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TKERMAL CYCLING AND HEAT DAMAGE TESTS OF THIN-FILM 

CADMIUM SULFIDE SOLAR CELLS 

by John G. Ewashinka and George K. Stephenson, Jr. 

Lewis Research Center 

SUMMARY 

Heat damage and thermal cycling t e s t s  were performed on thin-f i lm cadmium 
sul f ide  so la r  c e l l s  t o  determine the  s u i t a b i l i t y  of these c e l l s  f o r  operation 
i n  a space environment. The temperature range was 80° t o  ZOOo C fo r  heat damage 
s tudies  and -90' t o  62' C f o r  thermal cycling t e s t s .  Test durations f o r  heat  
damage and thermal cycling s tudies  were 586 hours and 1600 cycles, respectively.  

Mechanical and physical weaknesses i n  the  c e l l  design were uncovered during 
heat damage t e s t s .  
and delamination of p l a s t i c  encapsulant, were overcome by soldering the  contacts 
t o  the  c e l l  s t ructure  and by using a high-temperature encapsulant. Degradation 
of c e l l  output a t  elevated temperatures w a s  evident at 200' C f o r  the  heat 
damage t e s t s ;  the  c e l l  output, however, s t ab i l i zed  a f t e r  the  temperature w a s  
reduced below 200' C, which indicated t h a t  no damage t o  the  c e l l  junction had 
occurred. 

These weaknesses, which consisted of f a u l t y  c e l l  contacts 

Thermal cycling t e s t s  revealed several  c e l l  problem areas ,  which included 
loss of c e l l  contact between gold gr id  and s i l v e r  co l lec t ing  s t raps ,  f a i l u r e  of 
c e l l  encapsulant, and short  c i r cu i t i ng  of the  c e l l  caused by the  type of gr id  
used. These problems were solved by the  use of a high-temperature encapsulant. 
With electroformed gr ids  instead of t he  e a r l i e r  wire-mesh gr ids ,  the  solar c e l l s  
were able -to withstand wide temperature excursions without short  c i rcu i t ing .  
Improved so lar  c e l l s ,  designed t o  eliminate these types of f a i lu re ,  were success- 
f u l l y  run up t o  1495 thermal cycles without any apparent c e l l  degradation. 

INTRODUCTIOM 

For so lar  c e l l s  t o  be successful sources of power i n  space, they must be 
capable of operating i n  a hos t i l e  space environment f o r  extended periods of 
t i m e .  I n  order t o  evaluate new c e l l  designs, pa r t i cu la r ly  thin-f i lm cadmium 
sul f ide  c e l l s ,  a program w a s  undertaken a t  the  Lewis Research Center i n  which 
the  function of such c e l l s  i n  the  vacuum and thermal environment of space w a s  
t e s ted  . 
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I n  the  vacuum of space, c e l l  temperatures a re  determined by rad ia t ion  
balance; as a r e s u l t ,  high operating temperatures occur. 
temperature of thin-f i lm cadmium sul f ide  so la r  c e l l s  i n  space sunlight has been 
estimated a t  50° t o  70' C depending on the  o rb i t .  
years .exposure t o  t h i s  temperature could degrade the  c e l l  output s ign i f icant ly .  
To explore t h i s  poss ib i l i t y ,  c e l l s  were operated a t  elevated temperatures rang- 
ing from 80' t o  200' C i n  vacuum. 

"he normal operating 

It i s  possible t h a t  several  

Orbiting through the  shadow of the  Earth a l s o  imposes severe thermal 
s t r e s ses  on the  c e l l s .  The thermal e f f ec t s  of such o r b i t s  were evaluated by 
subjecting the  c e l l s  t o  a l t e rna te  periods of simulated sunlight and darkness i n  
a vacuum chamber with l iquid-nitrogen cooled w a l l s .  Fai lures  observed i n  these 
tes ts  were analyzed and have provided c e l l  designs capable of withstanding long- 
term cycling. 

DESCRIPTION OF APPARATCTS 

The space simulator, shown i n  f igure  1, has a 10-inch-diameter, 26-inch- 
long chamber t h a t  can accommodate four 3- by 3-inch c e l l s .  
s tudies ,  t h i s  chamber i s  cooled by a pressure-fed l iquid-nitrogen system which 
consis ts  of two separate cooling shrouds, as shown i n  f igure  2. The outer 
shroud i s  made of 3/8-inch-diameter s t a in l e s s  s t e e l  tubing which i s  coi led 
along the  e n t i r e  chamber length. 
diameter s t a in l e s s  s t e e l  tubing, i s  geometrically the  frustum of a cone, and 
it i s  i n  t h i s  a rea  t h a t  the  four cadmium sul f ide  c e l l s  being t e s t ed  are located. 
Both shrouds were blackened by a sodium dichromate treatment so t h a t  the  c e l l s  
would be i n  a blackbody environment. The purpose of t he  outer shroud i s  t o  
br ing inside chamber temperature down t o  approximately -90' C, and the  inner 
shroud ensures t h a t  the  c e l l s  w i l l  reach the  -90° C equilibrium temperature 
quickly. 

