % 66 .5  % 70.3  qfo 

.480 V .450 V .467.V 

.890 A .668 A .781  A 

.281  W .229 W .255 w 
3.67 % 2.98 % * 3.33 % 

73.0 % 65. 4 70 70.2 % 

These deta indicate that there is little difference between the 
performances of these two types of cells. 

A fur ther  evaluation of 1:l roll coated substrate cells was  made by 
comparing their performance with standard cell performance at AMO-60" C 
and at 11 10 and 11 100 AMO-25" C. These roll coated cells were  the 48 best 
of the 58 cells reported on previously while the standard cells were  the 
100 Class I cells fabricated during the month of May. Table XXIV shows 
the averages of the important performance parameters from the two groups 
of cells, as well as their relative averages. 

Table XXTV.  Performance Cpmparison of Roll Coated Substrate Cells 
and Standard Process Cells , 

AMO-25°C AMO-60°C 0 . 1  AMO-25°C 0 .01  AMO-25"C , 
48 Roll Coated Cells 
ocv 
SCC 
pmax 
Eff. 
Fill 

.469 V .415 V188.5 .415 Vl88.5 . .354 Vl75.5  

.812 A .791  A197.4 .080 A/9.85% .0078 a/. 96 

.265 W .216 WlSl .  5 .024  W19.1 .0018 w/.  E 8  

3. 4% 2.8%/82 3.1%/91 2.4%/70.6 
69.6% 66.0%/94.8 70.9%/ 102 66.4%/95.4 

100 Standard Process Cells 
ocv 
SCC 
P 
Elf. 
Fill 

rnax 

.465 V . 409 VI87.6 .410 V188.2 .347/?4.6 

. 7 5 4 A  .751  A199.6 ,076 AllO. 1 .0077/ 1.02 

.242 W .203  W183.9 . 022 /9 .1  .001810.74 
3.270 2.67b181.3 2.8187.5 2.2%/68.8 

69.4% 66.4%/95.7 7 1 . l l l 0 2  63.9%/92.1 
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All  of the previous data appear to indicate that the substitution of 
roll coated substrates for standard sprayed substrates hatj no significant 
effect on cell performance. 
Line w a s  just  coming out of a severe yield slump and this may have masked 
a n y  minor effects that the roll  coated substrates caused. More recent 
commercial production from the Pilot Line, in which the number of cells 
bvolved is much greater than during t h:e initial evaluation, shows that 
roll coated substrate cells perform at a somewhat higher level than sprayed 
substrate cells. 
10% greater than sprayed substrate cells. Also, the yields from roll 
coated substrates w e r e  significantly higher during the initial evaluation 
than w e r e  the yields from sprayed substrates. 
coated substrates presently a r e  even greater than before, which is another 
indication of the preference of the roll coated substrates over the sprayed 
ones. 

However, as indicated before, the Pilot 

The average output power from roll coated cells is about 

The yields from roll 

However, a l l  of these data were collected from cells prepared from 
a single roll of roll  coated silver Pyre ML on Kapton, and the possibility 
exists that the manufacture of identical rolls  cannot be duplicated. The 
fortuitous occurrence of a number of optimized parameters may have been re -  
sponsible for the observed higher yields and performance, but it may be that their 
occurrence w a s  a random event which has little possibility of reoccurring. 

The reason that roll coated substrates result in better performance 
is, of course, unknown but must be related to the manner in which the zinc 
plate deposits on i t s  surface, which in turn determines the manner in which 
the CdS layer is grown. 
chromium interlayer work, the purpose of the zinc interlayer appears to 
be more than merely providing an ohmic contact between the CdS film and 
the Ag-Pyre M L  substrate, because an ohmic contact was demonstrated 
to occur without the presence of the zinc. 

A s  is mentioned in the section covering the 

1: 1 Ag-Pyre ML Stwaved Substrates 

The better yields and performance obtained from the 1:l roll coated 
substrates prompted another investigation of 1: 1 spray coated substrates. 
The Substitution of 1:l spray coated substrates has been attempted in the 
past but with limited success only. 
performance from cells fabricated with substrates of higher metallic 
content than from lower metallic content substrates. 

Intuitively, one would expect better 

The viscosity of the 1:l experimental mixture was adjusted to 
the same viscosity a s  the standard process mixture. 
the resulting substrates ranged between .OW 'and . 010  ohm/square, which 
is considerably lower than the , 0 3 0  ohms/square tolerated a s  the upper 
limit for standard process substrates. 
substrates, as determined by the cellophane-tape pull  test, was much 
poorer than the standard substrates, a fact previously observed in the 
ear l ier  attempts at using 1: 1 substrates. 

The resistances of 

. 

The adherence of the 1: 1 sprayed 
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Four CdS evaporation runs w e r e  involved, each consisting of two 
l : ~  substrates and one 1:2 substrate.  
processed normally. 
finished cells. 
a r e  shown in Table XXV. 

A l l  of the resulting films w e r e  
68 of the 72  starting cells w e r e  processed into 

Their AMO-25°C performance averages and ranges 

Table XXV. AMO-25°C Performance of 68 1:l Spray Coated Cells 

Max. Min. Av . 
ocv ,478 V ,423 V .454 v 
SCC .903 A .400 A .635 A 

, 2 9 6  W , 124 W ,205 W P 

Eff. 3.8 70 1 , 6  70 2 .  8 70 
Fill 73.6 70 6 7 . 1 %  6 9 . 9  % 

max 

29 of the 32 standard process cells were finished into completed cells 
and Table XXVI shows their  AMO-25°C performance averages and ranges, 

Table XXVI. AMO-25°C Performance of 29 Standard Process  
Control Cells 

Max. Min . Av. 
ocv ,481 V .415 v . 4 6 6  V 
SCC .850 A .620 A . 7 0 0  A 

,276 W . 130 W . 2 3 2  W P 
Eff. 3 ,6  % 1 . 7  70 3 . 0  70 
Fill 72,6 % 68.0 % 70.7 70 

max 

These data indicate that the use of 1 : l  substrates doesn't result  in 
any particular advantage over standard process substrates.  
a l l  of the average parameters of the 1:l substrate cells a re  somewhat 
lower than the corresponding parameters of the standard cells. 

In fact, 

Machine Sprayed Substrates 

It has long been recognized that dependence on operator skill 
a t  the various stations on the standard process fabrication line is one 
of the major deterrents to uniform and reproducible cell production, 
A s  part  of a corporate sponsored effort to reduce that dependence a 
mechanized substrate sprayer  w a s  fabricated and permanently installed 
as part  of the standard process line. 
incorporated in  the design of the unit; the spray gun moves horizontally 
while the substrate moves vertically stepwise. 

