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SUMMARY 

The repor t  covers a one year development program t o  f a b r i c a t e  l i g h t  
weight, f lexible ,  high eff ic iency,  low cos t  t h i n  f i l m  CdS s o l a r  c e l l s  
capable of operating for long periods i n  space without appreciable 
degradation. 

Cell  weight reduction and increased power output has made possible  
i n i t i a l  power t o  weight r a t i o s  before c e l l  degradation, of 77 watts per  
pound possible.  This represents  a gain fac tor  of two over the previous 
contract  period. 

Increased space l i f e t i m e  and cos t  reduction a r e  a r e s u l t  of replacing 
electroformed gr ids  with an electrodeposited type. 

C e l l  design and material  specif icat ions a r e  reported. 



INTRODUCTION 

This cadmium su l f ide  so l a r  c e l l  development program was a continuation 
of Contract NAS3-2493. 
f ab r i ca t e  l i g h t  weight, f l ex ib l e ,  high efficiency, low cos t  c e l l s  capable 
of operating for long periods in space without appreciable degradation. 

The major objectives of t h i s  program were t o  

Development e f f o r t s  t o  reduce the overal l  weight has r e su l t ed  in 
a c e l l  with a power t o  weight ratio of 77 watts per pound. 
subs t an t i a l ly  advanced over previous reportings,  does not appear t o  be 
a l i m i t .  
by chernica m i l l i n g  made t h i s  improvement possible.  

This value, 

Increased c e l l  eff ic iency and a reduction i n  subs t ra te  thickness 

Cost  reduction can be accomplished by mass production methods and by 
reduction of material  cost. 
g r id  represents a la rge  port ion of the  mater ia l  costs,  an e f fo r t  toward 
replacement was made. Electrodeposition produced a c e l l  design indicat ing 
a t h e m 1  cycle l i f e  f i v e  times greater than the  electroformed g r i d  types. 
I n  t h e  ea r ly  stages of t h i s  development the individual c e l l s  l o s t  85% t o  
100% of t h e i r  indicated power output during the final electroding step. 
The power output loss was prohibit ive.  Subsequent e f f o r t s  cu t  the l o s s  
f igures  t o  a range of 0% t o  10%. 

Since the electroformed gold mesh co l lec tor  

Cel ls  provided with the  electroplated gr ids  a l s o  show a high l o s s  
during f ab r i ca t ion  due t o  shorting, 
of holes in the  b a r r i e r  layer .  
have been photographed. 
repor t .  
c e l l  efficiency. 

This r e s u l t  indicated the presence 
Several such areas have been found and 

A microphotographic se r i e s  i s  shown in t h i s  
Film uniformity and surface texture  could not  be correlated with 

Experiments in the  area of encapsulation by lamination were directed 
tuward quick, r epe t i t i ve ,  and r e l i a b l e  procedures. Impulse lamination 
appears t o  be a p r a c t i c a l  means of encapsulating one square f o o t  panels 
unless addi t ional  supporting substrates  a re  u t i l i zed .  
t i o n  of ten t r aps  unwanted a i r .  

The rapid lamina- 

Cells have been produced from s in te red  C d S  l ayers ,  devoid of c rys t a l  
or ientat ion,  and of l o w  energy conversion eff iency. 

Cel l  design and mater ia l  specif icat ions a re  reported. 
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EVAPORATED FTZM PROPEXTIES 

The maximum eff ic iency of t he  Cadmium Sulf ide ( C d S )  evaporated 
film s o l a r  c e l l  has s t ead i ly  increased. Indicat ions a re  t h a t  many 
of the  high e f f ic iency  c e l l s  have an associated s t a b i l i t y  problem. 
Many c e l l s  fabr ica ted  in the same manner a r e  a l s o  l o w  in efficiency. 
An inves t iga t ion  was  begun t o  determine the causes f o r  the non-uniform 
behavior. It was suspected t h a t  the cause was non-uniformities in the  
CdS fi lm. 

1. S ta r t ing  Charge 

C d S  t h i n  films a r e  produced by sublimation of C d S  in a vacuum. 
Therefore, the CdS s t a r t i n g  material was examined first. Previously 
the products of several  manufacturers were examined but mos 
found unsat isfactory because of the range in p a r t i c l e  s ize .  
General ELectric powder met the par t icu lar  physical  requirement of 
no p a r t i c l e s  below one micron in diameter. 
f o r  the f i x t u r e s  used i n  the  evaporators. 
p a r t i c l e s  ( f ines)  caused excessive s p a t t e r  on the  evaporated films. 

tlYke 
Such a requirement i s  necessary 

Those pmders  with smaller 

One of t he  powders c a ed with the General E lec t r i c  CdS powder 
was a Sylvania C d S  powder y2y It contained many f i n e s  and could not be 
used without redesigning the  filaments. Recently samples of a higher 
p u r i t y  Sylvania CdS were obtained and tes ted.  
t o  have a more uniform p a r t i c l e  dis t r ibut ion.  
phic comparison of samples of General E l e c t r i c  and Sylvania material .  
The two are  very  similar in impurity content. 
powders under normal. conditions. 
The films from the  Sylvania material were powdery but  without evidence 
of spat ter ing.  
General E lec t r i c  powder produced the type of f i l m  normally expected. 

This material  was found 
Table I is a spectrogra- 

Films were made f r o m  both 
"he r e su l t i ng  f i l m s  were very d i f fe ren t .  

They a l so  had a yellow layer  next t o  the substrate .  The 

Two approaches were followed t o  make usable f i l m s  from the Sylvania 
powder. 
t o  600% i n  argon f o r  one hour. 
but the molybdenum subs t ra te  was altered.  
oxide o r  su l f ide  was being formed. 

Films formed under the normal evaporation conditions were heated 
Much of t he  powdery appearance disappeared 

It appeared t h a t  a molybdenum 

The second method employed the deposit ion of Sylvania mater ia l  on the 
subs t ra te  a t  a temperature 100°C higher than nor&. The f i lms t h a t  were 
produced appeared similar t o  the films made with standard mater ia l  a t  the  
standard subs t ra te  temperature. 

L 

h 
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The following i s  a comparison of the proper t ies  of typ icd l  f i lms  
produced from the  two types of materials. 

Sample N94 
(Sylvania) 

Sample N96 
(G.E.) 

Thickness 1 .2  x 10-3 cm 2.4 x loS3 cm 

H a l l  Coefficient 7.47 2.76 

Mobility 16.3 cm*/volt-second 0.79 cm2/volt-second 

Carr ier  Conc. 8.34 x 2.26 x 10l8 cm-3 

Res is  t i v i t y  0.46 ohm-cm 3.5 ohm-cm 

The Sylvania films formed a t  the higher subs t ra te  temperature had a 
lower r e s i s t i v i t y .  
much of the f r e e  cadmium i n  the  CdS f i l m  resu l t ing  i n  a r e s i s t i v i t y  in- 
crease. 

Normally, a high subs t ra te  temperature w i l l  eliminate 

Neither film was purposely doped. 

Cel l s  were made from films of both materials.  While the c e l l s  from 
the Sylvania mater ia l  d id  not  develop the  same power as those from the 
G. E. material ,  it i s  possible  tha t  with ce r t a in  adjustments equivalent 
c e l l s  could be made. The Sylvania c e l l s  were found t o  be about 75% as  
e f f i c i e n t  as  the G. E. c e l l s .  
t i v i t y  in the  Sylvania films as  indicated by the poor shunt character is-  
t i c s  of t he  I - V  curves. 

This might be a t t r i bu ted  t o  the  low r e s i s -  

2. Pressure Bursts 

While the above t e s t s  were being conducted it was noted tha t  l a rge  
pressure burs t s  occurred a t  the i n i t i a t i o n  of f i lament heat. 
of these bursts  depended on the r a t e  of f i lament heating. 
arose as t o  how much e f f e c t  these pressure changes might have had on the 
proper t ies  of the films and the resu l tan t  c e l l s .  

The magnitude 
The question 

A se r i e s  of evaporations were made u t i l i z i n g  d i f f e ren t  r a t e s  of heating 
which resu l ted  i n  bu r s t s  of varying magnitude. 
from each evaporation. 
were examined by opt ica l  and x-ray techniques. 
r e su l t s .  

Hall samples were prepared 

Table I1 shows some typ ica l  
Cel ls  were fabr ica ted  from the fi lms. The films 

The pressure burs t s  ranged f rom as  high as  microns t o  l e s s  than 1 
micron. A l l  the  pressures were read on the s e thermocouple. I n  general, 
t he  evaporation cycles were s t a r t ed  in the 109 mm pressure range. 

The r e s i s t i v i t i e s  were found t o  be lower than the  expected 1000 ohm-cm 
by a f a c t o r  of ten. 
the 0.07 t o  0.a cm2 volt-sec-i range. The f i l m  produced during the  
smallest  pressure bu r s t  had the highest mobility. 
t i o n s  a l l  were i n  the 1017 cm-3 range. 

The mobil ' t ies  were r a the r  consistent,  f a l l i n g  in 

The c a r r i e r  concentra- 

4 



Aluminum 

TABLE I 

QUALITATIVE SPECTROGRAPHIC ANALYSIS 

OF Cd6  POWDERS 

G.E. CdS 
Powder 

( L o t  18s;) 

FT 

Calcium VFT 

Copper 

Indium 

I r o n  

Magnesium 

Manganese 

Nickel  

S i l i c o n  

Thallium 

VFT+ 

VFT 

--- 

VFT 

--- 

S y l v  a n i  a 
CdS Powder 

(Lo t  T-32- i )  

FT- 

VFT 

VFT + 

VFT -t 

VFT 

FT 

Key: T = Trace .OOl-.Ol% 
FT = F a i n t  T r a c e  

VFT = Very F a i n t  Trace 
--- - - Not Detected 
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TABLE TI 

Film and Cell Properties V s .  Pressure Burst8 

F i l  Film 
Rise Max. Duration Thick- Resis- Carr ier  Mo i l i t y  Cur r e n t  

Film Time Pressure of Burst ness t i v i t y  Cono. c$ -1 OCV Density E f f .  
No. Sec. pi Sec. /L( ohm-cm cm-3 volt-sbc vol t s  ma/cm2 5 

K16 

N14 

m5 

m7 

KL8 

N19 

N2 2 

N2 b 

10 

20 

40 

60 

90 

120 

180 

300 

44 

24 

27 

28 

4 

3 

d l  

d l  

75 

68 

94 

60 

75 

75 

200 

200 

22 130 

2 0  2.50 

2 1  520 

27 95 

26 140 

2 3  230 

20 190 

22 220 

q 0.1 

0.7 

0.1 

0.1 

0.1 

=4 0.1 

0.07 

0.14 

0.44 

0.45 

0.44 

0.42 

0.44 

0.44 

0.44 

0.45 

10.0 

6.85 

8.5 

6.4 

6.8 

6.7 

6.7 

9.8 

2.6 

1.8  

2.1 

1.5 

1.6 

1.8 

1.9 

2.3 

i t  Mobility was too  low t o  measure 
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The b e s t  c e l l s  were produced from the  l a r g e s t  and the smallest bursts.  