For thermal cycling 

The inner cooling shroud, a l s o  of 3/8-inch- 

I n i t i a l l y ,  t he  space simulator chamber used f o r  heat damage and thermal 
cycling tes ts  w a s  a 12-inch-long chamber with l iquid-nitrogen cooling c o i l s  
inside.  The f i rs t  t e s t  i n  t h i s  space chamber, using thin-f i lm so lar  c e l l s  with 
temperature thermistors attached, showed t h a t  t he  chamber did not provide 
adequate cooling. With a constant flow of l i qu id  nitrogen through the  cooling- 
c o i l  shrouds and with no l i g h t  i r r ad ia t ion  upon the  c e l l s ,  the  minimum dark-cel l  
temperature a t ta inable  w a s  -17O C ,  and with l ight i r r ad ia t ion  the  c e l l  temper- 
ature w a s  approximately 110' C. It i s  estimated t h a t  a thin-f i lm cadmium sul -  
f ide  solar  c e l l  should have a dark temperature of -90° C and an illuminated 
temperature of approximately 62' C based on a 90-minute o rb i t .  

A 1/4-inch-diameter, blackened aluminum b a l l  with an iron-constantan 
thermocouple embedded within w a s  mounted i n  the  t e s t  plane of the chamber. After 
the  t e s t  b a l l  w a s  i r r ad ia t ed  for  1/2 hour with a tungsten l i g h t  source, the  
temperature of t h i s  b a l l  w a s  121° C. 
dark temperature of -15' C a f t e r  3/4 hour. 
disclosed t h a t  t he  chamber tes t  plane w a s  receiving s igni f icant  thermal rad i -  
a t ion  from the  outside surroundings. The chamber length, therefore ,  w a s  i n -  
creased t o  26 inches, and addi t ional  l iquid-nitrogen cooling c o i l s  were added. 

With no i r rad ia t ion ,  t he  t e s t  b a l l  had a 
The evaluation of these data 
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Figure  1. - Layout of space s imu la to r  test apparatus. 
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Figure 2. - I n n e r  and ou te r  cool ing shrouds and location of cadmium sul f ide 
solar cells. 

The chamber used f o r  the  present invest igat ion comes t o  an equilibrium 
dark temperature of -90' C i n  approximately 7 minutes; and, with tungsten ir- 
rad ia t ion ,  the  c e l l  temperatures s t ab i l i ze  a f t e r  7 t o  8 minutes a t  62' C. For 
heat damage s tudies ,  t he  l iquid-nitrogen cooling c o i l s  were modified t o  accept 
water, so  t h a t  the  chamber could be operated a t  elevated temperatures. 

The vacuum equipment associated with the  chamber includes a roughing pump, 
a diffusion pump, and a re f r igera ted  cold t r a p  system (see f i g .  1, p. 3 ) .  
The l i g h t  source consis ts  of seven 600-watt tungsten iodine lamps with individ- 
u a l  r e f l ec to r s  located approximately 4 f e e t  from the t e s t  plane. The chamber 
window i s  1-inch-thick fused quartz. 

Figures 3 and 4 a re  e l e c t r i c a l  diagrams showing the  power, control ,  meas- 
uring, and recording systems. 
input t o  the  tungsten lamp source. Control of the  tungs t en l igh t  source on-off 
cycle i s  a t ta ined  by means of a tandem timer t h a t  i s  preset  t o  the  desired duty 
cycle. The automatic data-recording system i s  b u i l t  around a modified standard 
24-point 10-mill ivolt  recorder. A synchronized ro t a ry  switch, i n s t a l l ed  inside 
the  recorder, switches the  posi t ive side of each c e l l  t o  t he  next respective 
c e l l ,  while the negative s ide of each c e l l  i s  t i e d  t o  a common ground. 
normal operation, data a re  recorded f o r  c e l l  open-circuit voltage and f o r  load 
voltages of 3, 1, 0.5, and 0.1 ohm. The load r e s i s t o r s  used a re  precision wire- 
wound r e s i s t o r s  t h a t  have an accuracy of kO.1 percent. When the last reading 
(0.1-ohm load) i s  taken f o r  a par t icu lar  solar c e l l ,  a cam-operated microswitch, 
mechanically linked t o  the  recorder dr ive,  switches t o  the  next so la r  c e l l .  
The open-circuit and load-voltage sequences a re  then repeated f o r  t h i s  c e l l .  

The power system u t i l i z e s  a variac t o  control  

Under 

Data fo r  a l l  c e l l s  were taken when c e l l  temperatures s tab i l ized .  The 
equilibrium temperature was usual ly  a t ta ined  a f t e r  approximately 8 minutes of 
l i g h t  i r rad ia t ion .  However, for cycles with l i g h t s  on f o r  60 minutes and off 
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Figure 4. - Wi r i ng  diagram for instrumentation. 



Figure 5. - Flux monitor, mounted on f r on t  f lange of vacuum chamber. 

f o r  30 minutes, measurements were 
taken 30 minutes a f t e r  t he  l i g h t s  were 
turned on. This was done t o  ensure 
t h a t  a l l  c e l l s  were under equilibrium 
conditions, and t h a t  c e l l  output data 
were taken at the same t i m e  f o r  every 
thermal cycle. Before the  data from 
each respective c e l l  were recorded, a 
voltage divider  network dropped the  
c e l l  voltages f o r  open c i r c u i t  and 
loads, i n  order t o  accommodate the  
10-mill ivolt  recorder range. 