T w o  separate motions w e r e  

At the end of each traversal  
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of the spray gun a limit switch is actuated which turns off the spray and 
initiates a single step of the vertical drive, Af t e r  the vertical drive has 
ended the spray s ta r t s  again and the gun begins its return t r ip .  
to r  needs nnly to mount the substrate initially and rotate it after the unit has 
gone through a complete cycle. 
and a s  part of an initial evaluation a number of cells fabricated with machine 
sprayed substrates w e r e  compared with hand sprayed sabstrate cells. 
No selection cri teria were imposed on either group of cells other than the 
fact that they were sprayed and fabricated during the same time period. 

The opera- 

The unit w a s  put on-line in mid-September 

The comparison of their AMO-25" C average parameters are shown 
in Table XXVII. 

Table XXVII. Comparison of Machine Sprayed and Hand 
Sprayed Substrate Cells, AM0 - 25°C. 

65 Machine Sprayed 
Substrate Cells Substrate Cells 

75 Hand Sprayed 

Av. OCV , 467 V 
Av. SCC . 7 5 1  A 
Av. Fill 69. 0 70 
Av. Eff. 3. 1 70 

. 4 6 9  V 
-731 A 

69. 3 70 
3. 1 7 0  

There appears to be no significant difference between the two groups of 
cells, so that the greatest benefit from the adoption of the machine sprayer 
lies in the ease and uniformity of fabrication from one substrate to  another. 

- Zn-Pyre ML Substrates 

a zinc-Pyre M L  substrate w a s  also attempted. 
flake apparently acts a s  a catalyst for the polymerization of the Pyre  M L  
varnish and within a few minutes after its addition-a definite increase in 
the viscosity of the mixture was noted. 
thick mixture resulted. 
it was obviously too thick, 
this approach. 

The direct substitution of zinc flake for silver in the fabrication of 
Unfortunately, the zinc 

After 30 minutes or  so  a molasses 

N o  further plans a r e  being considered utilizing 
No attempt was made to spray the material  since 

Evaporated Grids 

Of a l l  the process s teps ' in  the fabrication of the thin film CdS solar 
cell the one step that appears to be most in need of further refinement is 
the application of the grid. An etched half mil thick copper mesh, plated 
with a gold flash, is attached to the cell surface with a gold filled conductive 
epoxy. 
initiated in a lamination press  at a temperature of 196°C for a period of 
20 minutes under a pressure of 100 psi. 
15 hour vacuum bake at  135°C. 
dependent on the gold epoxy maintaining an intimate and reliable contact 

The epoxy is cured in a two-step process; f irst ,  the cure is 

The cure is then completed by a 
The integrity of the grid contact is therefore 
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between the grid and the cell surface. 
step, cover plastic application, requires an almost identical cure cycle to 
cure  the transparent cover plastic epoxy. 
already cured gold epoxy to this second cure cycle are unknown but have 
long been suspected of weakening i t s  bond strength and causing other 
unknown effects. 

Unfortunately, the following process 

The effects of subjecting the 

The concept of an evaporated grid is obviously appealing since it 
eliminates most of the problems associated with the gold epoxy. 
between an evaporated grid and the bar r ie r  layer ought to be quite stable 
and unaffected by the cover plastic lamination cycle. 
ohmic contact can be established uniformly over the entire cell area 
avoiding the bridges that the rather stiff and springy copper foil grid tends 
to  form. A completely evaporated grid, however, didn't appear feasible 
because previous experience had shown that obtaining a uniform pattern over 
the entire cell a rea  with the required resistance and light transmission was 
a difficult problem. 
evaporated grid and a coarse overlay grid. 
intended to serve as the actual current collector while the overlay grid 
was to be a current car r ie r ,  merely providing a low resistance path between 
the evaporated grid and the positive tab. 
attached with the same conductive gold epoxy as is presently used but i t s  
application would be much less critical since i t s  purpose w a s  to contact 
the evaporated lines and not the barr ier  layer. 

The bond 

Also, a low resistance 

It was decided to u s e  a combination of two grids, an 
The evaporated grid w a s  

The overlay grid w a s  to be 

Since the evaporated portion of the grid w a s  t o  be the current collector 
it would have to have about the same geometry as the presently-used etched 
copper foil grid, which has a line density of 60 lpi in one direction and 10 l p i  
in the other. The 
calculated light transmission is 86. 370 and in order t o  be competitive any 
possible substitute grid should have at  least  the same transmission. The 
evaporated pattern was thus selected to be 2 mil  wide parallel lines spaced 
60 lines to the inch. This pattern has a calculated light transmission of 8870 
and if an overlay grid density of 10 lpi in both directions is selected then the 
transmission of the combined grid calculates to  84. 570, which is less than 
the 86. 370 of the copper foil grid, But merely decreasing the overlay grid 
line density to 5 lpi o r  less  in both directions increases the overall t rans-  
mission to above the required 86. 370~ 

Thel ine  width in both directions is a nominal 2 mils. 

Since the resistance of the evaporated lines determines the density, 
o r  spacing between adjacent lines, of the overlay grid, obtaining a low 
resistance evaporated pattern was recognized as a requisite for the successful 
development of a combined grid. 
the contract period in devising methods of reducing this resistance. 

Hence, much effort was expended during 
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Gold was selected a s  the evaporated grid material  because it had 
been shown earlier to provide the lowest resistance ohmic contact to the 
Cu2S barr ier  layer of a number of possible materials.(2 ) The evaporation 
parameters that resulted in the lowest resistance evaporated gold lines 
were initially determined and although a bulk value resistivity of 2 .  4 ~ 1 0 " ~  ohm-cm 
is often quoted values around PO'5 ohm-cm were most consistently obtained 
on the evaporated gold lines. Since the resistance of the evaporated pattern 
could also be reduced by increasing i ts  thickness, the upper limit of 
evaporated pattern thickness was also established. Thicknesses up to a 
micron were usually obtained with no difficulty but above that adherence 
became a problem, 
so only line thicknesses less  than a micron could be used. 