Samples of these vapor deposited CdS t h i n  f i lms were examined by back 
All samples were mounted without dis turbing ref lect icm x-ray techniques. 

e i t h e r  the g lass  subs t ra te  or the CdS deposit. Since the depth of pene- 
t r a t i o n  of CuK x-rays i n  CdS i s  no more than about 25 microns, it may b e  
seen that t h e  results are more c h a r a c t e r i s t i c  of t h e  mater ia l  i n  t h e  l a s t  
port ion of the  evaporation. The ac tua l  results showed t h a t  a l l  l i n e s  i n  
t,he patLerns were from planes oriented randomly. 
observed in the  back re f lec t ion  pa t te rn  are (404) + (217) , (315) , and 
(306) + (321). 
t o  t h e  substrate.  
of prefer red  or ien ta t ion  was found in  the  back r e f l e c t i o n  region. 
indicated t h a t  some form of b iax ia l  o r ien ta t ion  w a s  occurring. 
was t h e  c-axis of c r y s t a l l i t e s  perpendicular t o  the substrate ,  but  the  
a-axis was a l s o  more frequent i n p a r t i c u l a r  d i rec t ions  in t h e  plane of the  
film. It might be s a i d  t h a t  the  films w e r e  more p e r f e c t  in  s t ructure .  
S i m i l a r  results have been found for  CdS t h i n  films e p i t a x i a l l y  deposited 
on (001) faces of oriented CdS single  c rys ta l s .  

The planes o r d i n a r i l y  

A l a r g e  f r a c t i o n  of (002) planes are near ly  a l w a y s  p a r a l l e l  
For samples N-18, N-22, and N-24, an increasing amount 

This 
Not only 

In  order t o  check the  port ion of the  CdS t h i n  f i l m  which was deposited 
f irst  ( t h a t  c l o s e s t  t o  the subs tmte) ,  f i lms  were removed from the g l a s s  
subs t ra te  by dipping in l i q u i d  N2. Again, t h e  back r e f l e c t i o n  x-ray 
pa t te rns  were taken and found t o  correspond t o  those of the randomly 
or iented type. 
can d i s t u r b  the  or ien ta t ion  somewhat. 

This r e s u l t  may have been f o r t u i t o u s  because thermal shock 

A s e r i e s  of evaporations were made using both s in te red  and powder CdS 
The la rge  pressure b u r s t  noted with powder charges were as evaporants. 

absent when s i n t e r e d  mater ia l  was used. 

The evaporation parameters, of f i lament  temperature and substraiie 
temperature, were var ied with both materials. 

5 cm2/volt sec-1. 
( s i n t e r e d  and powder). 

material .  When powder was used it ranged from l$ t o  e/cm3. The 
highest  e f f ic iency  c e l l s  made from these f i l m s  did not show a dependence 
on the s t a r t i n g  material or r e s i s t i v i t y .  
c a r r i e r  concentration tended t o  be be t te r .  

The r e s i s t i v i t y  of t h e  f i lms  
w a s  var ied  from 10 t o  10 4 ohm-cm. Mobil i t ies  ranged from less than 1 t o  

These ranges Vere accomplished with both materials 

The c a r r i e r  concentration ranged from lo1# t o  $017 e/cm3 using s in te red  

If anybhing those with high 

'B 
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3. Carr ier  Concentration 

Several standard films made from powder evaporant had t h e i r  bulk 
e l e c t r i c d l  propert ies  measured. 
propert ies .  

Below a re  three typ ica l  films and t h e i r  

Res i s t iv i ty  Mobility Carriers 
Film (ohm-cm) (cm*/v-s ec) ( cm-3) - 

S16U 7.35 3.02 2.51 1017 

S16SA 13.2 

5 1 8 S A  59 

1.74 
0.38 

2.72 x 1017 

2.79 x 1017 

The r e s i s t i v i t i e s  reported are lower than usual. Previous f i l m s  f e l l  
This change could not  be r e l a t ed  t o  any 

A 

There- 

in t h e  100 t o  1000 ohm-cm range. 
changes in the  evaporation parameters o r  materials.  Further t e s t s  a r e  
being run in  which the  evaporation conditions a r e  being widely varied. 
c loser  control  on r e s i s t i v i t y  seemed indicated. 
centrat ion by daping r a the r  than by cadmium excess was attempted. 
f o r e  CdS powder was doped with indium f o r  use as  the evaporant. 
calculated range was 1019 cm-3. 
show t h a t  the  doping range was at ta ined i n  the films. 

Control of c a r r i e r  con- 

The 
The data below obtained from the f i lms  

Res i s  t i v i  ty Mobility C a r r  i e r  s 
Film ( ohm-cm) ( cm2/v- s ec ( cm-3) 

S173A 2.2 x 10-2 30.2 9.53 x 1oI8 

- 
S169A 5.8 x 10-3 80.9 1.34 x ld-9 

These f i l m s  did not produce the expected gain in ef f ic iency  o r  i n  s ta -  
b i l i t y .  
r e l i a b l y  control led by an added dopant. 

However, they did demonstrate t h a t  the film propert ies  can be 

4. Conclusions 

More experiments a re  necessary t o  e s t ab l i sh  the combination of elec- 
t r i c a l  propert ies  necessary f o r  the CdS films in order t o  produce the most 
s tab le ,  uniform, high e f f ic iency  photovoltaic ce l l s .  
does not seem t o  be any correlat ion t o  measurable propert ies  would lead  
one t o  bel ieve tha t  the bulk conditions a re  not  the only important  ones. 
Per,haps it i s  the s u f a c e  condition o r  the l aye r  of ZdS near the surface 
t h a t  i s  more important. Since some of the t e s t  c e l l s  t o  date have been 
made by preparing the  surface of the CdS by etching, t he  f i n a l  answer may 
be a surface treatment. It i s  possible t h a t  the  bes t  c e l l s  w i l l  require  
not  o n l y  def in i t e  bulk propert ies  but a l so  a l aye r  of c q l e t e l y  d i f fe ren t  
proper t ies  near the junction. This could explain the  va r i a t ion  in  e f f i -  
ciency, and uniformity as well as in s t a b i l i t y  of c e l l s  produced f rom C d S  
f i l m s  with s imi la r  bulk properties.  

The f a c t  tha t  there  
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SINTERED CdS FILMS 

The purpose of t h i s  stJudy was t o  develop a s in t e red  CdS f i l m  with 
photovoltaic proper t ies .  
s u b s t r a t e  with subsequent s in t e r ing  i n  an i n e r t  atmosphere. 
approach could eliminate the  need f o r  expensive vacuum deposit ion equip- 
ment. Substrates  used f o r  t h e  study were cleaned by washing and etching 
p r i o r  t o  storage i n  methyl alcohol. The cleaned subs t ra tes  were sprayed 
with a suspension o f  CdS i n  w a t e r  t o  which cadmium chlor ide  was added t o  
a id  i n  maintaining t h e  suspension. 
100°C during spraying. 
atmosphere. 
a C d S  f i l m .  

A suspension of CdS was  applied t o  a me ta l l i c  
This 

The subs t ra tes  were maintained a t  
The resu l t ing  f i l m s  were s in te red  i n  an argon 

Presumably, t h i s  heat treatment v o l a t i l i z e s  t h e  CdC12 leaving 
The films found f ree  o f  cracks and f l ak ing  were chemiplated. 

Variables invest igated were 1) subs t ra tes ,  (molybdenum and tin-coated 
s t a i n l e s s  s tee l ;  2 )  spraying technique, (time o f  each spray: 1 t o  2 s e e , ;  
i n t e r v a l  between sprays: 10 t o  30 seconds; number of  sprays: 24) and 3) 
suspension composition, (Gafac dispersant addi t ive ;  methyl alcohol i n s t ead  
o f  water). 
111. Films made i n i t i a l l y  were mud-cracked and coarse tex tured .  Indium 
probes showed t h a t  t hese  f i l m s  d id  not  make ohmic contact t o  t he  subs t r a t e .  
Films numbered 10 through 15, 17,  19 and 2 1  were b a r r i e r  chemiplated. 
Number 1 2  exhibited a s l i g h t  photovoltaic e f f e c t ;  the  other c e l l s  were not 
r e c t i f i e r s  and showed no photoeffect. An attempt t o  obtain b e t t e r  contact 
t o  t h e  subs t r a t e  was  made by using t w o  mil tin-coated s t a i n l e s s  s t e e l .  
However, t he  f i lm  flaked and cracked on these  subs t ra tes .  Cells made f r o m  
films 26 and 27 showed no photovoltaic e f f e c t .  

The r e s u l t s  of 23 runs ( 5 3  subs t ra tes )  are  presented i n  T a b l e  

Attention was again turned t o  using molybdenum subs t r a t e s ,  while 
varying t h e  concentration o f  cadmium chloride.  
CdC12 t o  2 p a r t s  C d S  l e d  t o  f i l m s  which cracked and flaked when sprayed 
onto the  subs t r a t e .  A concentration of 1 pa r t  CdC12 t o  5 p a r t s  CdS was 
f i n a l l y  used. 
Films numbered 38, 45, and 49 gave photovoltaic e f f e c t s  with number 38 
having t h e  s r e a t e s t  output: 
area:  3 em . Surprisingly,  an x-ray d i f f r ac t ion  pa t te rn  o f  t h e  surface 
o f  f i l m  number 41 (produced under the same conditions a s  f i l m  number 38) 
showed no preferred or ien ta t ion .  

F i r s t  e f f o r t s  with 1 p a r t  

Cells were made f r o m  films numbered 38, 40, 45 and 59. 

0.26 v o l t s ,  VOc; 9.8 m a ,  Isc; 0.23% e f f i c i e n t ;  

The r e s u l t s  o f  t h i s  study show t h a t  a CdS film formed by s i n t e r i n g  
o f  sprayed mater ia l  produces a photovoltaic effect,.  
o f  such films a t  present a r e  1) no preferred or ien ta t ion ,  2 )  poor ohmic 
contact t o  the  subs t ra te ,  and 3) numerous pinholes and cracks. 