Provisions have been made i n  t h i s  
system f o r  recorder ca l ibra t ion  and 
c e l l  synchronization, as shown i n  f i g -  
ure 4. The ca l ibra t ion  source provides 
a var iable  fu l l - s ca l e  span from 0 t o  
1100 mi l l ivo l t s .  I n  the  synchroniza- 
t i o n ,  t e s t ,  c e l l  pos i t ion ,  c e l l  number, 

c e l l  load number, and recorder p r in t  number &e a l l -  coordi&ed with each other: 
To ensure trouble-free operation during thermal cycling tests,  t he  recorder 
ca l ibra t ion  and c e l l  synchronization a re  checked weekly. Provisions have a l so  
been incorporated f o r  a manual readout of the  system when required. This pro- 
cedure u t i l i z e s  a d i g i t a l  voltmeter i n  conjunction with a manually operated 
load- se l ec t  or switch. 

In  order t o  provide a l i g h t  i n t ens i ty  equivalent t o  an average solar con- 
s t an t ,  the  voltage of t he  tungsten source w a s  varied u n t i l  t he  t o t a l  in tens i ty ,  
as measured with a 180' pyranometer without regard t o  matching the  so la r  spec- 
t r u m ,  w a s  140 m i l l i w a t t s  per square centimeter. Cel l  temperatures (measured 
with thermistors) were approximately 62' C during cycling t e s t s  a t  the  same 
lamp power and distance.  

To ensure constant rad ia t ion  in t ens i ty  on the  c e l l s ,  a l i g h t  source monitor 
using a s i l i con  so lar  c e l l  w a s  employed. Solar c e l l  shor t -c i rcu i t  current w a s  
measured r a d i a l l y  i n  the  correct  l i g h t  plane once a week, and l i g h t  input w a s  
corrected when required. It has been found t h a t ,  as the  tungsten iodine lamps 
age, t h e i r  spectrum s h i f t s ,  and t h i s  r e s u l t s  i n  decreased so lar  c e l l  outputs. 
Compensation of l i g h t  input t o  the  so la r  c e l l s  or i n s t a l l a t i o n  of new lamps 
a l lev ia ted  t h i s  change. Figure 5 shows the  flux monitor and i ts  placement i n  
the  system. The monitor, mounted on the  f ron t  of t he  chamber, consisted of two 
concentric r ings ,  t h e  inner r i n g  being movable. The s i l i c o n  monitor c e l l  
assembly moved on two wire guides t h a t  were mounted on a diameter of t he  inner 
r ing.  With t h i s  monitor c e l l  it w a s  possible t o  obtain a f l u x  p ro f i l e  of the  
tungsten l i g h t  source. 

DESCRIPTION O F  SOLAR CELL 

The thin-f i lm cadmium sul f ide  so la r  c e l l ,  shown i n  f igures  6 and 7, i s  
composed of a molybdenum f o i l  substrate  upon which a t h i n  f i lm ( 2  m i l s )  of 
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W i r e  mesh w i d  

Positive col lect ing strap- & 

Figure 6. - Sectional view of cadmium sul f ide solar ce l l  ( no t  to scale). 

cadmium sul f ide  i s  applied by vacuum evaporation ( r e f .  1). A b a r r i e r  deposit  
i s  formed on the  cadmium sul f ide  and i s  contacted by a gold mesh current col- 
l ec to r  grid. The appropriate negative and pos i t ive  co l lec t ing  s t raps  a re  
positioned, and the  c e l l  i s  completed by lamination between layers  of sheet 
p l a s t i c  encapsulant. 
solar c e l l  i n  order t o  keep the  cadmium su l f ide  from absorbing moisture and 
a l s o  t o  ensure c e l l  component in tegr i ty .  

The p l a s t i c  encapsulant i s  required f o r  t h i s  type of 

The e a r l i e r  cadmium sul f ide  so l a r  c e l l s  used gold wire mesh as the  current 
This wire g r id  w a s  l a i d  on the  b a r r i e r  surface and held i n  place by 

These 

col lector .  
p l a s t i c  encapsulant. The l a t e r  c e l l s  were fabricated with electroformed gr ids  
of gold which were plated from a chemical bath as the  current col lector .  
c e l l s  were an improvement over t he  e a r l i e r  c e l l s  because the  new gr ids  adhered 
w e l l  t o  the  b a r r i e r  layer  without being dependent on the  p l a s t i c  encapsulant. 

Two b a r r i e r  deposit  methods, e lec t ropla t ing  and chemiplating, were used f o r  
thin-f i lm cadmium sul f ide  so l a r  ce l l s .  The electroplated b a r r i e r  w a s  formed by 
e l e c t r i c a l l y  p la t ing  cuprous sulfide onto the  cadmium sul f ide  substrate  from a 
buffered cuprous chloride solution, and the  chemiplated b a r r i e r  w a s  t h e  r e s u l t  
of the chemical react ion of cadmium sul f ide  and cuprous chloride i n  solut ion t o  
form a b a r r i e r  layer  of cuprous sulf ide.  I n  practice,  t h e  cadmium sul f ide  f i l m  
i s  dipped i n  the  cuprous chloride solut ion f o r  approximately 1 second. 
removal from the  solution, it i s  annealed a t  an elevated temperature. 
chemiplated c a r r i e r  i s  similar i n  appearance t o  the  electroplated ba r r i e r ,  but  
has a s l i g h t l y  gray cast .  