Lines thicker than a micron peeled and spalled readily 

Several methods of masking during gold evaporation were used. 
Firs t ,  a spray fluorocarbon mold-release was used because it had been 
used in the past with some success. 
down on the barr ier  layer through masks specially fabricated for this 
purpose or  through the standard etched foil grids a s  positives. 
deposition, acetone, or some other suitable solvent, was used to  remove the 
mold-release mask leaving only the desired grid pattern on the barr ier  
layer. Photoresists were also used but with limited success only. 
it became apparent that extremely thick evaporated patterns were required 
both the mold release and photoresist masks suffered in that complete 
removal of the mask after deposition was not possible. Apparently, as  the 
thickness of the evaporated deposit increased it prevented the solvent from 
completely removing the mask and resulted in very non-uniform evaporated 
patterns. 

These mold release masks were put 

After gold 

When 

In addition, the resolution of the mold release mask was limited 
by the particle size in the spray mixture. 
revealed that the edges of the evaporated 2 mil lines were very coarse and 
rough, and in extreme cases, discontinuities in the lines were also present. 
A large number of commercially available mold releases, both silicone 
and fluorocarbon, dry lubricants, and other possible candidates, were 
evaluated for this application, which obviously was not their intended purpose. 
The best results were obtained with Miller-Stephenson spray mold releases, 
MS-122 and MS-136. 

Microscopic examination 

The photoresist masks generally resulted in evaporated patterns 
that had much better line definition than patterns from masks of mold- 
release, but they were confined to impractically thin layers of evaporqted 
gold. Microscopic examination usually showed many discontinuities in 
these lines which contributed to the ser ies  resistance so characteristic 
of these cells. 
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Figure 9 is a typical P-V characteristic obtained from a cell whose 
evaporated grid was deposited through a mold-release mask. 
ser ies  resistance, which apparently causes the low SCC, f i l l  and efficiency, 
w a s  common to all  of these cells, photoresist a s  we l l  a s  mold-release 
prepared. 
and discontinuous evaporated grid lines. 
particular cell w a s  estimated to be in the 0. 3 to 0. 5 micron range. 

The high 

And the high ser ies  resistance is presumed caused by the thin 
The thickness of the lines on this 

The possibility that the fluorocarbon and photoresist masks were 
contaminating the barrier layer was never completely eliminated. Several 
attempts were made to determine if there were any effects and although no 
immediate and obvious effects were detected the possibility that subtle and 
more gradual effects were occurring was not ruled out. 

The best results in evaporating heavy deposits of gold were obtained 
with metal foil masks which had no mask removal problems. 
attempts with metal foil masks were with magnetic foil and were held in 
place during gold evaporatio with a magnet. Unfortunately, the vendor 
was not able t o  fabricate a mask with the required resolution uniformity 
over the entire 3" x 3'' area by electro-etching. 
patterns also suffered from a lack of uniformity in resolution. 
necessary to resort  to an electroformed mask which meant that the foil 
material was confined to Ni ,  Au, Cui or Ag. N i  was selected since it had 
some magnetic properties. The vendor was successful in electroforming 
a mask with the required resolution over the entire area. 
because of the buckling and flexible nature of the cell at this stage of fabri- 
cation temporary attachment of the mask during gold evaporation became 
a greater problem. A spray-on adhesive that was soluble in acetone was 
resorted to and was fairly successful in producing grid patterns of acceptable 
quality. After gold evaporation the masked cell was immersed in acetone 
and the mask usually parted from the cell with no difficulty. The particle 
size of the spray-on adhesive was quite large and resulted in frequent 
bridging over the 2 mil gaps in the mask and caused discontinuities in the 
evaporated lines if not removed. 
camel hair brush soaked in acetone but unfortunately some of the adjacent 
adhesive was also weakened by the acetone and resulted in a number of a reas  
where mask contact to the cell was poor. 
grid lines during gold evaporation. 

The first 

The resulting evaporated 
It was 

However, 

The bridges were removed with a fine 

This in turn resulted in widened 

Figure 10 shows the I-V trace of a typical cell with an evaporated 
gold grid that used the N i  foil a s  a mask. 
gold line is estimated between 0. 1 and 1. 0 p. 
in both directions w a s  also used. 

The thickness of the evaporated 
An overlay grid of 10 lpi  

A high ser ies  resistance is still quite 
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prominent; however, an increased SCC seemed to result from these cells. 
A poor shunt also appears t o  contribute to the low fi l l .  A poor shunt was 
quite common to al l  evaporated grid cells and can be considered a s  one 
of i ts  drawbacks. 
imperfections in the CdS film which the evaporated gold can easily penetrate 
and, under the right circumstances, cause a low resistance path between 
the substrate and the ba r r i e r  layer. The epoxied electro-etched grid tends 
to bridge these small  imperfections in the film and thus avoids this dis- 
advantage. 

It is assumed to be caused by pinholes o r  other 

Since gold apparently could not be deposited in thicknesses much 
greater than about a micron, a t  least on the barr ier  layer of the CdS film, 
several  alternative methods of increasing the thickness of the gold deposit 
were studied. 
not wet  the gold lines uniformly and resulted in a very non-uniform pattern. 
Also, this high temperature treatment of the bar r ie r  cell usually reduced 
the OCV considerably. Dipping in several low melting temperature bismuth 
alloys was also attempted but with the same results. 

Dipping in molten solder was attempted but the solder did 

A solder cream, originally intended for use in printed circuit 
applications, W a S also evaluated. It was applied to the grid pattern by 
squeegeeing through the evaporation mask and a silk screen mesh after 
gold evaporation. After a low temperature cure the mask w a s  removed 
and the cell w a s  then vacuum heated to above the liquidus temperature 
of the solder. The resulting pattern appeared uniform but microscopic 
examination revealed that the lines were not continuous. Apparently 
not enough of the solder cream could be applied so  that continuous lines 
could be formed. 

Conductive gold and silver epoxies were also used to build up the 
grid lines. 
gold evaporation. After removal of the mask the cell was given the required 
heat treatment to cure the epoxy. 
the epoxy resulting in a non-uniform and somewhat messy appearing pattern. 
Figures 11 and 12 show the resulting I-V curves from these cells. 
low f i l l  appears to be-dominated by both a low shunt and high ser ies  resist-  
ance so no apparent advantage was gained by this method of grid fabrication. 