The c h a r a c t e r i s t i c s  

FILM AND BARRIER UNIFORMITY 

It has been noted i n  the pas t  t h a t  c e l l  geometry appears t,o be r e l a t e d  
t o  conversion e f f ic iency .  Nominal 3" x 3" c e l l s  have displayed a tendency 
t o  have higher eff ic iency than 1" x 3" c e l l s .  On l a rge  area c e l l s ,  i t  has 
been possible  t o  loca t e  s m a l l  areas with e f f i c i enc ie s  hicher o r  lower than 



SINTERED CdS FILMS 

S u b s t r a t e  S i n t e r i n g  S i n t e r i n g  F i lm 
M a t ' l  and Temperature Time Appearance 

Run 
No. 

1 

IA 

233 

4 

5 

+6 

7 

0 

9 

Suspension 
Mix* 

A 

A 

A 

A 

A 

A 

A 

A 

B 

C 

C 

C 

D 

D 

E 

E 

E 

S i z e  

Pyrex 
1" x 3" 

Molybdenum 
3/Lllt x 1311 

3/41! x 1" 

3/4ll x 1" 

3/41? x 1 1 %  

3/411 x 1" 

3/4tl x 1" 

3/41! x 1" 

3/41! x 1" 

3/41! x 1" 

Molybdenum 

Molybdenum 

Molybdenum 

Molybdenum 

Molybdenum 

Molybdenum 

Molybdenum 

Tin-coated SS 

Tin-coated SS 
3/1111 x 1" 

Tin-coated SS 
3/41! x 1" 

3/41! x 1" 

3/41! x 1" 

Molybdenum 

Molybdenum 

Molybdenum 

Molybdenum 
3/4" x 1" 

3/4ll x 1" 
Molybdenum 

("C) 

600 

600 

700 

650 

600 

700 

600 

500 

300 
600 

600 

(min) 

30 

30 

30 

30 

30 

30 

30 

30 

15 
30 

30 

Brown i n  c e n t e r ,  ye l low 
edges,  mud cracked 

No improvement a f t e r  
a d d i t i o n a l  h e a t  

Dark brown, mud cracked  

Less mud cracks  

Same a s  Run h 

Same a s  Run 4 

Same as Run 4 

Reddish-yellow, c o a r s e  
t e x t u r e  

No improvement 

 io,^ 20-23 

12  24,25 

13,14 26-29 

15 30,31 

16 32,33 

17,18 34-37 

+19,20 38-41 

+21 42-45 

+22,23 46-53 

Smoother 

300 
700 

700 

15 Flaked fi lm, dark ye l low 
30 

30 Same a s  Run 1 2  

800 30 Same a s  Run 1 2  

No S i n t e r  Smoother f i l m s  b u t  
chipped on spraying  

Same a s  16 No S i n t e r  

30 F a i r l y  smooth 

30 F a i r l y  smooth but 
dark s p o t s  

40 Same a s  21  650 

t Cell from r u n  showed photovol ta ic  e f f e c t  

2:- Suspens ion  A :  5 gms. Cds, 3 gms. CdC12.2iH20, 50 m l s .  H20 
B: Gafac d i s p e r s i n g  a g e n t  added t o  A 
C :  CH3OH i n s t e a d  of H20 
D: 10 pms. CdS, 5 gms. CdC12'2lfi20, 5'0 mls. H20 
E: 10 ms. C d S .  2 mns. CdC19.2390. 50 m l s .  H d  f 
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t h a t  of t h e  c e l l .  
been found. 
uniformity of t he  CdS f i l m  and t h e  b a r r i e r  l aye r .  
provide higher c e l l  e f f i c i enc ie s .  

A t heo re t i ca l  explanation of these  observations has not 
I n  analyzing the problem, it i s  necessary t o  determine t h e  

Better uniformity should 

1. Film Uniformity 

CdS  evaporated films exh ib i t  ce r t a in  evident non-uniformities while 
probably possessing others  no t  a s  yet  i den t i f i ed .  
observed a r e  of a v i sua l  nature.  Films d i f f e r  i n  appearance f r o m  one eva- 
poration t o  another and even d i f f e ren t  p a r t s  o f  individual  c e l l s  may not 
appear u n i f o r m .  One d i f fe rence  i s  i n  color .  S k i l l e d  technicians have 
reported t h i s  difference and have predicted f a i r l y  accurately on t h i s  bas i s  
which films will produce good c e l l s .  
d i f f e r e n t  subs t r a t e  temperatures. These ind ica t ions  of difference have not 
been confirmed spectrophotometrically. 

Non-uniformities already 

These films a re  produced with s l i g h t l y  

Another non-uniformity observed i n  t h e  C d S  evaporated fi lms i s  t h e  
t ex tu re .  Some areas  show an imperfect specular apparance .  Other a r e a s  
have a velvety re f lec tance ,  perhaps due t o  c r y s t a l  growth f a c e t s  o f  
approximately t h e  same or ien ta t ion .  

Under microscopic examination, f i v e  types of  surface formations have 
The f i r s t  type can be characterized by a nearly f l a t  sur- been observed. 

face .  
specular t o  t he  unaided eye. 
o f  geometrical r egu la r i ty  i n  i t s  fo rm.  
p i t s  i s  high, the  area has a velvety appearance. 
mation caused by a p a r t i c l e  o f  CdS loosely bound t o  t h e  f i l m .  
o f  t hese  p a r t i c l e s  on the film i s  referred t o  a s  l l spa t t e r l l .  
amorphous p i t  i s  found beneath the  pa r t i c l e ,  suggesting t h a t  the  p a r t i c l e  was  
deposited before t h e  f u l l  thickness o f  t h e  f i l m  was b u i l t  up. 
type appears a s  a shapeless bump o r  protrusion i n  the  sur face  of t h e  film. 
This type o f  bump may be an adherent p a r t i c l e  o f  C d S  which has been deposited 
a s  s p a t t e r  a t  an ear ly  s tage o f  t he  f i lm formation and has been subsequently 
covered a s  t he  f i l m  continues t o  develop. Under high magnification, pos i t i ve  
discrimination between such a bump and the  p i t  mentioned above i s  d i f f i c u l t .  
The f i f t h  type of formation i s  re fer red  t o  a s  a l lpinholell .  
pe r fo ra t ion  which usual ly  extends through the  f i lm t o  t h e  subs t ra te .  
times the  f o r m  o f  t h e  pinhole suggests t h a t  it i s  i n  t h e  same family a s  
t he  r egu la r ly  shaped p i t  mentioned above. 
t he  p i t  remaining when a CdS p a r t i c l e  has broken away f r o m  the  f i lm .  
pinholes cannot be i d e n t i f i e d  a s  belonging t o  e i t h e r  c l a s s .  
been found i n  c e l l s  which were llshortedll. 

When t h i s  sur face  rxvers a large enough area,  it appears somewhat 
The second type i s  a p i t  with the  suggestion 

The t h i r d  type i s  a f o r -  
When t h e  population densi ty  of  such 

A spr inkl ing 
Frequently, an 

The fou r th  

It i s  a narrow 
Some- 

Another instance may look l i k e  
Certain 

Pinholes have 
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I n  f i l m s  where surface tex ture  appears t h e  same t o  the  unaided eye, a 
difference i n  color seems t o  be re la ted  t o  a microscopic d i f fe rence  i n  tex- 
t u re ,  and not of type.  The surfaces i n  both cases a re  f l a t  with a sprink- 
l i n g  of microscopic p i t s .  

Both f i l m  color and tex ture  are probably influenced by va r i a t ions  i n  
evaporation r a t e  and subs t r a t e  temperature, from f i l m  t o  f i l m  and from area 
t o  area on an individual  f i lm.  

2.  Ba r r i e r  Uniformity 

Various methods o f  t e s t i n g  ce l l s  f o r  b a r r i e r  uniformity have been i n -  
vest igated b r i e f l y .  Some non-uniformities have been noted which seem t o  
a f f e c t  t h e  e l e c t r i c a l  p roper t ies  of t h e  c e l l s .  The methods and observa- 
t i o n s  a re  out l ined below. 

Some c e l l s  with low-short-circuit cu r ren t s  show a spr inkl ing  of spots  
where the  "bar r ie r"  was not formed. These spots  have been observed under 
a microscope with polarized l i g h t  a t  normal incidence. This suggests t h e  
use o f  polarized l i g h t  i n  other types of inspect ion such a s  Brewster angle 
observations . 

Thermoelectric probing was t r i e d  but  without useful  r e s u l t s .  
CdS cel ls ,  s p e c i a l  equipment and techniques probably would need t o  be 
developed f o r  t h i s  method. It would r equ i r e  a heated probe made of a 
mater ia l  with a Seebeck coef f ic ien t  approximately t h e  same a s  t h e  b a r r i e r .  

For t h e  

Occasionally, a c e l l  with an electroplated b a r r i e r  w i l l  show very 
not iceable  va r i a t ions  i n  v i sua l  appearance across the  surface o f  t h e  c e l l .  
That i s  not always an indicat ion of t h e  c e l l ' s  e f f ic iency .  A few o f  t he  
low e f f i c i ency  ones were examined. Some of t he  c e l l s  with l o w  sho r t  
c i r c u i t  cur ren ts  displayed a sprinkling of c l ea r  spots  apparently devoid 
o f  a b a r r i e r .  These spots were discovered by means of a microscope with 
polar ized l i g h t  directed toward the sample a t  normal incidence. Photo- 
graphs have been made o f  t he  e lec t ropla ted  b a r r i e r  showing the  voids o r  
holes i n  the  b a r r i e r .  These areas have been found t o  be as  l a rge  a s  
twenty microns across.  Figure 1 i l l u s t r a t e s  one of these  voids, r i g h t  
of cen ter ,  a t  a magnification o f  75'0X without a f i l t e r .  
same area viewed under red l i g h t ,  w h i l e  Figure 3 u t i l i z e d  green l i g h t .  
These colored f i l t e r s  emphasize the missing bar r ie r  a r e a  on black and 
white panchromatic film. Under white l i g h t  t h i s  vacant area looked 
red-orange ind ica t ing  CdS, while the surrounding area appeared blue-gray. 

Figure 2 i s  the  



Other c e l l s  show no voids i n  the  b a r r i e r  when viewed under high 
magnification but  do not produce high currents.  

T o  develop a concept of t h e  uniformity and s t a b i l i t y  of t h e  chemi- 
p l a t e d  b a r r i e r  l aye r  t he  following tests were conducted. 