After 
The 
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PROCEDURE 

Heat Damage Tests 

Prior to use in heat damage tests, 
cadmium sulfide solar cells were stored in 
either a desiccator or a vacuum chamber. The 
solar cells were prepared for testing by 
mounting a small bead thermistor (nominal 
resistance, 2000 ohms) to the front of each 
cell with epoxy cement (fig. 7). Cells were 
then mounted on a blackened stainless steel 
plate with epoxy cement, to ensure cell tem- 
perature stabilization during heat damage 
runs. The liquid-nitrogen cooling coils were 

I I 

I temperatures could be controlled by varying 
connected to a water supply so that cell 

I 
- -  

Cadmium 
sul f ide 
solar 
ce l l  

the-coolant flow as well as the tungsten 
light intensity. For the heat damage series 

c-75,7R of tests, the chamber vacuum attained was - .___" 
2~10'~ torr. In heat damage test 1 cadmium 

attached. sulfide solar cells were run continuously at 
cell temperatures of 80°, looo, and 120° C. 

In heat damage test 2 cells were run at temperatures of looo, 130°, and 180' C, 
and in test 3 cells were run at temperatures of 150' and 200' C. 
temperatures were cycled, whereas in test 3 the cell temperatures were not 
cycled. A heat damage cycle in test 2 consisted of 1 hour of light illumina- 
tion at a predetermined cell temperature and 1/2 hour of dark time. 
thought that this type of cyclic test would tend to accelerate damage or de- 
gradation of the cells; it did not, however, greatly influence either. In heat 
damage test 3, therefore, solar cells were illuminated continuously at a given 
temperature. 
solar cells were taken manually every 4 hours. 

Figure 7. - Cadmium sul f ide solar ce l l  w i th  thermistor  

In test 2 cell 

It was 

Data from the three heat damage tests of thin-film cadmium sulfide 

Thermal Cycling Tests 

The cells used in thermal cycling tests were mounted to the back flange 
assembly by means of clamping devices, which minimized heat conduction paths 
between the cells and the cooling cone. The chamber with mounted cells was 
evacuated, and the zeolite trap was baked out. 
was attained, the liquid-nitrogen flow was started through both shrouds. At 
this time, the recorder calibration and cell synchronization were checked. 
cell temperatures reached approximately -90° C with a stable chamber vacuum of 
about 2XlOW7 torr, the thermal cycling test was started. For the light portion 
of the initial thermal cycle, the tungsten iodine lamps were turned on and lamp 
voltage was adjusted to give the required stabilized cell temperature of 62O C. 
Data for each individual cell consisted of open-circuit voltage and load voltage 
measurements for 3.0, 1.0, 0.5, and 0.1 ohm. Cell temperatures were taken 
manually once a day. 

After a vacuum of 1~10'~ torr 

When 
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DISCUSSION 

H e a t  Damage Tests 

.Heat damage t e s t  l w a s  conducted on three  1- by 3-inch cadmium sulfide 
so la r  c e l l s  i n  the  space simulator. The c e l l s  were t e s t ed  a t  temperatures of 
80°, looo, and 120' C f o r  various periods of time. Not only d id  the  c e l l s  f a i l  
a t  high temperatures, but there  were large f luc tua t ions  and a steady decline i n  
open-circuit voltage and load voltages. I n  a l l  cases, c e l l  outputs became very 
intermit tent ,  and i n  one case t h e  p l a s t i c  encapsulant discolored. 
of c e l l s  revealed the  two probable causes t o  be poor contact between the  s i l v e r  
co l lec t ing  s t r a p  and the  gold g r i d  ( f ig .  6,  p. 8 ) ,  and p l a s t i c  encapsulant de- 
lamination from the  c e l l  s t ructure .  One c e l l  w a s  modified by applying s i lve r -  
f i l l e d  conducting epoxy under the  s i l v e r  co l lec t ing  s t raps .  
constant l i g h t  i r r ad ia t ion  a t  120' C, t he  c e l l  output began t o  f luc tua te  rap id ly  
and continued t o  f luc tua te  f o r  the  remainder of the  tes t .  

Inspection 

After 150 hours of 

Results from heat  damage t e s t  1 showed t h a t  t he  s i l v e r  co l lec t ing  s t r aps  
were not making pressure contacts with the  gold g r i d  or the  molybdenum substrate .  
The following improvements were made i n  the  contacts:  

(1) The molybdenum substrate  was extended and used as a negative terminal. 

( 2 )  A copper s t r i p  w a s  spot-welded t o  the  molybdenum substrate  extension. 

(3) The s i l v e r  co l lec t ing  s t raps  were soldered t o  the  gold gr id  with s o f t  
gold-base solder or s i l v e r - f i l l e d  conducting epoxy. 

The problems of discolorat ion and delamination of p l a s t i c  encapsulants 
might be solved by the  use of a higher temperature encapsulating f i l m  ra ther  
than the  present f i l m ;  t he  delamination problem might a l so  be solved by closer  
control  of the  encapsulation procedure. 

looo, 130°, 150°, 180°, and 200' C with c e l l s  improved by the  methods j u s t  
l i s t e d .  Three cadmium sul f ide  so l a r  c e l l s  were run a t  t e s t  temperatures of 
looo, 130°, and 180° C, and four other c e l l s  were run a t  150° and ZOOo C. 

A t o t a l  of 586 hours of heat  damage s tudies  were made at temperatures of 

TABLE I. - EFFECT OF TEMPERATURF ON OUTPUT 

OF CADMIUM SULFIDE SOLAR CELLS 

Change i n  
open- c i r c u i t  

voltage, 
percent 1 .. 