The epoxy was squeegeed through the evaporation mask after 

There was considerable spreading of 

The 

It was concluded that the performance of these evaporated grid cells 
was limited by their se r ies  resistance and was apparently caused by 
discontinuities and the thinness of the evaporated lines. None of the 
attempts at reducing the resistance of the as-evaporated pattern was 
successful and it was concluded that unless a more conductive evaporated 
pattern could be deposited the concept of the evaporated grid was limited. 
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Gold Epoxy Application by S:lk Screeriirg 

A s  an additional effort in reducing the dependeRce on operator 
skill a different method of applyicg the conductive gold epoxy- to  the grid 
was iriitiat,ed. 
squeegeeing the grid dowri irxo a iilm of the gold epoxy which had been 
spread over  a. sheet of Teflon. 
obtair, reproducibly 2r;d wE.STi’t a11xavTg cor-:.fined to the intended side of the grid, 
some spreading usmliy occuxred. 
attempt was made to  smooth ouit the epoxy layer on the grid by means of 
a cotton swzb,  bct u.sGally at the exr.er,se of wrhkling the already fragile 
grid,  or break.ing some of i+,s wires. 

Previously, the eFoxy -,vis applied to the grid simply by 

A ulz’iiorm layer w a s  qui te  difficult t o  

Pr ior  to Fositior?ing on the cell an 

By silk screening the gold epoxy orLt,o the grid a much more  uniform 
coiting is obtsirred. 
asscres thzt esch grid receives the same amocgt of gold epoxy and that it 
is wiform2;. applied over its entire surface. 
of si lk sc.reec eF=oxfed grids ~ i t k  hmd  epoxied grids indeed does show that 
si lk screenlrig is 2 much more  uiriiiforrn rrocess .  

The s i lk  s c rew,  by acting &s 2 metering device, 

Microscopic compa.riaon 

The u s e  of silk scree2 epoxied grids doesn’t appear to  result  in 
any ad t -z tage  in cell performance. 
si lk screes process lies :-YI its ease of use a r d J  as such”, is much less 
dependent an operator skill. 
process at, the end of August. 

However, the mair, advantage with the 

This method was igcorporated into the standard 

Chromium k t  erlaver s 

In the preser,t stm.dard process of cell fsbrlcation a very thin layer 
of zinc. is electroplated osto the Ag-Pyre NIL scbstrate just  p r io r  to  CdS 
evapomtlon, 
and h3s lor,g been assumed t.o provide a low r e s i s tmce  ohmic contact at 
the CdS z:d the Ag-Pyre NIL i?.sezlfzce, The presence of this zinc layer,  
however h5.s marw disadva.ct.%ges among them its high vapor pressure 
during the CdS evapo-r--;.cior: cycle which has been thoc;ght, to result in a Zn 
doped CdS Eilbm, Al.so any z i r c  t,hat h-.s r.ot been covered by CdS during the 
evaporstion process w i l l  rest-lt in the F.recSF:tatior, of met,allic copper when 
dipped iQ the copper chloride sol~siori  d u i n g  she bar r ie r  formation process. 
This copper ustzsIly resuits in badly shunted cells. 

The necessity of t.his zinc lzyer has bee3 established empirically 

Sgbstitutes for the Z L Z C  h2ve long been soi;ght and chromium has 
aFperlred t o  be ope oi the more  Frornis,ng cardidhte materials. 
attempts .>t hsing chrorniiim resulted in cell F r:^ormance with normal 
OCV’s and fills bb+, :OW SCC:s ind eff;ciencleJ5’ These attempts w e r e  

Previous 

(5’ShirLar!d, Hietznen, a2d Bower, NASA CR-72 159, Final Report 
on CoiLtract NAS 3-8502, dated December 30, 1966. 
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confined to  evaporated chromium and it w a s  logical to attempt substituting 
electroplated chromium since electroplated zinc has been shown previously 
to result in better cell performance than evaporated zinc. 

Standard process Ag-Pyre M L  substrates w e r e  electroplated with 
chromium layers  about 1000 A thick. 
into otherwise standard process cells. 
cells showed double inflectioned S-shaped curves. See Fig. 13. Such 
behavior is usually associated with back-to-back diodes, which in the case 
of the CdS cell  means that an additional rectifying junction has appeared 
in the cell. 

These substrates w e r e  then processed 
The I-V characteristics of these 

Suspecting that the chrome-CdS junction was rectifying, I-V curves 
were taken between the substrate and the base CdS f i l rn .  In-Hg amalgam, 
which is known to  make ohmic contact to CdS, w a s  used to contact the CdS 
film. 
between two In-Hg contacts on the CdS film to show that no rectification 
was present at the In-Hg-CdS contact. 
substrate and the In-Hg contacts and clearly shows a rectifying character- 
is t ic  which could very w e l l  explain the abnormal I-V curves obtained from 
completed cells made from these substrates. 
shows the experimental arrangement used in obtaining these curves. 

Figure 14 shows the curves obtained. Curve B w a s  obtained 

Curve A was obtained between the 

The Inset in Fig. 14 

The previous attempts at chromium substitution for the inter layer 
material  used evaporated chrome and showed no such behavior. 
assumed that the reason for  the present behavior in the electroplated 
chrome substrates was the formation of chrome oxides due to the exposure 
of the plated chrome substrate to room atmosphere. 
obtained in the ear l ier  work from the evaporated chrome substrates were 
obtained when the CdS evaporation followed chrome evaporation without 
exposing the evaporated chrome to room air. Several attempts w e r e  then 
made to  reduce the effects of chrome oxide formation prior to  CdS evapora- 
tion. The t ime between chrome plating and mounting in the CdS evaporator 
was minimized, but some exposure t o  room air was unavoidable. In 
addition, the evaporator w a s  back-filled with argon and the substrate 
given an extended ion bombardment in hopes of removing any chrome 
oxides that may have formed. However, these attempts w e r e  to  no avail, 
the only improvement being the reduction of the second inflection in the 
curve, Fig. 15, but an extremely high ser ies  resistance still remained, 
I-V curves of the back junction sti l l  revealed a rectifying contact present. 

It was 

The best results 

It was then decided to  repeat the evaporated chrome interlayer 
experiments to  see if the ear l ier  results could be duplicated. 
resu l t s  showed that i f  the evaporated chrome interlayer w a s  exposed to  
room air pr ior  to  CdS evaporation the same double inflectioned curves 
were obtained from cells processed from these substrates. However, 
cells  processed from evaporated chrome interlayers not exposed to  room 
air pr ior  t o  CdS evaporation resulted in the more normal cells referred 
to ear l ier .  These experiments w e r e  repeated, particularly to see if  the 

The ear l ier  
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exposure to room a i r  resulted in rectifying back junction, which would 
help explain the results obtained from the electroplated chrome cells. 