A copper s u l f i d e  layer  was formed by chemiplating CdS s ing le  c r y s t a l s  
having r e s i s t i v i t i e s  ranging from lo4 ohm-cm i n  t h e  l i g h t ,  t o  g rea t e r  than 
lo9  ohm-cm i n  t h e  dark. Such values should prevent t h e  CdS f r o m  having an 
e f f e c t  on t h e  H a l l  measurements made on t h e  b a r r i e r  layer .  
were put on lapped c rys t a l s ,  etched c rys t a l s ,  and c r y s t a l  surfaces t h a t  
were one-half lapped and one-half etched. 

The b a r r i e r s  

A l l  of t h e  copper s u l f i d e  layers  were measured and found t o  be p-type. 
The layer  thicknesses were estimated t o  be about 2 microns. This e s t i -  
mation i s  an upper l i m i t  f o r  t he  thickness. 

After the  f i l m  propert ies  were measured, t h e  contacts  were removed 
and t h e  f i l m s  were heated i n  vacuum f o r  12 minutes a t  2OOOC.  
t he  samples were f i t t e d  with new contacts and t h e  propert ies  o f  t h e  film 
were measured again. Table I V  shows the  r e s u l t s  o f  t h e  measurements before 
and a f t e r  heating. 

After heating, 

Fromthis  data i t  i s  evident t h a t  the copper s u l f i d e  film i s  r a the r  
i n sens i t i ve  t o  the  condition o f  the surface on which it i s  placed, and i s  
not affected by being contiguous t o  t h e  high r e s i s t i v i t y  CdS. A tempera- 
t u r e  of 2OO0C does not a f f e c t  t h e  r e s u l t s .  

From these tes t s  it appears t h a t  an important ro l e  i n  the  formation 
of high eff ic iency c e l l s  i s  played by t h e  portion o f  t h e  CdS f i l m  involved 
i n  t h e  b a r r i e r  formation process. This w a s  discussed under the  section on 
f i l m  properties.  

ELECTROPLATED GRICG 

An ear ly  method f o r  cur ren t  co l lec t ion  o f  the  CdS c e l l  involved hand 
Much o f  the  ac t ive  r u l i n g  the  p-type sur face  w i t h  a s i l v e r  peste o r  ink .  

su r f ace  was covered and t h e  conductivity o f  t h e  s i l v e r  conductors was  low. 



Figure 1. B a r r i e r  Laye r  Under P o l a r i z e d  Light with No F i l t e r  



Figure 2 .  Barr ier  Layer Under Polarized Light and 
F i l t e r  Passing Red Light 



Figure 3. B a r r i e r  Layer Under P o l a r i z e d  Light and 
F i l t e r  Pass ing  Green L i g h t  
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T A B U  IV 

HAIL DATA ON BARRIER LAYER 

R e s i s t i v i t y  
Sample Treatment ( ohm- cm) 

1 Lapped (unheated) 5.62 10-3 

Lapped (heated) 4.16 10-3 

2 
Lapped 
Etched (unheated) 

1 
- 5i Lapped (heated) 2 Etched 

5.97 x lo-' 

3.5 10-3 

Etched (unheated) 9.07 10-3 

Etched (heated) 5.12 10-3 

Etched (heated) 3.71 10-3 

Etched (unheated) 1.46 x 

Mo i l i t y  Carr ie rs  (cm 9 /v-sec) (cm -3) 

'3.94 2.81 x 1020 

4.45 3.38 x lo2' 

6.13 1.7 x lo2' 

10.6 1.68 x lo2' 

20 2.53 2.72 x 10 

3.61 3.38 x lo2' 
3.43 1.25 x 1020 

4.99 3.38 x 1O2O 
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The introduct ion of a high puri ty  gold m e t a l  electroformed col lec tor  . with a l igh t  transmission range of 83% t o  87% was  a milestone i n  t h e  co l lec-  
t i o n  o f  the power generated by a given c e l l .  
was a t  an increase i n  cost .  

The gain i n  c o l l e c t o r  eff ic iency 
The gold  electroformed gr ids  a re  very expensive. 

I n  order t o  evaluate  a c e l l  with the electroformed gr id ,  the c e l l  had t o  
be laminated. This required considerable time until a t e s t  f i x t u r e  was  de- 
signed t h a t  permitted quick and economical c e l l  evaluation. T h i s  device a l -  
lowed intimate contact  between c e l l  and c o l l e c t o r  during the t e s t  period be- 
fore  ac tua l  lamination. ( 3 )  This f ixture  has been adopted a s  s t a n d a r d  equipment. 

Such a procedure was  sa t i s fac tory  a t  t h i s  s tage of development. Two hun- 
dred and sixty c e l l s  were delivered t o  NASA, Lewis Research Center, Cleveland, 
Ohio, f o r  an in-house t e s t i n g  program. 
thermal cycling t o  simulate orb i ta l  f l i g h t .  
t h i s  purpose were constructed with the electroformed gold c o l l e c t o r  e lectrode.  
Many c e l l  u n i t s  survived 400 cycles and then became e r r a t i c  i n  behavior. Four 
hundred cycles were considerably l e s s  than the desired one year o r b i t a l  equiv- 
a len t .  These t e s t s  ind ica te  t h a t  the heavy gold mesh may be a source o f  short-  
i n g  caused by the movements of the mesh and other c e l l  m t e r i a l s  during the 
heating and cooling cycles.  
rubbed against  the p-type layer  tend t o  become non-ohmic. 

One of the t e s t s  required repeated 
The e a r l y  c e l l s  delivered f o r  

A t  NASA some ind ica t ion  was found t h a t  gold contacts  

A change i n  co l lec tor  electrode design was indicated.  
t i g a t i o n  resu l ted  i n  a procedure f o r  the  electrodeposit ion of a gold grid on 
the p-type l a y e r  by use of a photoresist  mask. 
t h i s  method i s  economically advantageous. 
version e f f ic iency  were tes ted  and found t o  be capable of exceeding 1200 t h e r -  
ma l  cycles. I n i t i a l l y ,  however, very low yields  and r e l a t i v e l y  low power c e l l s  
resul ted.  One of the causes of the low e f f i c i e n c i e s  obtained by e lec t ropla t ing  
w a s  a lack of s u f f i c i e n t  conductor cross  sect ion resu l t ing  i n  high s e r i e s  r e s i s -  
tances.  Increased p l a t i n g  time and cur ren t  density increased the grid thick-  
ness.  However, water degradation o f  the  c e l l  due t o  long immersions i n  the 
aqueous p la t ing  bath w a s  suspected a s  the major cause of power l o s s  and low 
y ie lds .  The goal of the research i n  t h i s  area was c l e a r l y  defined: a com- 
p a t i b l e  meta l l ic  grid which has suf f ic ien t  cross-sectional area t o  insure car- 
r i e r  co l lec t ion  without s ignif icant  I R  l o s s e s  and which i s  applied i n  a manner 
non-injurious t o  the c e l l .  

Experimental inves- 

I n  addition t o  intimate contact,  
The operating c e l l s  of over 2.3% con- 

1. Photoresis t  Process 

The photoresis t  mask through which the g r i d  i s  electroplated can be ap- 
pl ied t o  the p-layer by standard techniques. 

The appl icat ion of a negative-photoresist l a y e r  cequires exposing the 
resist-coated c e l l  t o  l i g h t  through a photographic mask which i s  a pos i t ive  
of the g r i d .  Spraying the c e l l  with developer, alcohol, and a i r  causes a 
photoresis t  mask t o  form on the c e l l .  The developer removes the unexposed 
port ions of t h e  photoresis t .  The c e l l  i s  ready f o r  plat ing.  After p l a t i n g ,  
the remaining r e s i s t  must be removed. The prescribed method for removal re- 
qui res  scrubbing the surface with a developer-soaked t i s s u e  and r ins ing  with 
alcohol.  The above s t e p s  a r e  repeated u n t i l  removal i s  accompllshed. T h i s  
abrasive ac t ion  may loosen or dislodge p a r t s  of the grid or t h e  b a r r i e r .  
disadvantages of t h i s  l a t t e r  procedure a re  r e a d i l y  apparent. 

The 

A new positive-working photoresist  provides higher resolut ion,  requires 
l e s s  heat dur ing  processing, has a lower frequency of pinholes, and can be 



more e a s i l y  removed a f t e r  the  p l a t ing  operation. 
a f t e r  p la t ing ,  the  c e l l  i s  b r i e f l y  dipped i n  one of  many organic solvents.  
Thus, resist removal requires  no abrasion and only b r i e f  contact of  the 
c e l l  with fo re ign  solut ions.  

To remove the  resist mask 

A s tudy involving twenty-four 1$l1 x sample c e l l s  w a s  made t o  com- 
pare the performance of c e l l s  fabr icated by the  two photores i s t  procedures. 
Twelve c e l l s  were masked with negative-working photores i s t  and p la ted  i n  t h e  
gold so lu t ion  using the  f i f t e e n  minute p l a t ing  a s  described below. 
G r i d  Electroplat ing.  ) 
photores i s t  and were p la ted  i n  the same manner. A l l  twenty-four c e l l s  were 
laminated. Comparison of physical appearance o f  the  gr id  and IV character-  
i s t i c s  of t he  c e l l s  before and a f t e r  p l a t ing  rendered both processes equal.  
Because of t he  ease of operation, the positive-working r e s i s t  was  adopted 
a s  standard.  

(See 
Twelve c e l l s  were a l s o  masked with’ positive-working 

Some d i f f i c u l t y  has been experienced i n  obtaining p rec i se ly  defined 
gr ids  because of non-uniform photoresis t  coating. 
by using two coats  of resist: a th in  i n i t i a l  l aye r  and a heavy subsequent 
l aye r .  
t h a t  the second coat spins  on the  c e l l  uniformly. 

This problem was  solved 

The t h i n  coating wets the  surface of the p-layer s u f f i c i e n t l y  s o  

2. G r i d  ElectroDlatinZ 

Results of thermal cycling t e s t s  ind ica te  tha t  electrodeposited gr ids  
adhere t o  the  p-type l aye r  more tenaciously than pressure-contacted e lec t ro-  
formed mesh. Development of a grid of this type renders lamination unneces- 
s a ry  f o r  a f f ix ing  the current  co l l ec to r  gr ids  t o  the p-layer. 

a. P la t ing  Solut ions 

I n  addition t o  the  commercially avai lable  gold p l a t i n g  solut ions 
discussed below, other solut ions and metals were invest igated.  