~ 

Change i n  
1.0-ohm load 

voltage, 
percent 
- - --- 

+ 4  
-1 
-9 
-7  

- 47 
. -  

"In heat  damage t e s t  2, th ree  c e l l s  were tes ted;  
i n  heat  damage t e s t  3, four  c e l l s  were tes ted.  

Table I shows the  average per- 
centage change i n  open-circuit voltage 
and shor t -c i rcu i t  current f o r  increas- 
ing c e l l  temperatures i n  these t e s t s .  
These data  show a s m a l l  average per- 
centage change i n  open-circuit vo l t -  
age and shor t -c i rcu i t  current f o r  
c e l l s  over a temperature range of 
looo t o  180' C. 
deviation i n  t h i s  temperature range 
varied between 5 and -9 percent, de- 
v ia t ions  of t h i s  order cannot be con- 
sidered s igni f icant  because of other 
random e r ro r s  present. However, the  

Although the  average 
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average percentage change of -22 t o  -47 percent f o r  the  200° C temperature i s  
s igni f icant ,  as are the  wide f luc tua t ions  i n  output f o r  these c e l l s  a t  200' C. 
The outputs were so low, random, and f luc tua t ing  that it w a s  first thought t h a t  
t he  c e l l s  had completely f a i l e d  or had been destroyed; however, the  c e l l s  were 
subsequently operated successful ly  a t  150° C f o r  120 hours. 
operating a t  200° C continuously, it would be possible f o r  c e l l  delamination t o  
occur, which would cause a loss  of pressure contact between s i l v e r  col lect ing 
s t r aps  and c e l l  grid.  

With the  c e l l s  

Because the  average c e l l  performance with the  improved contacts remained 
e s sen t i a l ly  constant between looo and 180° C, it w a s  concluded t h a t  some of t he  
failures noted e a r l i e r  were due t o  f a u l t y  c e l l  contacts and delamination of 
p l a s t i c  encapsulants. The r e s u l t s  a l so  indicated t h a t  the  junctions of these 
c e l l s  were apparently not damaged by operation a t  elevated temperatures (up t o  
180' C ) .  

It i s  of i n t e r e s t  t o  note t h a t  f o r  the  150' and 200' C heat damage t e s t s ,  
the  200' C portion of t he  t e s t  w a s  run f i r s t  f o r  a t o t a l  of 214 hours. 
observed outputs f o r  t he  150' C heat damage t e s t s  were f a i r l y  uniform and steady 
f o r  a fur ther  1 2 0  hours of t e s t s .  These data support the  conclusion t h a t  c e l l  
junctions were not damaged by operation a t  elevated temperatures. 

The 

Thermal Cycling Tests 

I n  thermal cycling under vacuum conditions, t he  so la r  c e l l s  were subjected 
t o  a l t e rna te  periods of l i g h t  and dark t o  simulate a near Earth orb i t .  During 
the  l ight-on period, c e l l  temperature, open-circuit voltage, and voltage across 
various loads were recorded. Five s e r i e s  of thermal cycling t e s t s  conducted on 
thin-f i lm cadmium sul f ide  so la r  c e l l s  a r e  presented i n  t ab le  I1 with the mech- 
an ica l  and e l e c t r i c a l  charac te r i s t ics .  

For thermal cycling t e s t  1, a l l  c e l l s  were constructed with an e lec t ro-  
plated ba r r i e r  and a gold wire mesh grid.  The f i l m  encapsulants used i n  the  
c e l l s  were polyethylene terephthalate ,  polyvinyl f luor ide ,  and polyimide type H, 
which will be re fer red  t o  hereaf te r  as mater ia ls  M, T, and H, respectively.  
Film H i s  a highly durable p l a s t i c  and i s  idea l ly  sui ted f o r  t he  temperature 
range of a thin-f i lm cadmium sul f ide  so la r  c e l l .  For t h i s  t e s t ,  c e l l s  i n i t i a l l y  
had a nominal open-circuit voltage of 375 mi l l i vo l t s ,  and a l l  c e l l  outputs 
tended t o  drop quickly and f luc tua te  over a wide range. The output f o r  two of 
t he  four c e l l s  dropped t o  50 percent of the  o r ig ina l  values. After 390 cycles, 
the  t e s t  w a s  terminated. It w a s  found, upon inspection, t h a t  the  mechanically 
fastened terminal posts were loose on a l l  c e l l s ,  which could account f o r  t he  
wide f luctuat ions and reduced outputs. It w a s  concluded t h a t  posi t ive contact 
between the  c e l l  and the  terminal s t r i p  had t o  be maintained. This could be 
accomplished e i the r  by welding or by soldering the  terminals t o  the  c e l l .  The 
c e l l s  had a l so  delaminated a t  the  s i l v e r  co l lec t ing  s t raps  (see f i g .  6 ,  p. 8 ) ,  
and t h e  resu l t ing  in te rmi t ten t  contact with the  gold gr id  contributed t o  the  
var ia t ions  i n  the  outputs. It w a s  decided t h a t  t he  use of the  p l a s t i c  encap- 
sulant  t o  hold the  s i l v e r  co l lec t ing  s t raps  i n  contact with the  gr id  by pressure 
alone w a s  undesirable. One so lu t ion  proposed w a s  t o  e lec t ropla te  a s t r a p  onto 
the  gr id  so t h a t  t he  gr id  and the  co l lec t ing  s t r a p  would become one in t eg ra l  un i t .  
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Type 
of 