Somewhat surprisingly, very little difference w a s  observed between 
the exposed and unexposed chrome substrates,  both on the back contact 
measurements as well as on the completed cells 
typical I-V curves from these cells 
different from those obtained from electroplated chrome substrate cells. 
The high ser ies  resistance and double inflectioned curve, characteristic 
of the plated samples, a r e  not present, however, a low SCC is present. 
In addition a poor shunt condition is present which seems to be responsible 
for  the low f i l l  and low OCV However, a poor shunt is difficult to explain 
in t e rms  of the rectifying properties of the back junction, 
back junction were linear, indicating that an ohmic contact had been established 
in both cases.  
sensitive than it is materials sensitive 

Figures 16 and 17 show 
These curves a r e  considerably 

I-V curves of the 

Hence it appears that the back junction is more fabrication 

These rather  confusing results prompted an attempt to  evaporate 
CdS directly onto an Ag-Pyre M L  substrate, i e , with no interlayer 
present. 
r e s u l t  a t  the CdS-Ag-Pyre M L  interface. 
NIL junction surprisingly were linear, only at extremely high voltages 
and currents was there any indication of nonlinearity, but in the range of 
interest ,  within f 100 mV,  the curve w a s  linear. Several of these substrates 
were processed into completed cells and Fig. 18 is typical of their  resultant 
I-V curves. 
interestingly, the absence of the very high series resistance and double 
inflectioned curve affirm that an ohmic back junction is present Again 
this curve seems somewhat dominated by a poor shunt resistance as evidenced 
by the very low OCV. However, the SCC is respectable, only slightly 
below average 

The main purpose was to  determineif a non-ohmic contact would 
I-V curves of the CdS-Ag-Pyre 

Obviously,this is a curve from a rather poor cell, but 

Hence, the conclusion to be drawn from these experiments is that 
chromium interlayers, either evaporat ed or electroplated, cannot be directly 
substituted for the electroplated zinc presently used The immediate effect 
of these substitutions is somewhat confusing but does indicate that some 
other properties of the back contact, a s  yet unknown, may be of as much 
significance a s  i ts  ohmic nature. 
deposition seems to be a s  important a s  the material  itself. 
demonstrated ear l ier  by the difference between evaporated and electroplated 
zinc. 

The implication being that the manner of 
This was also 
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F E P  Teflon Cover Plastic 

One of the most obvious changes that can be made to improve the 
efficiency of thin film CdS solar  cells appears to be the simple substitution 
of a more transparent plastic for the Kapton cover plastic. 
optical properties a r e  obviously ill- suited for cover plastic use on solar 
cells since it absorbs about 2570 of the AM0 sunlight. 
satisfies the other requirements for  cover plastic material, that is , 
resistance to  degradation by ultraviolet and particle radiation. 
clear plastic material  has yet been found that matches Kapton's resistance 
to radiation degradation. 
Kapton's radiation resistance,76' and it w a s  decided to investigate it a s  a 
substitute cover plastic. 

Kapton's 

However, it admirably 

No optically 

Rec n work indicates that F E P  Teflon approaches 

The f i rs t  attempts at using Type C F E P  Teflon a s  a cover plastic 
The same epoxy that is used were by direct substitution for the Kapton. 

to  attach Kapton was used to attach the F E P  with the same curing conditions. 
The resulting cells were visually acceptable; that is, the epoxy apparently 
successfully bonded the F E P  to the cell. 
ter is t ics  were also encouraging, see Table XXVIII which l is ts  the ranges 
and averages of the AMO-25°C performance of 33 of these cells. 

The initial electrical charac- 

Table XXVIII. AMO-25°C Performance of 33 F E P  Teflon 
Covered Cells. 

Max. M in Average 
ocv . 482 ,455  . 470 V 
SCC 1.120 . 870 . 975 A 

.345 .281  .310 w P 

Fill 71. 0 62 .  0 67 .  770 

max 
Eff. 4. 5 3. 7 4. 270 

These values should be compared with the similar values from this 
y e a r ' s  s t a n a a r d  p r o c e s s -  c e l l s ,  s e e  T a b l e  I .  T h e  O C V F s  
a s  expected, are practically identical, but the SCC's of the FEP  cells are 
about 3070 greater ,  which is somewhat more than the 2570 normally seen 
between uncovered and Kapton covered cells. The average maximum power 
and efficiency of the F E P  cells is about 2470 greater than the Kapton covered 
cells which is approximately what w a s  expected The average f i l l  of the 
F E P  cells, however, is 3. 470 lower than the standard cells. A closer 
look at  the I-Ii t races  reveals that these lower fills mainly appeared on 
the high SCC and high efficiency cells. 
on Mylar covered cells and has been assumed to be caused by a limiting 

This behavior has been noted before 
' 

(6)E.  Anagnostou, private communcation. 

57 



series resistance in the cell. 
In spite of what previously had been an acceptable series resistance of 
about 0. 07 ohms, the f i l l  is st i l l  obviously too low. The IR drop due to 
the ser ies  resistance is about 1. 1 amps x 0. 07 ohms - .  077 volts, which 
means that the maximum power point would be 77 mV higher if  the series 
resistance w e r e  zero.  
the example shown with an extremely high f i l l .  

Figure 19 is a good example of such a cell. 

This would result in an efficiency of about 670 in 

An attempt to  reduce this ser ies  resistance in F E P  covered cells 
was made by substituting roll-coated substrates for the standard sprayed 
substrates.  
coated substrates would lower the cells '  ser ies  resistance, and thus 
improve i t s  f i l l .  

It was thought that the lower sheet resistance of the roll- 

The resul ts  of this experiment a r e  tabulated in Table XXIX. 
. I '  

Table XXIX. AMO-25°C Performance of 2 6  F E P  Covered 
Class I Roll-Coated Substrate Cells. 

Max, Min. Average 
ocv . 480 .. 460 . 468 V 
SCC 1.095 . 840 . 9 6 5 A  ' 

. 360 . 2 7 4  . .303 W - 'max 
Eff.  4. 7 3. 6 4. 0% 
Fill 70. 8 64. 5 68. 370 

The slight difference in fills is not significant enough to  conclude 
that roll-coated substrates are better than sprayed substrates. As  a result 
of short  t e rm outdoor testing it soon became apparent that the epoxy used 
to  attach the FEP to the cell  was quite sensitive to  ultraviolet radiation, 
When used t o  attach Kapton to  the cell the Kapton prevented any ultraviolet 
radiation from reaching the eppxy since it effectively cuts off at  about 
5100 A. However, when used to attach the transparent FEP,  which allowed 
the ultraviolet to reach the epoxy, i t s  ultraviolet limitations soon became 
apparent. Hence an adhesive had t o  be found that had properties similar to 
the cover plastic, i. e. , it  had to  be optically transparent and resistant to 
ultraviolet and particle radiation. 
turned out to be a s  difficult as finding a cover plastic with them. . 