Cells gridded by the electrodeposi t ion of copper and nickel  f r o m  aqueous 
so lu t ion  appeared t o  be shor t  c i rcu i ted  on osc i l l i scope  I V  curves. 

E lec t ro less  deposit ions o f  n ickel  were made on severa l  c e l l s .  Two d i f -  
f e r en t  so lu t ions  were used with both so lu t ions  deposit ing n icke l  i n  the gr id  
l i n e s  and on the  photores i s t .  Cell  degradation and d i f f i c u l t y  experienced with 
the  removal of unwanted nickel covering the  photores i s t  resu l ted  i n  a r e j e c t i o n  
of t h i s  approach. 

Solut ions were made i n  which alcohol r a the r  than water was  u t i l i z e d  a s  
the solvent.  Experiments were conducted with two  low-water content e l e c t r o l y t i c  
solut ions:  (1) copper s u l f a t e  i n  methyl alcohol and s u l f u r i c  ac id ,  and ( 2 )  
s i l v e r  n i t r a t e  in methyl alcohol and n i t r i c  acid.  The copper so lu t ion  gave 
good, heavy uniform deposi ts ,  but resu l ted  i n  shorted c e l l s .  The s i l v e r  s o -  
l u t i o n  was  not  useable s ince the s i l v e r  n i t r a t e  would not  remain i n  so lu t ion .  

An immersion process consis t ing of a so lu t ion  of gold chlor ide and methyl 
alcohol was studied. The mechanism involved a reac t ion  which continued only 
u n t i l  the  surface was  l i g h t l y  plated.  
c e l l s .  

These t e s t s  a l s o  produced degraded 



Many p la t ing  techniques were found i n  t h e  l i t e r a t u r e  but i n i t i a l  con- 
s idera t ions  eliminated these a s  incompatible with the  CdS-CuSy system. 

b. Gold P la t ing  Process 

Because attempts t o  f ind a su i t ab le  non-aqueous e l e c t r o l y t e  o r  a 
su i t ab le  non-gold so lu t ion  were negative, e f f o r t s  were directed toward de -  
veloping a non-injurious p l a t ing  technique using standard acid gold solu- 
t ions .  Acid e l e c t r o l y t e s  were necessary because of t he  obvious cyanide 
a t t ack  on the  p-layer. 

2 l o C  ba th  temperature, and a p la t ing  time of two hours t o  obtain a gold th ick-  
ness of  1 . 2  microns. 
the g r id  pa t t e rn  i n  an attempt t o  increase conductivity.  Since t h e  t o t a l  cur- 
r en t  flowing through the bath was not increased, the current densi ty  dropped 
t o  0.3 ma/cm . The lower current  dens iw  produced an average conductor thick-  
ness of 0.8 microns. 

2 The gold p l a t ing  process i n i t i a l l y  required 0.45 ma/cm cur ren t  densi ty ,  

Later,  bus bars were p la ted  on the p-layer along with 
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A t  t h i s  point  it was  obvious t h a t  the  information obtainable from the  
handbooks and manufacturers l i t e r a t u r e  on these  baths was not  adequate t o  
solve the p l a t ing  problem. A study program was  needed t h a t  would produce 
d a t a  concerning a l l  parameters i n  a r e l a t i v e l y  shor t  period of time. 

A standard t e s t  c e l l  used e l ec t rop la t e r s  t o  determine p l a t i n g  condi- 
t i o n s  is  known a s  the  Hull Cel l  tc, . This device has proven t o  be of immense 
value f o r  research. I n  use the c e l l  i s  f i l l e d  t o  an exact l e v e l  with the  
p a r t i c u l a r  p l a t i n g  so lu t ion  and an anode i s  placed a t  t he  rear  of the  c e l l .  
The cathode i s  inser ted  opposite t o  the  anode a t  a prescribed angle. A 
spec i f ied  current  i s  caused t o  f l o w .  The n e t  e f f e c t  of  the angle is  the  non- 
uniform d i s t r i b u t i o n  of current  across the  face of the cathode. The end 
neares t  t he  anode has the  highest  cur ren t  densi ty  while the  other  end has the  
lowes t  current  density.  This gradient permits the  se lec t ion  of the desired 
deposi t .  Repeated tests a t  various cur ren ts ,  temperatures and current  densi ty  
ranges provide data rapidly.  

Both nickel-coated brass cathodes and s o l a r  c e l l  cathodes were used i n  
the  Hull c e l l  in o r d e r  t o  evaluate p l a t ing  current dens i t i e s  and temperatures. 
The r e s u l t s ,  which were obtaingd by v i sua l ly  comparing the  cathodes, indicated 
t h a t  a 
2 ma/cm would y ie ld  a uniform, non-pitted deposi t .  

emperature range of 2 1  C t o  66OC and a current  density range of 0 t o  5 
G r i d s  were e l e c t r  deposited on s o l a r  c e l l s  a t  fou r  cur ren t  dens i t i e s  (0.3, 

The time 2 0.6, 1 .O and 1.5 ma/cm ) and a t  three temperatures ( 2 1 ,  k9 and 66OC). 
i n  t he  so lu t ion  f o r  each s e t  of var iables  were adjusted s o  a s  t o  give gr id  
thickness  o f  about two microns. Optimum p la t ing  conditions were determined 
on t h e  bas i s  of th ree  c e l l  charac te r i s t ics ;  differences i n  Isc, Voc and the  
I-V curve shape before and a f t e r  g r i d  e lec t ropla t ing .  The p l a t i n g  conditions 
which r e su l t ed  i n  the s m a l l e s t  changes i n  the  c e l l  were found t o  be 1.0 ma/cm 
cur ren t  dens i ty  a t  4 9 O C  and a p la t ing  time of  45 minutes. These conditions 
produced a gr id  thickness of two microns. 
da t ion  caused by p l a t i n g  was  s t i l l  observed although the loss of  e f f i c i ency  
was considerably decreased. 

2 

Under these conditions,  c e l l  degra- 
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A t  49% a l a rge  reduction i n  the p l a t i n g  time from 45 t o  15 minutes 
has been effected by p l a t i n g  a t  a low current  densi ty  o f  1 ma/cm2 f o r  
5’ minutes and then a t  a higher current densi ty  of 5 ma/cm2 f o r  10 minutes. 
This method enables the use of a r e l a t i v e l y  high current  densi ty  and re- 
s u l t s  i n  an increase in the thickness of t he  gold deposi t  from 2.0 t o  2 .5  
microns. Cells with power losses of  10% o r  l e s s  have resu l ted .  
t h a t  a l i n e a r  increase of current  densi ty  from a low value up t o  5 ma/cm2 may 
r e s u l t  i n  fu r the r  improvement. 

It i s  possible  

It has been found t h a t  a c e l l  lowered i n t o  the p l a t i n g  so lu t ion  with no 
voltage applied,  becomes coated with gold, probably due t o  a chemical replace- 
ment react ion.  Since the  commercial gold p l a t i n g  solut ion i s  a p ropr ie ta ry  
formula, the  spec i f i c  reac t ion  can only be speculated.  Such replacement reac- 
t i ons  have been previously noted a s  damaging t o  the ba r r i e r .  I n  order t o  elim- 
i n a t e  the p o s s i b i l i t y  o f  such e l ec t ro l e s s  o r  immersion p l a t ing ,  cathodic pro- 
t ec t ion  i s  provided by applying the voltage t o  the  c e l l  p r i o r  t o  immersion. 

Solution f i l t e r i n g  has a l s o  been found t o  be of  importance i n  prevent- 
ing c e l l  degradatlon during electroplat ing.  
p la ted ,  a yellow powder of unknown chemical composition appears suspended in  
t h e  solut ion,  making the  solut ion appear cloudy. 
moved between p la t ings  by f i l t r a t i o n  but  continuous f i l t r a t i o n  i s  recommended 
i n  the  solut ion operating spec i f ica t ions .  

After  a few c e l l s  have been 

This mater ia l  can be re -  

The yellow substance found i n  t h e  standard gold p l a t i n g  so lu t ion  has been 
analyzed by emission spectrograph and x-ray d i f f r a c t i m .  The spectrographic 
analysis  showed a high gold and sodium content.  
i d e n t i f i e d  by the d i f f r ac t ion  pa t te rn  although the compound possesses a good 
c r y s t a l l i n e  s t ruc tu re .  

The compound could not be 

A high speed gold p l a t ing  solut ion obtained from a commercial suppl ie r  
has been invest igated and found unsuitable.  
i a  b ly  r e  s u l  t e  d . 

Low open c i r c u i t  voltages invar -  

Two other  p l a t i n g  so lu t ions  were investigated: a gold a l loy  so lu t ion  and 
The cheiiically neu t r a l  a l loy  bath i s  cap- 

The a l l o y  p l a t e  produced uniform g r ids  which were 
a gold s t r i k e  (pre-plate)  solut ion.  
able of high p l a t i n g  r a t e s .  
more than twice a s  conductive a s  those obtained using only the  standard gold 
p l a t ing  so lu t ion ,  Less degradation has been oSserved. 
t i o n  f a i l e d  t o  give b e t t e r  r e s u l t s  i n  conjunction with e i t h e r  t he  standard 
gold o r  t he  gold a l loy .  Heavy fogging resu l ted  when the  s t r i k e  so lu t ion  was  
used. 

The gold s t r i k e  solu- 

3.  Auxiliary Bus Bars 

The most ser ious problem remaining f o r  e lec t ropla ted  gr ids  is  the develop- 
ment of  a su i t ab le  bus bar  network. The bus bars  a re  necessary t o  reduce the  
s e r i e s  res i s tance  associated w i t h  t h e  r e l a t i v e l y  t h i n  gr ids .  
t he  s e r i e s  res i s tance  by means of th icker  gr ids  requires  prohib i t ive ly  long 
p l a t i n g  times which frequent ly  r e su l t s  i n  badly shorted c e l l s  and reduced 
gr id  transmission. The most e f f i c i e n t  bus bars used t o  d a t e  have been s i l v e r  
f o i l  s t r i p s  laminated against  the e lec t ropla ted  grid.  Attempts t o  solder  t he  
f o i l  t o  t he  gridded f o i l  revealed t h a t  there is  a problem involving the amount 
of solder .  An excess amount of solder invar iab ly  a t t acks  t h e  b a r r i e r .  It has 
been demonstrated t h a t  these s i l ve r  s t r i p s  c n be successful ly  spot welded t o  
t he  gold gr id  hi thout  any harm t o  the  cel ls .75)  

Reduction of 
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Ruled s i l v e r  p r i n t  and sprayed-on conductive epoxy were invest igated f o r  
use a s  bus bars and were found t o  be unsat isfactory.  