:old g r id  

Open- 
c i r cu i t  
voltage, 

Eoct 

dire mesh 480 

480 
460 
475 

M 

H 
H 
H 

Electro- 
plated 

Wire mesh 470 

460 
460 
460 

116 

105 
108 
108 

2.6 

2.4 
2.4 
2.4 

H Electro- 
plated 

Wire mesh 460 

470 
440 
440 

TABLF 11. - CHARACTERISTICS OF CADMIUM SUIJ?IDE SOLAR CELLS SUBJECTED TO THERMAL CYCLING 

Test 

- 
1 

iolar 
! e l l  

- 
Al 

A2 
A3 
A4 

Short- 
: i r cu i t  
:urrent, 

mA 
I s 0  

( e )  

umber of cycles t o  - Ilotal 
zycle s 

Encapsulant I T  ridded 
area, 

2 cm 

( e )  

44.5 

'hickne s s, 
mils 

Unstable 
output 

{educed 
1utput 

1.0 

1.0 
2.0 

. 5  

470 

440 
450 
455 

40 

75 

200 
--- 

300 

200 
135 
38 5 

390 10 9 2.5 

105 2.4 
130 2.9 

2 

- 
3 

B 1  

B2 
B3  
B4 

c1 

c2  
c3 
c4 

- 

1.0 

1.0 
.5 
.5 

450 

390 
390 
390 

44.5 --- 

8 
24 
1 4  

--- 

72 
30 
58 

80 

1.0 

. 5  
dl .  0 
dl.  0 

440 

380 
380 
420 

--- 
365 
800 
1100 

1600 123 

90 
102 

92 

91 

10 3 3.3 

76 1.6 

44.5 

44.5 
49.0 
.48.0 

51.0 

51.5 

31.3 

47.0 

4 D 1  

D2 

D 3  

D4 

- 

61.0 H IChemi- 
plated 

H Chemi- 
' plated 

M Electro- 
, plated 

H ~Elec t ro-  

~ 

480 

460 

385 

265 

1495 
formed 

formed 
Electro- 400 

Wire mesh, 450 

Electro- 400 
plated formed - 

5 1350 E l  1 1.0 H Electro- Electro- 440 

E2 420 
440 
370 

E 3  
E4 

I plated formed 
380 45.0 

310 
360 
105 

a A l l  c e l l s  were p l a s t i c  encapsulated f ront  and back unless otherwise noted. 
h a t e r i a l  H, polyimide f i l m  type H; mater ia l  M, polyethylene terephthalate; material T, polyvinyl f luoride.  
CManufacturer's r e su l t s  taken with 100 mW/cm2 tungsten l i g h t  source i n  open a i r .  
ap l a s t i c  on f ront  side of c e l l  only. 



All the  col lect ing s t r aps  which had l o s t  t h e i r  pressure contact with the  gold 
gr id  were repaired by being cemented with a s i l v e r - f i l l e d  conducting epoxy. 
Although these c e l l s  operated s a t i s f a c t o r i l y  under atmospheric conditions with 
a tungsten l ight source, it w a s  f e l t  t h a t  i n  the  space chamber they might not 
produce r e l i a b l e  data  because they had been subs tan t ia l ly  degraded i n  the  pre- 
vious f a i lu re s .  
designs f o r  thermal cycling t e s t  2 instead. 

It w a s  decided, therefore,  t o  incorporate the  r e s u l t s  i n to  c e l l  

Thermal cycling t e s t  2 w a s  s t a r t e d  on four  modified cadmium sul f ide  c e l l s .  
Three c e l l s  (B2, B3, and B4) were encapsulated i n  H f i lm, and the  four th  c e l l  
( B l )  was encapsulated i n  M f i l m  material. The ba r r i e r s  and gr ids  were the  same 
as those used f o r  thermal cycling t e s t  1. The c e l l  terminal connections were 
improved by being mechanically fastened and soldered, and the  encapsulation 
procedures were conducted carefu l ly  on these c e l l s  so t h a t  t he  aforementioned 
delamination problems were minimized. Wide f luc tua t ions  were observed f o r  th ree  
c e l l s  a f t e r  25 thermal cycles, and typ ica l  var ia t ions  i n  open-circuit voltages 
were from 375 t o  100 mi l l i vo l t s .  
80 thermal cycles. Inspection of t h e  c e l l s  showed diagonal cracks running from 
the corners on c e l l  B1. These cracks might have been caused by the  pressure 
r e s t r i c t i o n s  imposed by the  M f i l m  encapsulant. The c e l l s  which w e r e  encap- 
sulated with H f i l m ,  B2, B3, and B4, were short  c i rcui ted.  Cell B 1  w a s  t he  
only c e l l  t h a t  had s tab le  outputs throughout thermal cycling t e s t  2. No con- 
clusions were reached regarding the  f a i l u r e s  experienced with H f i lm encap- 
sulated c e l l s .  Because thermal cycling t e s t  2 w a s  inconclusive i n  t h i s  respect ,  
c e l l  modifications ' for two c e l l s  were repeated and the  v a l i d i t y  of thermal 
cycling t e s t  2 w a s  checked i n  the  next thermal cycling t e s t .  