Finding an adhesive with these properties 

A large number of transparent adhesives w e r e  then evaluated, 
including silicones, urethanes, epoxies and a number of unspecified . 
proprietary ones. Surprisingly, practically all resulted in visually 
acceptable cells,  i. e. , they appeared to  have successfully bonded the F E P  
to  the cells. 
from practically zero to strong enough to  pul l  the CdS film from the substrate. 
The adhesives that were evaluated and a rough indication of their bond 
strengths a r e  listkd,in Table XXX. 

But the strengths of these bonds varied considerably, ranging 
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Table XXX. Adhesives Evaluated for Attaching Type C 
FEP  Teflon to  Gridded Cells. 

Ad he s ive Company Comments 

RTV 602 
RTV 615 
182 
184 
281 
SR585 
X-30483 
RVCT-91 
Epoxy 20 
Epoxy 30 
Uralane XA-8666 
4475 
77-N 
903- 1 
903-2 
Quick Stick Spray 

G. E. 
G E. 
Dow Corning 
Dow Corning 
Dow Corning 
G .  E. 
Dow Corning 
Arvey 
Transene 
Transene 
Furane Plastics 
3M Company 
3M Company 
Tech. Fluorocarbon Eng. 
Tech. Fluorocarbon Eng. 
Maker Products 

D 
D 
D 
D 
C 
B 
C 
A 
D 
A 
A 
D 
D 
B 
B 
D 

Eccobond 45 Clear Emerson Cuming D 
Epotek 301 Epoxy Technology Inc A 

Where: 
A - F E P  wouldn't separate by itself, pulled off grid and CdS also. 
B - FEP difficult io  remove, pulled portions of grid loose 
C - FEP w a s  removable with difficulty. 
D - F E P  was easily removable. 

The RVCT-91, 903-1 ar,d90%2 a r e  2 mil F E P  Teflon tapes with 
proprietary adhesives already applied 
adhesive were evaluated 
facturer ' s  instructions and a second sample was given the same cure that 
the present cover plastic epoxy receives. 
gave better results than the first.  

At least two samples of each 
One sample was cured according to the manu- 

In many cases the second method 

Many cells have been fabricated with F E P  cover plastics using the 
A" rated adhesives. These cells a r e  in the process of being tested to 

determine if  their ultraviolet properties a r e  acceptable. However, it 
is too early to say which, if any, of the adhesives is space acceptable. 
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A second method of attaching F E P  Teflon to gridded cells w a s  also 
In this method the FEP film is heated to above its melting 

Bonds strong enough to pull  the CdS and grid away from the 

evaluated. 
temperature and under pressure forms a strong bond to the gridded cell 
surface. 
substrate are easily formed this way. 
increments at 100 ps i  pressure in vacuum showed n o  reliable bonding until 
a temperature of 270°C was reached. 
not a critical parameter. 
the tentative laminating conditions for the initial evaluation. 
observed that stronger bonds a r e  achieved when the modified surface of 
Type C FEP  is in contact with the cell surface. 
a modified surface is no longer able to accept adhesives after a heating 
cycle. Apparently heating above i ts  melt temperature causes a modified 
surface to revert  back to i t s  original form. 
significance during a r r ay  fabrication i f  FEP is found t o  be acceptable as 
a cover plastic. 

Heating the FEP film in 10°C 

It was also found that pressure is 
Laminating at 290°C at 50 psi was selected a s  

It was also 

Further, it was found that 

This fact may become of 

A s  stated a laminating condition of 290°C at a pressure of 50 ps i  
w a s  selected for  the initial evaluation of FEP a s  a cover plastic. Although 
not rigorously optimized these conditions do re su l t  in bonds of apparently 
acceptable strength since they always pul l  away the CdS film and grid from 
the substrate. Unfortunately the t ime could not easily be varied for these 
laminations, the lamination press  could only be heated relatively slowly. 
It normally took 40-50 minutes for the platens in the press  to reach the 
required temperature. 
the desired laminating temperature fo r  5 minutes, then start  the cooling 
procedure, Cooling was relatively fast ,  returning to room temperature 
within several  minutes. 

The usual practice was to let the plates remain at 

The effect of this high temperature lamination cycle on the electrical 
performance of cells is not consistent. 
strophic failures to slight perturbances have been seen, but the effect 
most, commonly seen is a large decrease in OCV, f i l l  and efficiency and a 
slight increase in S C C .  This large loss  is usually followed by a degree of 
recovery, agaizl, that is liot coGsister,t. Figure 20 shows the three curves 
from a cell which showed this behavior. The degree of recovery depends 
or1 the treatment that the cell is subjected to after removal from the lam- 
ination press.  Oddly enough a 15 hour vacuum bake at 135°C resulted in 
a greater recovery than room temperature exposure. It may be that the 
cause of the degradatioE that occurs in the high temperature lamination is 
somewhat annealed out during this  lower  temperature bake. At  any rate,  
there does appear to  be a nhtural tendepcy for the cell to recover after the 
high temperature FEP  lamination but the corzdit',ons for promoting the maxi- 
mGm recovery have yet to be determined. 

Variations that range from cata- 

The large fall-off in cell performance after FEP  lamination was 
duplicated by subjecting a number of standard process Kapton covered cells 
to the same laminating cycle. In all  cases the same type of degradation 
and recovery resulted, see Fig. 21 .  ID addition, cells with no cover plsstics 
r u n  through the same sequepce, see Fig .  22, show t h e  s a m e  type of 
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behavior, indicating that the high temperature lamination cycle, rather 
than the Teflon, was responsible for the decrease and recovery. 
reason for this behavior is not known but, a s  mentioned earlier,  might be 
due to physical damage to the junction region. This is indicated by the 
lowered shunt resistance and lowered OCV. Fortunately there seems to 
be a natural tendency for  the cell to recover, but again the mechanism is 
not understood. However, complete recovery has seldom been seen. 
Final performance is almost always poorer than performance prior to 
F E P  laminat ion. 