A photores i s t  mask was designed which enable gold bus bars t o  be p la ted  
simultaneouslywith the  grid.  The thinness of the gold bus bars,  and i t s  re- 
s u l t a n t  res is tance,  necessitated spot welding silver f o i l  l e a d s  on top of the  
gold. 

With an auxi l ia ry  anode configuration, it was poss ib le  t o  increase the bus 
bar thickness t o  f i v e  microns. 
e lectroplated without the bus bar network, the degradation is l e s s .  A non- 
de l i te r ious  method of bus bar plat ing i s  being sought. 

However, it was discovered-that when c e l l s  are  

A peripheral  bus bar configuration was invest igated and compared with the 
Itextended-Htt network now employed. Theoretical  considerations show t h a t  f o r  a 
f i x e d  bus bar network surface a r e a  and thickness, t h e  square design should be 
more e f f i c i e n t .  Preliminary invest igat ions have shown t h a t  the two configura- 
t i o n s  are  comparable, 

4. Other Work 

a .  Unheated Cells 

There i s  some evidence that  unheated, chemiplated-barrier c e l l s  do 
not degrade a s  rap id ly  in the presence of water vapor a s  heated c e l l s .  For 
t h i s  reason unheated, chemiplated-barrier c e l l s  were grid e lectroplated and 
then heated t o  maximum efficiency. I n  general, the open c i r c u i t  volkages 
were low (.38 v o l t s ) .  
a t ive  samples were obtained because of the low eff ic iency of the  standard 
from the  same 6 i n .  x 6 i n .  substrate .  
layers a l s o  showed a s i m i l a r  e f fec t :  

However, there i s  some doubt a s  t o  whether represent- 

Cel l s  with unheated, extra-thick p-type 
low open c i r c u i t  voltages ( . 20  v o l t s ) .  

A s  a check, six lSrr x 1 $ l r  unheated-barrier c e l l s  were plated using the  
a l l o y  procedure. 
None of the  c e l l s  w e r e  a s  e f f i c i e n t  a s  the pre-heated c e l l s .  

Cel ls  were subsequently heated t o  obtain maximum eff ic iency.  

b. Effects  of Light During Plat ing 

Light could conceivably influence the c e l l  during the p l a t i n g  pro- 
cess s ince the bulk CdS is  photoconductive i n  nature and the b a r r i e r  degrad- 
a t ion  i s  believed t o  be caused by a photochemical process. 
t o  evaluate the e f f e c t  of l i g h t  on the c e l l  during grid e lec t ropla t ing  have 
shown no observable e f f e c t s .  

Experiments conducted 

c .  Fre-cleaning Solution 

A commercially avai lable ,  neut ra l ,  cleaning solut ion pr imari ly  i n -  
tended f o r  cleaning copper pr inted c i r c u i t s  p r i o r  t o  p l a t i n g  was invest igated.  
Improved contact  and b e t t e r  adherence of electrodeposited gold was expected. 
Results of these t e s t s  show t h a t ,  although the open c i r c u i t  voltage remained 
about the  same a f t e r  gold electroplat ing,  the shor t  c i r c u i t  current decreased 
t o  about one h a l f  of i t s  or iginal  value. 
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d .  Less Dense G r i d s  

P r i o r  work on pressure t e s t  r e s u l t s  has indicated t h a t  a 25 l p i  
gr id  network could be used i n s t e a d  of the present  70 lines p e r  inch gr id  
without loss of e f f ic iency .  
would be obtained. A tes t  o f  e ight  3 in. x 3 in. c e l l s  demonstrated t h a t ,  
using the  present  technology, 25 l p i  e lec t ropla ted  g r ids  a re  not s u f f i c i e n t  
t o  c o l l e c t  t he  c a r r i e r s  without a l o s s  i n  e f f ic iency .  

W i t h  t he  25 l p i  gr id  more a c t i v e  c e l l  area 

5. Summary 

75% y i e l d s  (provided f i l m s  wi th  few pinholes can be se lec ted)  i s  a s  f o l l o w s .  
The p-layer of t he  c e l l  is  coated with the  positive-working photores i s t  by 
the  two-spin method a s  above. This coat ing i s  then exposed t o  u l t r a v i o l e t  
l i g h t  through a photographic mask which i s  a negative of  the 70 l p i  gold 
gr id .  A dip i n  developer and a d i s t i l l e d  water wash produces the  desired 
mask/ The c e l l  i s  then mounted on a p l a t i n g  board. A small brush dipped 
i n  photores i s t  i s  used t o  mask any pinholes observable under a microscope. 
G r i d  e lec t ropla t ing  i s  done i n  two s teps:  (1) 1 ma/cm2 a t  2s0C f o r  5 minutes 
i n  the  acid gold solut ion and ( 2 )  5 ma/cm2 a t  55'C f o r  10 minutes i n  the neu- 
t r a l  gold a l loy  solut ion.  
c e l l  is  dried with t i s s u e s  and placed i n  an oven a t  2OO0C f o r  30 seconds t o  
remove remaining water. 
the  c e l l  i s  t e s t ed  in a spec ia l  pressure t e s t  u n i t  which has a bus bar arrange- 
ment s imi la r  t o  t h e  laminated bus bars.  

The bes t  p l a t i n g  method t o  date t o  obtain less than 10% degradation a t  

Following a r i n s e  i n  running d i s t i l l e d  water, t he  

The photoresis t  mask is  removed with acetone and 

CHEXICAL MILLING SUBSTRATES 

One of t he  purposes of t h i s  development program was t o  produce more 
f l e x i b l e  and l i g h t e r  weight c e l l s .  
t r a t e  on was  t he  subs t ra te .  Thinner o r  l e s s  dense m e t a l  might be employed. 
It w a s  found ygjviously t h a t  thinner molybdenum (one mil) presented a hand- 
ling problem. 
poor  thermal match and poor adherence due t o  surface conditions 7 . 

The most obvious component t o  concen- 

Other l e s s  dense metals a l s o  presented proble s such a s  
' ? I  

Since two m i l  molybdenum was easy t o  handle, a process was developed 
whereby the  th icker  molybdenum w a s  re ta ined throughout the  e n t i r e  c e l l  fab- 
r i c a t i o n  procedure. Then immediately before,  o r  a f t e r  lamination, t he  back 
of t he  c e l l  ( t he  molybdenum) was chemically m i l l e d  t o  t he  d e s i r e d  thinness . (8)  
This e f f ec t ive ly  reduced the weight of the c e l l ,  and avoided the d i f f i c u l t i e s  
o f  working with extremely t h i n  metal f o i l s  during fabr ica t ion .  
f i n e  control  has no t  been est8ablished f o r  t h i s  process, c e l l s  have been made 
t h a t  demonstrate over f o r t y  wat ts  per pound. One 3" x 3" c e l l  o f  5.2% e f f i -  
ciency was  found t o  be seventy-seven (77)  w a t t s  per  pound. 
grade l a t e r  t o  a value of 42 w a t t s  per  pound. Milled c e l l s  (3" x 3 " )  gener- 
a l l y  weigh about two  grams. 

Although a 

This c e l l  d i d  de- 

1. Process 

The mi l l i ng  so lu t ion  i s  composed of 50% HNO3 and 50% H20 by volume. 
Stronger n i t r i c  acid baths are t o o  f a s t  f o r  proper control  and y ie ld  p i t t e d  
surfaces .  
t he re  a r e  ind ica t ions  t h a t  excessive hea t  i s  being generated during mi l l ing .  

Although the  acid action i s  s a t i s f a c t o r y  a t  t h i s  concentration 
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A t  present ,  t he  best  procedure requi res  the lamination of one m i l  H - f i l m  
and one-half m i l  nylon on the  face of the  c e l l  only. A narrow p ic tu re  frame 
of p l a s t i c  i s  used on the back t o  enswe a s e a l  on t h e  edges of t h e  subs t ra te .  
The c e l l  i s  then dipped i n t o  the  etching so lu t ion  f o r  th i r ty  seconds, r insed 
in w a t e r ,  dipped i n t o  HC1, and then r insed again in water.  This i s  repeated 
until the subs t ra te  i s  a t  t he  desired thickness.  One method used t o  cont ro l  
the thickness e n t a i l s  the  etching of a p iece  of molybdenum t h a t  i s  somewhat 
thinner  than the  c e l l  substrate .  
i d e n t i c a l  treatment. When the  Mo piece disappears, then the c e l l  subs t ra te  
thickness i s  approximately equal t o  t h e  o r i g i n a l  difference between the  c e l l  
subs t ra te  and the  piece of molybdenum. 

The c e l l  and the molybdenum piece a r e  given 

2. Problems 

When the  two m i l  molybdenum subs t ra te  i s  milled t o  t he  range of th ree  
tenths  t o  seven-tenths of a m i l ,  it has a tendency t o  c u r l .  Reducing the  
thickness t o  less than three-tenths of a m i l l  a l l e v i a t e s  the  curl ing prob- 
lem. If the molybdenum is milled much thinner  than three- tenths  o f  a m i l ,  
the  CdS f i l m  tends t o  separate f r o m  the  subs t r a t e .  
with the  h e a t  generated during etching. 

This may be connected 

Another problem is  t h a t  the  etching so lu t ion  slowly a t tacks  the  nylon. 
For t h i s  reason, the nylon must cover only the f ron t  of the  c e l l  and not be 
allowed t o  overlap. It i s  suf f ic ien t  t o  s e a l  the  edges with a p l a s t i c  p ic -  
ture frame t h a t  overlaps the back of t he  molybdenum. 

I n  summary, it might be noted t h a t  while this mi l l ing  process s t i l l  has 
problems, it i s  inherent ly  simple. 
duces the  r e s u l t s  expected with thin f o i l s .  
power-to-weight r a t i o s ,  and even i n  c e l l  construction. 
t h a t  a r e a r  w a l l  ce 1 was fabr icated by t h i s  method u t i l i z i n g  photores i s t  
masking techniques. There a re  several  rear wal l  and f ron t  w a l l  combina- 
t i on  c e l l s  t h a t  can conveniently be constructed when t h i s  mil l ing process i s  
included in the fabr ica t ion  procedure. 

It reduces the handling problems and pro- 
It opens new p o s s i b i l i t i e s  i n  

It has been reported 

ALTERIUTE SUBSTRATE MATERIALS 

Since the  discovery of  the chemical mi l l ing  process the use o f  thinner  
molybdenum f o i l s  has not been pursued. 