Thermal cycling t e s t  2 w a s  terminated a f t e r  

In  thermal cycling t e s t  3, a l l  c e l l s  were encapsulated with H f i l m ,  and 
a l l  had wire mesh grids and electroplated ba r r i e r s .  Two c e l l s  (C1 and C2) were 
s i m i l a r  t o  t he  c e l l s  used i n  thermal cycling tes t  2 ,  while c e l l s  C3 and C4 were 
fur ther  modified by p l a s t i c  f i l m  encapsulants on the  f ron t  s ides  only. The 
back p l a s t i c  encapsulant w a s  removed for several  reasons, which included weight 
reduction, decreased thickness,  and be t t e r  thermal control  of t he  back s ide of 
the  c e l l .  Open-circuit voltages of c e l l s  C2, C3, and C4 s t a r t ed  t o  f luc tua te  
rap id ly  a t  approximately 365, 800, and 1100 thermal cycles, respectively.  When 
the  t e s t s  were terminated at  1600 cycles, c e l l s  C2, C3, and C4 were found t o  be 
short-circuited,  while c e l l  C 1  had a f a i r l y  uniform output throughout the test .  
Figure 8(a) shows the  wide f luc tua t ions  of t he  open-circuit voltage and voltage 
across a 1-ohm load during thermal cycling f o r  c e l l  C2. 
a l so  typ ica l  f o r  c e l l s  C 3  and C4. Delamination of c e l l  encapsulant was  not 
evident f o r  t h i s  t e s t ,  nor did any of the  s i l v e r  co l lec t ing  s t raps  lose t h e i r  
pressure contacts with the  c e l l  gold grid.  Therefore, t he  problems of c e l l  
delamination and pressure contacts experienced i n  thermal cycling t e s t s  1 and 2 
were solved, and it appeared t h a t  the  H f i lm encapsulation w a s  an improvement 
f o r  a thin-f i lm cadmium sul f ide  so la r  c e l l .  Thermal cycling t e s t  3 did,  how- 
ever,  uncover a new problem f o r  thin-f i lm cadmium sul f ide  s o l a r  c e l l s  - c e l l  
short  c i r cu i t s .  It was concluded t h a t  the  source of t he  problem could be the  
gold grid.  Because the  various components of cadmium sul f ide  c e l l s  have d i f -  
f e ren t  coef f ic ien ts  of thermal expansion, movement between various pa r t s  of t he  
c e l l  could take place during thermal cycling, and it i s  reasonable t o  assume 
t h a t  t he  gold wire gr id  could move back and f o r t h  on the  c e l l  barrier (see 
f i g .  6, p. 8)  and eventually break through the  ba r r i e r  and e s t ab l i sh  a local ized 

These f luc tua t ions  were 
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(a) Cell C2; thermal cycl ing test. 

Figure 8. - Output of cadmium sulfide solar cel ls d u r i n g  thermal cycl ing and bu rnou t  tests. 
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short  c i r c u i t .  The f luc tua t ions  recorded may be due t o  the  making and breaking 
of t h i s  localized short  c i r c u i t  with the  temperature cycling. A possible solu- 
t i o n  f o r  t h i s  short  c i r cu i t i ng  would be an electroformed gr id  ra ther  than a 
gold wire mesh on t h e  ba r r i e r  layer.  

This theory w a s  t e s t e d  i n  thermal cycling t e s t  4. Three improved so lar  
c e l l s  ( D l ,  D2,  and D 4 )  had electroformed gr ids ,  while t he  four th  c e l l  ( D 3 )  had 
a gold wire mesh grid.  C e l l s  D 1 ,  D2,  and D4 were encapsulated with H f i lm,  
while D 3  w a s  M f i l m  encapsulated, and a l l  c e l l s  had p l a s t i c  f i l m  encapsulant 
on the f ron t  s ide only for the  reasons mentioned on page 13. Two of the  c e l l s  
( D 1  and D 2 )  had chemiplated bar r ie rs ,  and t h e  other two ( D 3  and D 4 )  had electro-  
plated bar r ie rs .  It w a s  thought t h a t  a subs t an t i a l  increase i n  c e l l  eff ic iency 
might r e s u l t  from the  use of a chemiplated ba r r i e r  ra ther  than the standard 
type of e lectroplated b a r r i e r  for a cadmium sul f ide  so la r  c e l l .  A s  can be seen 
i n  t ab le  I1 ( p .  12), there  w a s  no evident increase i n  c e l l  e f f ic ienc ies  due t o  
using the  chemiplated c e l l s ,  D 1  and D2,  r a ther  than the  standard electroplated 
bar r ie rs .  

Since c e l l s  D 1  and D 2  had been fabricated,  it w a s  decided t o  include them 
i n  thermal cycling test  4. This t e s t  w a s  run with a 30-minute on-off cycle i n  
order t o  accelerate  the tes t ing .  Data from the  c e l l s  were taken 7 minutes 
after the  l i g h t  w a s  turned on. Solar c e l l  D 3  f luctuated a f t e r  250 cycles and 
w a s  found t o  be short  c i rcui ted,  while a l l  other c e l l s  had s tab le  and uniform 
outputs. This w a s  expected s ince c e l l D 3  had the  wire g r id  which had e a r l i e r  
proven t o  be a source of f a i l u r e .  Thermal cycling t e s t  4 w a s  terminated a f t e r  
1495 thermal cycles, and it w a s  concluded from t h i s  t e s t  that electroformed 
gr ids  w e r e  a de f in i t e  improvement over t he  gold wire mesh gr ids .  
m a l  cycling t e s t  was  run t o  ver i fy  these r e su l t s .  