The 

It is too early for a complete characterization of the performance 
and stability of heat bonded FEP covered cells. 
t e r m  testing data has been collected. Table XXXI shows the performance 
of a group of six cells over a period of 5 1  days at room atmosphere. 
The three pairs of cells were laminated at slightly different temperatures, 
as indicated in the Table. 

However some short- 

Table XXXI. AMO-25°C Performance of Heat Bonded FEP  
Covered Cells. 

234435 (280" C) 
Initial 
19 days 
35 days 
51  days 

234436 (280°C) 
Initial 
19 days 
35 days 
5 1  days 

178-7 18 (290" C) 
Initial 
20 days 
36 days 
52 days 

178-715 (290°C) 
Initial 
20 days 
36 days 
52 days 

178-712 (300°C) 
Initial 
2 1  days 
37 days 
5 3  days 

Initial 
2 1  days 
37 days 
5 3  days 

178-716 (300°C) 

ocv 
m V  

489 
482 
484 
47 5 

491 
491 
-485 
485 

47 3 
468 
46 6 
46 5 

462 
45 8 
452 
454 

478 
466 
465 
462 

464 
454 
450 
452 

SCC 
mA 

950 
9 10 
890 
890 

96 1 
9 40 
92 0 
92 5 

1092 
1058 
1038 
1040 

1108 
1052 
102 4 
1015 

1095 
1059 
1035 
1040 

1062 
1007 

988 
985 

max 
mW 

319 
289 
281 
273 

P 

330 
314 
298 
2 97 

336 
307 
2 92 
294 

339 
302 
287 
283 

352 
313 
295 
290 

32 8 
284 
270 
270 

Fill 

7 0  

69. 0 
65. 9 
65. 5 
64. 6 

70. 0 
68. 7 
66. 8 
66. 3 

65. 0 
62. 2 
60. 4 
56. 5 

66. 5 
62. 8 
62. 0 
61. 5 

68. 5 
63. 5 
61. 2 
60. 4 

68. 0 
62. 2 
60. 8 
60. 7 

Eff. 
70 

4. 16 
3. 76 
3.  66 
3. 56 

4. 31 
4. 10 
3. 88 
3. 88 

4. 38 
4. 00 
3. 81 
3. 56 

4. 42 
3. 94 
3. 74 
3. 70 

4. 59 
4. 08 
3. 84  
3. 78 

4. 27 
3. 70 
3. 52 
3.  52 
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There is obviously a period of readjustment for  these cells which is 
s imilar  to what occurs in standard process cells. 
here  is much greater than that in standard cells. 
in this readjustment period appears to be an increasing series resistance, 
which seems to be the main cause of the' decreasing f i l l  in all of the cells. 
This can be caused by a number of reasons in the cell but the grid contact, 
barrier layer and/ or  insulating layer resistance are immediately suspect. 

However the time involved 
One common characteristic 

The heat bonded cells do not appear to hold up a s  we l l  as the 
adhesive bonded FEP cells on outdoor exposure. 
outdoors twq heat bonded cells showed many a reas  of cover plastic delamination. 
Adhesive bonded cells on the same test  show no adverse signs. However, 
more  test data are necessary before a conclusion can be drawn regarding 
the acceptability of heat bonded FEP Teflon as a cover plastic. 

After about a month 

Characterization of CdS Evaporation Process  

The purpose of this task was to  characterize the most cri t ical  
parameters in the CdS evaporation cycle with respect to uniformity and 
repeatability from one evaporation cycle to the next. 
has  always been plagued by a wide variation in cell performance, the cause 
of which has remained unknown. 
variations were occurring in the CdS evaporation process which might be 
responsible for  the variation in the production cells. 
rate profile of the CdS evaporation sources w a s  studied as a function of 
time and theitemperature distribution that occurred across  the Ag-Pyre 
ML coated Kapton substrate during CdS evaporation was also studied. 

Standard cell production 

The intent w a s  t o  determine if  large 

The evaporation 

(1) Evaporation Rate Profile 

It has always been suspected that as the CdS evaporation 
sources are continuously cycled they must be changing their evaporation 
characterist ics a s  a r e su l t  of aging effects. Specifically, it w a s  thought 
that there mQst be increase in resistance with age and since a constant 
power application is specified it would appear that a decrease in evaporation 
rate must be occurring. 
CdS in the sources a s  they aged. 
the CdS it was necessary to increase the input power, contrary to the 
constant power requirement. 

This w a s  evidenced by the appearance of unevaporated 
In order  t o  completely evaporate all  of 

To determine more thoroughly what w a s  occurring the evaporation 
rate profile of two types of sources w a s  followed as a function of time. 
The two sources were quite s i h i l a r ,  differing only by the inclusion of a 
thermal s t r e s s  relief in the connecting s t raps .  
Evaporation Rate Monitor was used to  determine evaporation rates  under 
actual CdS evaporation conditions. Figure 2 3  shows a sketch of the most 
frequently observed evaporation rate  versus t ime curve and w a s  considered 
to be the normal evaporation rate  profile. 
showed any variation from one cycle to another. 

An Allen-Jones Model 600 

Only the height of the curve 



Evaporation 
Rate 
(Arbitrary 
Units) 

10 14 18 22 26 30 Time (minutes) 

Fig. 2 3  Typical Evaporation Rate Profile of CdS Evaporation 
Source 

The evaporation sources which did not have the thermal s t r e s s  
reliefs showed normal profiles through 40 evaporation cycles and rather 
e r ra t ic  behavior after that. 
at about 20 cycles. 
of s t r e s s  reliefs showed up initially a s  a warpage in the geometry of the 
source followed by breaking of the Mo-Ta welds. 

Physical changes were apparent much sooner, 
Complete failure occurred after 51 cycles. The lack 

The evaporation sources which had the s t r e s s  reliefs held up 
remarkably longer. 
the profile had shown no significant change nor was there any physical 
change apparent in'the source.'Since the normal cycle life between source 
replacements is about 60 cycles.. there w a s  no immediate need for carrying 
the test further. 

The tes t  was terminated after 85 cycles at which time 

The superiority of the s t r e s s  relieved sources was also evident 
after they had been incorporated into the production evaporator. 
source failure and replacement between evaporator shutdowns for clean up 
w a s  a frequent occurrence. 
has  almost eliminated this problem. 