Ifivestigation of  other subs t ra tes  t h a t  appear more des i rab le  than molyb- 
denum because of  cos t ,  density, conductivity, thermal expansion or  a b i l i t y  t o  
form a good contact  t o  n-type CdS has been made i n  the pas t  a s  a means of  
achieving weight reduct im.  A t  times, t h e  r e s u l t s  have been promising, but 
none have yielded the reproducibi l i ty  achieved with molybdenum. 

1. Conductive Paper 

F i l m s  were successful ly  evaporated on conductive paper. (lo) These CdS 
f i l m s  had a c lose even texture .  
thermal expansion match. There were, however, t w o  problem a r e a s .  The first 
was  t h e  i n s u f f i c i e n t  conductivity o f  the  paper. 
was  coated wi th  a l aye r  of s i l v e r .  
orat ion.  The second problem was the embrittlement of the paper during the  bar- 
r i e r  formation process. This made t h e  handling a f t e r  p l a t i n g  r a the r  d i f f i c u l t .  

Very l i t t l e  problem w a s  experienced with 

To overcome t h i s  the paper 
T h i s  was applied by spraying and by evap- 



Some c e l l s  were made with s i l v e r  i n t e r f ace  layers of sprayed s i l v e r .  
A l l  of these c e l l s  shorted during t e s t .  
which caused the  CdS t o  be m v e n ,  and therefore  caused loca l ized  shor t s  
through the th in  areas .  

This was due t o  the  uneven s i l v e r  

A c e l l  2 cm 2 was made on a paper coated with several  hundred angstroms 
of  evaporated s i l v e r .  
a f t e r  b a r r i e r  formation. 
However, because of the necessi ty  o f  using an in t e r f ace  conductor on the  paper 
and with the  advantages o f  the  chemical mi l l ing  process it does not now o f f e r  
any advantage over the molybdenum subs t ra te .  It i s  possible  t h a t  i n  a produc- 
t i o n  process t h e  paper could be used a s  a supporting subs t ra te  and then d i s -  
carded i n  the f i n a l  c e l l  packaging. 

This c e l l  was  1.3% e f f i c i e n t .  It was very b r i t t l e  
The f e a s i b i l i t y  of using such paper was  demonstrated. 

2. Invar  

Cells made on Invar  have been found t o  be very good o r  very poor  with 
none of intermediate qua l i ty .  
immediately adjacent t o  the substrate .  
on Invar subs t ra tes  held a t  high subs t ra te  temperatures (about 300%) t he  
yellow l a y e r  i s  eliminated and tha t  the adherence of t he  CdS i s  improved. 
However a l l  of  the c e l l s  made f r o m  these f i l m s  are  r a the r  l o w  i n  e f f ic iency .  

I n  many cases a yellow powdery layer  has formed 
It wasdiscovered t h a t  by evaporating 

3. Other Materials 

Tin clad s t e e l  was  one o f  the new m a t e r i a l s  invest igated.  Adhesion o f  
These d i f f i c u l t i e s  were caused by the  CdS was  poor and cur l ing  was severe.  

subs t ra te  surface conditions and mismatch of thermal expansion coe f f i c i en t s .  

Cel l s  made on t i tanium degraded about 50% and could not be recovered. 
I n  an attempt t o  determine the cause of t he  degradation, t he  f i l m s  were r e -  
moved revealing a dark gray  t i t a n i u m  surface.  
t e r f ace  was d i f f i c u l t .  
CdS powder. 
main in the closed contained for two days. I n  both cases,  the t i tanium surface 
turned gray. 

Iden t i f i ca t ion  of t he  gray i n -  
Pieces of polished titanium were packed i n  sulfur and i n  

These samples were h e a t e d  t o  l s O ° C  i n  argon and then allowed t o  r e -  

CELL PACKAGING 

1. Lamination 

The f i l m  c e l l  package a t  present cons is t s  of the  CdS f i l m  and b a r r i e r  
l a y e r  =n t h e  subs t ra te ,  and a colleckor mesh laminated between sheets of  
p l a s t i c .  The p l a s t i c  serves  several purposes. It holds the  co l lec tor  
mesh t o  the  b a r r i e r  (unless  e lectroplated co l l ec to r s  a re  used),  it serves 
a s  a p ro tec t ion  from physical  damage and gross  amounts of water.  It i s  a bar- 
r i e r  t o  low energy protons and even some e lec t rons ,  and it serves a s  a l i g h t  
weight mounting s t ruc tu re .  

Previously t h e  laminating procedure required t h a t  t he  c e l l  package be 
placed i n  p la tens  and heated i n  a press  f o r  more than one-half hour. 
the  p l a s t i c s  and t h e  c e l l s  have propert ies  t h a t  change due t o  heat ,  it w a s  
des i rab le  t o  minimize t h i s  heating period. 

Since 

To accomplish t h i s  an impulse 



type laminator has been i n s t a l l e d  tha t  can complete the  encapsulation cycle 
i n  a few minutes. This laminator is capable of handling up t o  one foot  
square a r r a y s .  Instead of u t i l i z i n g  heated platens the  heat i s  supplied 
d i r e c t l y  t o  the c e l l  package through a t h i n  metal diaphragm-type res i s tance  
heater.  

This s e a l e r  i s  now operational. The optimum heating cycle i s  4.5 seconds. 
I f  a shor te r  h e a t  i s  used there i s  considerable shrinkage due t o  t h e  orienta- 
t i o n  of the thermoplastic f i l m .  
ina t ion  procedures. 
a ted,  some i n  the impulse sea le r ,  some i n  the  heated platens.  

Comparative t e s t s  were made of the two l a m -  
Ce l l s  were tes ted on the  pressure t e s t  u n i t ,  the  lamin- 

The r e s u l t s  
a r e  i n  the following tab le .  

Cel l  No. Type of 
Lamination 

s103-~ Impulse Sealed 

s103-c Impulse Sealed 

s 1 0 3 - ~  Heated Platens 

~ 1 0 3 - ~  Heated Platens 

The r e s u l t s  show t h a t  the 
l e n t  j u s t  a f t e r  lamination. 

It i s  recognized t h a t  the 

Cel l  C e l l  
Efficiency Efficiency 

Before Lamination After Lamination 

2.45% 2.72% I 

2.25% 2.41% 

2 .OS% 2.38% 

2.33% 2.69% 

impulse sealed c e l l s  a re  e s s e n t i a l l y  equiva- 

impulse s e a l e r  does not a l l o w  f o r  a long vacuum 
pump-out which may prove harmful t o  the c e l l  over an extended period. -If long 
outgassing i s  necessary it can be provided f o r  i n  a vacuum bake-out oven p r i o r  
t o  impulse sealing. A decay problem t h a t  i s  not  associated with lamination 
makes it d i f f i c u l t  t o  evaluate the e f f e c t s  of the types of lamination on l i f e -  
t i m e .  More w i l l  be sa id  on t h i s  decay problem l a t e r  i n  t h i s  report .  

2.  Encapsulants 

sheets have been used successfuly. (11) 
The best  encapsulant f o r  space i s  H - f i l m .  

Pyre ML varnish (I1) which seems t o  be uncured H - f i l m  has been used a s  

Both one m i l  and one-half m i l  

an encapsulant. 
pared with t h a t  of H - f i l m .  
mits fur ther  i n t o  the blue t o  about 425 millimicrons while the  H - f i l m  cu ts  
off a t  about b80 millimicrons. 
H - f i l m  r e s u l t s  f rom impurit ies and appears during curing. 
some Pyre ML f i l m  was used t o  coat the c e l l s  since the  p o s s i b i l i t y  e x i s t s  
t h a t  a l l  o f  the propert ies  of the f u l l y  cured H-film are  not necessary f o r  
pro tec t ion  of the c e l l s .  
than the H - f i l m  and t h e i r  absorption edge was  sh i f ted  toward  the blue. 

The transmission of t h e  Pyre ML varnish was checked and com- 
A s  can be seen from Figure 4, the varnish t rans-  

I t  was reported t h a t  the yellow color  o f  the  
For t h i s  reason, 

These pyre ML coatings were much l i g h t e r  i n  color 

Three 317 x 3” c e l l s  with electroplated gr ids  were preheated t o  175°C 
f o r  one hour. 
llBlr was coated with a 75% mixture of Pyre ML and 25% Dimethylformamide. 
71Cf1  was coated with 50% Pyre ML and 50% DIT. 

Cell  I IAl I  w a s  coated with a 100% mixture of Pyre ML, and Cel l  
Cel l  

A l l  three coatings were spun 
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Figure k. Transmission o f  H - f i l m  and Fyre ML Varnish 
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on the c e l l s  t o  a thickness of l e s s  than 0 . 2  m i l .  A l l  c e l l s  were then cured 
a t  2OO0C f o r  three hours. The e l e c t r i c a l  response showed some degradation 
due t o  the  solvents.  

The three c e l l s  were then immersed in H20 f o r  48 hours. Data taken a t  
the end of the t e s t  showed a s ign i f icant  degradation. It appears t h a t  the varnish 
can not  be applied a s  a l i qu id .  

Some c e l l s  were coated with f i l m s  made f rom Pyre ML varnish.  These f i l m s  
cracked and dark spots  appeared on the  surface upon lamination. 
became very b r i t t l e .  
oven a t  100°C for several  hours they a l so  became very b r i t t l e  and changed t o  a 
darker yellow. 

The f i l m s  a l so  
When f i l m s  made from the  Pyre ML varnish were cured i n  an 

Since the  varnish could not be used by i t s e l f  or laminated a s  a p a r t i a l l y  
cured f i l m ,  it was  applied over c e l l s  laminated i n  nylon only and with nylon- 
mylar. More of the blue l i g h t  could reach the ba r r i e r  region. Some success 
has been rea l ized  with the Pyre ML mylar-nylon combination. However, s ince 
the H - f i l m  causes about a t en  percent loss and i s  more convenient t o  use,no 
fur ther  e f f o r t  was expended on the varnish.  

A f i l m  o f  polydimethylphenol e ther  was obtained from NASA, L e w i s  Research 
Center a s  an encapsulating m a t e r i a l .  This m a t e r i a l  has been reported t o  
many of the proper t ies  of H-film with the  disadvantage o f  being colored. 
lamination, it became very b r i t t l e ,  s imi l a r  t o  the  r e s u l t s  obtained with 
s tyrene . 

have 
Up on 

P O l Y  - 

3. Lead Attachment 

For a period of time solder containing indium was used t o  hold the s i l v e r  
lead t o  the  go ld  mesh. Within a few weeks the ba r r i e r s  were found t o  be dam- 
aged. Darkened areas appeared i n  the  ba r r i e r  type c e l l s .  Upon t e s t i n g  it w a s  
determined t h a t  the amount of solder present  i n  the contact w a s  important. To 
reduce the  degree of degradation the amount o f  s o l d e r  t o  be used w a s  kept t o  a 
minimum. Any excess would invariably a t tack  the  bar r ie r .  