Another ther-  

While on the  dark par t  of t he  cycle i n  the  space chamber, an attempt w a s  
made t o  burn out t he  short  c i r c u i t  of c e l l  D 3  ( f i g .  8 ( b ) )  a t  1475 thermal 
cycles. A n  unregulated direct-current  power supply w a s  connected t o  the  c e l l  so 
t h a t  current w a s  passed through the  c e l l  i n  the  reverse direct ion.  An osc i l -  
loscope w a s  connected across the  output terminals of the solar  c e l l  i n  order t o  
measure the  voltage output which, for a short-circui ted c e l l ,  w a s  very low. 
Current t o  the  c e l l  w a s  slowly increased u n t i l  t he  oscilloscope indicated a 
subs tan t ia l  increase i n  the c e l l  voltage output. Thermal cycling t e s t s  were 
then continued with the  indicat ion t h a t  c e l l  D 3  had improved; t h a t  i s ,  f luc tu -  
a t ions  i n  voltage output were not present. It w a s  noted, however, t h a t  t he  
outputs w e r e  much lower than they had been before burnout. 
D 4  w a s  a l so  given the  burnout treatment. The current t h a t  w a s  passed i n  the  
reverse d i rec t ion  through t h i s  c e l l  w a s  very low. As  can be seen i n  f igure  
8 ( c ) ,  c e l l  D4 did improve substant ia l ly .  
a ted  20 cycles a f t e r  burnout w a s  applied t o  the  c e l l s ;  thus,  it i s  not known 
whether or not outputs f o r  both c e l l s  so  t r ea t ed  would have returned t o  t h e i r  
o r ig ina l  values i f  thermal cycling had been continued. 

Cells i n  thermal cycling t e s t  5 had electroformed gr ids  and electroplated 

Inadvertently, c e l l  

Unfortunately, t h i s  t e s t  w a s  termin- 

ba r r i e r s  and were H f i l m  encapsulated. Figure 8(d)  shows the  typ ica l  r e s u l t s  
obtained. All c e l l s  had f a i r l y  uniform outputs throughout the  t e s t  with l i t t l e  
or no f luctuat ion,  and t h i s  r e s u l t  v e r i f i e s  t h e  data  from t e s t  4. Test 5 w a s  
terminated after 1350 thermal cycles, and it w a s  concluded t h a t  the  c e l l s  with 
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electroformed gr ids  had g rea t ly  improved s t a b i l i t y  compared t o  the  c e l l s  with 
regular mesh gr ids .  The improvement a t ta ined  by the  use of H f i l m  encapsulation 
i s  indicated by two e f f ec t s :  first,  no contact f a i l u r e s  were noted because c e l l  
terminals were fastened mechanically and soldered; and second, delamination of 
the  c e l l s ,  which would cause a loss  of pressure contact between si lver co l lec t ing  
s t r aps  and gr id ,  w a s  not evident at  the  conclusion of thermal cycling t e s t  5. 

CONCLUDING REMARKS 

Three s e r i e s  of heat damage t e s t s  were run on thin-f i lm cadmium sul f ide  
c e l l s .  
were uncovered. These def ic iencies  ( c e l l  delamination and f a u l t y  contacts)  were 
remedied by the  use of a high-temperature encapsulant ( f i lm H )  and by soldering 
t h e  contacts t o  the  c e l l .  I n  addi t ion t o  t h i s ,  the  molybdenum substrate  w a s  
extended and used for t he  negative current co l lec tor .  With the  improved designs, 
there  was no appreciable degradation of c e l l  output with time f o r  temperatures 
between 80' and 180° C,  although severe degradation was  observed a t  200' C. 
This degradation w a s  not permanent, however, because s tab le  performance w a s  
achieved simply by lowering the  temperature, which indicated t h a t  the  c e l l  
junction w a s  undamaged. 

A t  temperatures between 80° and 200' C, def ic iencies  i n  c e l l  design 

The f i v e  se r i e s  of thermal cycling t e s t s  proved t h a t  the  electroformed gr ids  
on thin-f i lm cadmium sul f ide  so la r  c e l l s  a re  an improvement over t he  wire mesh 
type of grid.  Thermal cycling t e s t s  4 and 5,  with electroformed gr ids ,  showed 
t h a t  c e l l s  have the  a b i l i t y  t o  withstand wide temperature excursions without 
f a i l u r e  due t o  short  c i r c u i t s .  It a l so  w a s  found t h a t  dependence on the  p l a s t i c  
encapsulant i s  no longer required t o  ensure c e l l  continuity by pressure contact,  
if current co l lec t ing  s t raps  a re  physically attached t o  the  c e l l  s t ructure .  
Mechanical weaknesses i n  the  contact terminal were corrected by using c e l l s  with 
welded or electroplated contacts. 

Thin--film cadmium sul f ide  so la r  c e l l s  incorporating these advanced designs 
have successfully undergone 1495 thermal cycles with no apparent c e l l  degrada- 
t i on .  
Earth orb i t .  

This cycling would correspond t o  operation f o r  98 days i n  a 90-minute 
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