Previously, 

However the use of the s t r e s s  relieved sources 

(2) Substrate Temperature Uniformity 

During CdS evaporation the Ag-Pyre ML covered Kapton substrate 
is maintained at a nominal temperature of 220°C. 
between two thin aluminum frames which hold it in place. 
which is in contact with the Ag-Pyre NIL surface, also serves a s  an 
evaporation mask and defines the a reas  to be covered with CdS. 
entire frame-substrate package is radiation heated by a large a rea  tanta- 
lum heater positioned a half inch above the package. 
of tantalum, which runs around the periphery of the main substrate heater, 
serves  to heat the edges of the aluminum frames. 

The substrate is clamped 
The lower frame, 

The 

An additional strip 
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Radiation heating has been suspected of resulting in temperature 
gradients across  the substrate during CdS evaporation because of the large 
a rea  involved, about 10- 1 / 2  x 11 inches To study this possible effect 
a thermocoupled test substrate was substituted f o r  standard substrates 
during a number of simulated evaporation cycles. Four thermocouples 
w e r e  attached to the silvered surface of a standard substrate with thermally 
conductive epoxy. The same type and s ize  thermocouples that are normally 
used to control substrate temperature during standard depositions w e r e  
used. 
couples in pressure contact with the back or unsilvered side of the Kapton 
substrate, the side facing the substrate heater. 
were attached with epoxy to  the silvered or  front surface of the substrate, 
the side facing the CdS evaporation sources. 
couples w e r e  attached directly to the bottom aluminum frame. A control 
thermocouple was attached to  the top frame and was used to control the 
peripheral f rame heater. The control thermocouples are present during 
all standard CdS evaporations. 

The experimental arrangement consisted of the two control thermo- 

The four test  thermocouples 

In addition, three test thermo- 

Fifteen minutes after the substrate and frame heaters had been 
turned on, at which time power is normally applied to  the evaporation 
sources to s ta r t  the CdS deposition process, a temperature gradient of 
45°C w a s  measured between tes t  thermocouples a t  the center of the substrate 
and at  the edge. 
the substrate control thermocouples, i. e, 
of the 1 mil Kapton film and the 0. 3 mil Ag-Pyre M L  layer, read about 40°C 
lower than the control. Hence, in addition to demonstrating that a tempera- 
t u r e  gradient exists at the substrate during a simulated CdS evaporation 
run, it was also shown that there may have been a large uncertainty as to 
what the actual temperature was. 

In addition, a test thermocouple mounted opposite one of 
separated only by the thickness 

When normal power w a s  applied to  the evaporation sources, but with 
no CdS present, the gradient wds  largely reduced; the maximum tempera- 
t u r e  difference between zny TWO test  thermocouples was about 12°C. This 
indicated that although radiant heit from the evaporation sources does tend 
t o  eliminate the temperature gradients on the substrate this method ought 
not to be relied on since the evaporation process is we l l  in progress before 
the gradients a r e  significantly redu-ced. 

The thermocoupled substrate was then turned over s o  that the tes t  
thermocouples a s  w e l l  as the comro', thermocouples faced the substrate 
heater. 
thermocouple temperature.  
lower than the control thermocouFle wher, the test  couples were attached to 
the bottom side of the substrate, it w a s  rzssumed that radiation heating of 
the control thermocouple by the substrate heater occurs normally. 
Obviously, there is some doubt a s  to what the actual substrate temperature 
is during CdS evaporation. 

All  of the tes t  thermococples read within 10°C of the control 
Since the tes t  thermocouples read about 40" C 
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In order to determine more fully the effects of the frames on the 
substrate temperature distribution the center strips of both the front and 
back frames were removed from a pair. 
was held only by the periphery of the frames. 
difference with only the substrate and frame heaters was 23°C. 
indicated that the frame center strips were possibly acting a s  heat sinks, 
particularly the lower one since its only source of heat is radiation from 
the frame heater along its edges. 

The thermocoupled substrate 
The maximum temperature 

This 

In another attempt to determine the cause of the substrate tempera- 
t u r e  gradient a standard front f rame was conduction heated by attaching a 
chrome1 heater wire along its center strips with a conductive epoxy. The 
maximum temperature difference between the same two thermocouples that 
read the largest differences before was about 23" C. Initially, a tempera- 
t u r e  difference of 47°C was read between these two couples. 

The effect of other f rame materials on the substrate temperature 
distribution was then determined. 
attemDted. Again the center temperature was lowest, and in fact lower 
than previously, and continued decreasing with time, The mass of this 
particular mask was greater than the aluminum mask but i ts  specific 
heat was less  by an equivalent amount. However, the thermal conductivity 
of the stainless was a factor of ten less  than the aluminum frame, and this 
very easily could have accounted for the observed gradient. 

First ,  the use of a stainless steel mask was 

An H-film mask was also evaluated in which no metal was in contact 
with the substrate other than very small  clamps which held the substrate 
suspended from a wire f rame but not in contact with it. A l l  thermocouple 
readings came within 20" C of the control temperature of 220" C within the 
same 15 minute warm up cycle. T h ' i s  indicated that the small thermal 
mass  of the H-film mask tended not to act a s  much of a heat sink a s  the 
metal  frames, 
definition due to motion of the H-film during the evaporation process. 

CdS evaporations using these masks resulted in poor edge 

These experiments were done in the large three position evaporator 
that is also used in normal production of CdS cells. 
a r e  identical in design and construction and a s  such should have roughly the 
same operating characteristics. 
evaporation uniformity should be the degree of uniformity of the operating 
characteristics of the three stations. 
connected across  each of the three substrate heaters in order to help 
determine if the three substrates were seeing approximately the same 
conditions. 
consumption among the three stations, not only from station to station 
but from run to run a s  well was occurring. 
heated for about an hour during a typical evaporation cycle but the actual 
elapsed time that the heaters a r e  on varied from 4.5 minutes to 17 minutes. 
The only pattern apparent in the results was that one station, No. 3 ,  
consistently was on the longest of the three stations. These wide variations 

The three positions 

A s  a matter of fact, one indication of 

Elapsed time indicators were 

The indicators showed however, that a wide variation in power 

Substrates a r e  normally 
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ought not have occurred if the three positions were operating identically, 
It is not too unreasonable to  assume that substrate temperatures were 
also varying in a similar manner. 

However, the effect of this assumed temperature variation, as 
discussed ear l ie r ,  on the CdS film well as the temperature gradients 

structure and ultimately on cell performance is unknown. 
may be no effect at all since many excellent cells have been fabricated in 
spite of their  occurrence; or ,  it may be that they do partially account for 
the rather wide variation in cell performance normally present in cell 
production. 

In fact, there 
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