When the electroformed mesh w a s  replaced by the thinner (two micron th ick)  
e lectroplated gr id ,  the solder  problem became more severe. 
poss ib le  t o  apply su f f i c i en t  solder t o  a t t ach  the auxi l ia ry  s i l v e r  bus bars  
and l e a d s  t o  t he  co l lec tor  while a t  the  same time using a m i n i m a l  amount t o  
prevent a t tack.  A thicker  gr id  could a l l e v i a t e  the problem. An ea r l i e r  sec- 
t i o n  of t h i s  repor t  discusses progress i n  t h i s  area.  

It  was near ly  i m -  

Successful c e l l s  have been fabricated by i n i t i a l l y  deposit ing gold bus 
bars  a s  previously described w i t n  an aux i l i a ry  s i l v e r  bus b a r  and l e a d  spot 
welded t o  the top o f  the  gold s t r ipe .  
tained for t h i s  purpose. 
ba r r i e r .  
we lded  connections compared t o  those with pressure connections. An improve- 
ment i n  the  c e l l  package with regard t o  thermal cycling a l so  resu l ted .  The 
ind ica t ions  from tes t s  run a t  Harshaw and those in progress a t  L e w i s  Labora- 
to ry ,  NASA, are t h a t  the  w e l d e d  connection grea t ly  improves the  r e l i a b i l i t y  
and l i f e  of the ce l l s  during repeated thermal cylcing i n  high vacuum. It 
appears t h a t  t h i s  type of co l lec tor  arrangement i s  more s a t i s f a c t o r y  than 
any previous type.  

A micro-gap welder(5) has been ob- 
A un i t  o f  t h i s  type prevents damage t o  the  c e l l  

An i n i t i a l  improvement i n  e f f ic iency  w a s  noted f o r  c e l l s  with 
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PILOT LINE 

During t h i s  contract  two s igni f icant  changes were made i n  the p i l o t  
l i n e .  
t o  the chemiplated b a r r i e r .  
c ies .  

The first major change was  a switch from the electroplated b a r r i e r  
This change resu l ted  i n  higher c e l l  e f f i c i e n -  

The second w a s  an improvement i n  the  pressure t e s t  unit design.(12) 
These improvements include a Figure 5 is a p i c t u r e  of t h i s  new f ix ture .  

b e t t e r  diaphragm arrangement, elimination of the hand clamps, and i m -  
proved e l e c t r i c a l  contacts.  

Approximately f i v e  hundred c e l l s  were fabricated on the p i l o t  l i n e  dur- 
ing t h i s  contract .  
grid area. 
f o r  the  contract  period was  s l i g h t l y  l e s s  than three per  cent.  
erage r e f l e c t s  the problems experienced with the t r a n s i s t o r  washer. 
problem was caused by a fungus contained in the f i l t e r  car t r idges  a s  obtained 
from the manufacturer. The electroplated c e l l s  included i n  t h i s  average were 
a l s o  lower i n  e f f ic iency  than the chemiplated c e l l s .  

Many were over 4% with a few over 5% e f f i c i e n t  based on 
The highest  eff ic iency reported was 5.2%. The average e f f ic iency  

This low av- 
This 

During t h i s  contract  1 2  each 611 x 611 arrays and 16 each 3" x 3" c e l l s  
were delivered t o  the Contract Monitor. They demonstrated chemical mil l ing,  
e lectroplated co l lec tors ,  spot welded leads and various encapsulants. 

The w a t t s  per  pound r a t i o  calculated f o r  cell1849HN was  77 wat ts  per 

Most of the c e l l s  delivered were i n  the twenty t o  f o r t y  
pound a t  the i n i t i a l  5.2% efficiency. 
a t  del ivery time. 
w a t t s  per pound category. 

It degraded t o  only 42 w a t t s  per pound 

CELL DEGRADATION 

Many of the most e f f i c i e n t  c e l l s  have displayed the most i n s t a b i l i t y .  
Contrary t o  the type of degradation previously seen t h i s  could not be traced 
t o  moisture. Cel l s  placed i n  a vacuum d i d  no t  improve but degraded s i g n i f i -  
cant ly .  It w a s  found on examination t h a t  the vacuum chamber w a s  contaminated 
with su l fur .  

Bare c e l l s  placed i n  t h i s  sulfur contaminated vacuum overnight degraded 
Even encapsulated c e l l s  degraded 20% a f t e r  three days i n  the 

Cel ls  placed i n  clean vacuum do not  degrade, i n  
more than 30%. 
s u l f u r  contaminated vacuum, 
f a c t ,  they improve with time. 

It does not seem t h a t  an ordinary desiccator  i s  adequate storage for the 
c e l l s .  Those placed i n  a regular desiccator degraded 30% i n  two days and 50% 
i n  one week. 
placed in the  normal desiccanting cabinet dropped only 1% t o  4% i n  t h i r t y  days.  
Ce l l s  placed i n  f r e s h l y  d r i e d  desiccant, sealed i n  p l a s t i c ,  and re f r igera ted  
a t  l e s s  than - 1 8 O C  showed no degradation a f t e r  t h i r t y  days. 

Those placed i n  f reshly dried desiccant sealed i n  p l a s t i c  and 

From the above t e s t s  it i s  evident t h a t  the present c e l l s ,  especial ly  
the highly e f f i c i e n t ,  must be protected from both small amounts of moisture 
and from sulfur. More work must be done t o  determine t h e  sources of sulfur 
t h a t  a re  responsible f o r  degradation, Some may be i n  the c e l l  package i t s e l f .  
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Figure 5. Pressurized S o l a r  C e l l  T e s t  Apparatus 



CELL DESIGN REGOMMENDAnONS 

The following sect ion contains the  recommendations f o r  the cadmium 

It consis ts  of 
su l f ide  so l a r  c e l l  design most sui table  f o r  a thin-f i lm s o l a r  c e l l  space 
power system according t o  the present s t a t e  of the a r t .  
mater ia l  specif icat ions,  a drawing of the  c e l l  (Figure 6),  and typ ica l  
c e l l  e l e c t r i c a l  cha rac t e r i s t i c s  (Figure 7 ) .  

1. Material Specif icat ion 

( a )  Material: ' Cadmium Sulf ide 

Grade: Cadmium sul f ide  powder fo r  so l a r  c e l l  use s h a l l  be of e l ec t -  
ronic  grade only. 

Impurit ies:  
following l i m i t s  a s  determined by spectrographic analysis .  

Impurit ies i n  CdS powder fo r  so l a r  c e l l  use s h a l l  not exceed the 

Element P a r t s  per  mil l ion 

Aluminum 
Calcium 
Copper 
Indium 
I r o n  
Magnesium 
Manganese 
Nickel 
S i l i c o n  
Thal l ium 

2.0 
1 . 7  
1.0 
1.0 
2 .o 
1.0 
0.0 
0.0 
2.0 
0.0 

Source: Cadmium su l f ide  i s  available from the General E lec t r i c  Company, o r  
the Sylvania E l e c t r i c  Company. 

(b) Cuprcus Chloride 

Grade: AR grade cuprous chloride s h a l l  be used. 

Impurit ies:  Cuprous chloride s h a l l  meet ACS spec i f ica t ion .  Impuri t ies  s h a l l  
not  exceed the following maximum l i m i t s .  

Arsenic ( A s )  0.001% 
Insoluble  i n  Acid 0.020% 
I r o n  (Fe) o.ooS% 
H2S a s  s u l f a t e s  0.20% 
Su l fa t e  (SO ) 0.10% 

Substances not precipi ta ted by 

ASSAY (CuCllf Min 90% 

Preparation: 
cuprous chlor ide s h a l l  be accomplished by r in s ing  it in water with a ph of 
1, f i l t e r i n g  out the powder and dry ing  it. 

Storage: 
b o t t l e s  in a dry atmosphere. 

Cuprous chloride s h a l l  not be used " a s  is!!. Preparation of 

Af te r  preparat ion the cuprous chlor ide should be stored i n  dark 



Source: Cuprous chloride i s  available from the Mallinckrodt Chemical Works. 

( c )  Molybdenum Toi l  

Thickness: 0.002" - .OOsff 
+ 

Size: Sheets elr x 6!3/8" 

Special  Requirements: 1. S t r e s s  r e l i e v e  a f te r  r o l l i n g .  
2.. Surface t o  be smooth and f r e e  of p i t s ,  scratches 
3. Molybdenum must be prepared by the powder metallurgy 

process. 
4. Puri ty  9 9 . B  required. 

( d )  Material: Gold Mesh 

Lines Per Inch: 70 

Line : 0. 0015311 

Space : 0.012861l 

Maximum Transmission: 0.85% 

Size  of Sheet: 9.511 x 11.5Il 

Note: 
6 th  S t r e e t ,  S t .  Paul, Minnesota under ru l ing  Number llb4. 

This m a t e r i a l  i s  avai lable  only through the Buckbee Mears Co., 245 E a s t  

( e )  Material:  Mylar P l a s t i c  Film 

Type: Type A Mylar f i l m  

Thickness: Both m i l  (0.0005fI) and 1 m i l  (0.00lll) a re  required. 

Source: T h i s  mater ia l  i s  avai lable  from the  DuPont Chemical Company. 

( f )  Material:  Polyimide P l a s t i c  Film 

Type: Type H p l a s t i c  film (H-film) 

Thickness: Both $ m i l  (0.0005~1) and 1 m i l  (O.OO1ll) a r e  required.  

Sniirce: This m a t e r i a l  i s  available from the  DuPont Chemical Company. 

(g)  M a t e r i a l :  Nylon P l a s t i c  F i l m  

Type: 77C 

T h i c h e s s :  m i l  (0.0005") 

Source: This material  i s  available from the All ied Chemical Company. 

(h)  Material: S i l v e r  F o i l  (High pur i ty)  

Thickness: 1 m i l  (0.001") 

32 



Width: 0.125" 

Source: This  m a t e r i a l  i s  ava i l ab le  from t h e  Handy and Harmon Company. 

Note: Dimemsions a re  not c r i t i c a l .  
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