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N O T I C E  

4 
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p u r s u a n t  to h i s  employment or c o n t r a c t  w i t h  NASA, or h i s  
employment w i t h  s u c h  c o n t r a c t o r .  

R e q u e s t s  for c o p i e s  of t h i s  r e p o r t  s h o u l d  be r e f e r r e d  t o :  

N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  
O f f i c e  of S c i e n t i f i c  and T e c h n i c a l  I n f o r m a t i o n  
A t t e n t i o n :  AFSS-A 
Washington, D. C. 20546 

. 



4 

NASA CR-54996  

THIRD QUARTERLY REFOBT 

RESEARCH AND DEVEUIPMENT 

I N  

C d S  PHOTOVOLTAIC CELLS 

J. C. Schaefer,  E. R. H i l l ,  T. A. G r i f f i n  

Prepared For 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

December 29, 1965 to March 29, 1966 

C o n t r a c t  NAS 3-7631 

Technica l  Management 
NASA L e w i s  R e s e a r c h  C e n t e r  

C l e v e l a n d ,  O h i o  
Space Power Sys tems D i v i s i o n  

C l i f f o r d  Swartz 

H a r s h a w  C h e m i c a l  Company 
C r y s t a l - S o l i d  State  D i v i s i o n  

1945 E. 97th Street 
C l e v e l a n d  6 ,  O h i o  



4 

" 

FOREWORD 

T h i s  r e p o r t  was p repa red  b y  t h e  C r y s t a l - S o l i d  S t a t e  

D i v i s i o n  o f  The Harshaw Chemical Company. The work h a s  

been  sponsored  by t h e  Space Power Systems Procurement  

S e c t i o n  of  t h e  NASA Lewis Research  C e n t e r  w i t h  Dr. A.  E. 

P o t t e r  a c t i n g  a s  T e c h n i c a l  Advisor  and M r .  C l i f f o r d  Swartz  

a c t i n g  a s  Project Manager. 

Project d i r e c t i o n  h a s  been p rov ided  by M r .  J. C. 

S c h a e f e r  w i t h  M r .  E. R. H i l l  and M r .  T. A. G r i f f i n  a c t i n g  

a s  p r i n c i p a l  i n v e s t i g a t o r s  f o r  t h e  r e s e a r c h  and develop-  

m e a t  work r e s p e c t i v e l y .  The f o l l o w i n g  Harshaw p e r s o n n e l  

have  c o n t r i b u t e d  t o  t h i s  program: B. Keramidas,  R. J. Hum- 

r i c k ,  R. W. Olmsted,  D. J. Krus,  W. W. B a l d a u f ,  N. E. Heyer- 

d a h l ,  P. J. Marn, and Dr. N. K. Pope of t h e  Royal M i l i t a r y  

College o f  Canada s e r v e d  as c o n s u l t a n t .  
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Abstract 

Further s t u d i e s  of the barr ier  formation mechanism 

are reported with respect t o  1) r a t e  of Cu2S formation and 

2)  d i f f u s i o n  of the  CuzS i n  CdS. An increase  of maximum 

ce l l  e f f i c i e n c y  to 5.8% is reported. Preliminary r e s u l t s  

on an a l t e r n a t e ,  s i m p l i f i e d ,  gridding technique are  given.  



Summary 

Barrier f o r m a t i o n  s t u d i e s  were made on  t h e  1) rate  

of CuzS f o r m a t i o n  and 2) d i f f u s i o n  of t h e  Cu2S i n  CdS. 

The rate of Cu2S f o r m a t i o n  is i n  p r o p o r t i o n  to  t h e  Cu+ 

i o n  s o l u t i o n  c o n c e n t r a t i o n .  T h e o r e t i c a l  and  e x p e r i m e n t a l  

c u r v e s  based  on  t h e  i n c r e a s e  of Cu2S mass p e r  u n i t  t i m e s  

show good agreement .  The d i f f u s i o n  of Cu2S i n  CdS a p p e a r s  

c o n s t a n t  a t  approx ima te ly  10-9cm2 per second.  

S e v e r a l  cel ls  were produced and d e l i v e r e d  under  pro- 

v i s i o n s  of t h e  c o n t r a c t  w i th  e r f i c i e n c i e s  i n  the  range of 

5% to  6%. The maximum v a l u e  was 5.8%. The a v e r a g e  cel l  

e f f i c i e n c y  h a s  n o t  kept pace w i t h  t h i s  improvement. 

The e l e c t r o p l a t e d  g r i d  t e c h n i q u e  c o n t i n u e s  to  p r o v i d e  

re l iab le  ce l l  u n i t s .  An a l t e r n a t e  p r e s s u r e - t e m p e r a t u r e  

t e c h n i q u e  h a s  been used t o  a t t a c h  t h e  g r i d s .  P r e l i m i n a r y  

r e s u l t s  show t h a t  i t  may p r o v i d e  a h igh  r e l i a b i l i t y  ce l l  

u n i t .  T h i s  is based on  a 600 thermal c y c l e  test. 

The vapor  t r a n s p o r t  f i l m  f o r m a t i o n  t e c h n i q u e  r e v e a l s  

good c o n t r o l  of  f i l m  properties. An a d h e r e n c e  t o  substrate  

problem p r e v e n t s  any large advance  i n  t h i s  area. 
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I n t r o d u c t i o n  
~~ 

The CdS t h i n  f i l m ,  f l e x i b l e ,  so la r  ce l l  c o n t i n u e s  t o  

improve i n  b o t h  areas of f a b r i c a t i o n  and solar  e n e r g y  con- 

v e r s i o n .  The cells  b e i n g  s t u d i e d  and  f a b r i c a t e d  o n  t h e  

p r e s e n t  c o n t r a c t  a r e  c o n s t r u c t e d  on a metallic substrate  

which also s e r v e s  as  t h e  n - c o l l e c t o r .  The CdS is d e p o s i t e d  

on t h e  s u b s t r a t e  by e i t h e r  e v a p o r a t i o n  or  vapor  t r a n s p o r t .  

The barrier is f o r m e d  a t  t h e  s u r f a c e  of the CdS f i l m  by 

immersion i n  a cuprous  c h l o r i d e  s o l u t i o n .  T h e  barrier 

is c o n t a c t e d  by a metallic g r i d  which is a t t a c h e d  by 1) a 

s o f t e n e d  p l a s t i c  (nylon)  d u r i n g  e n c a p s u l a t i o n ,  2) a n  elec- 

t r o p l a t e d  g r i d  a p p l i e d  b e f o r e  e n c a p s u l a t i o n ,  or 3) a pressure 

c o n t a c t  b e f o r e  e n c a p s u l a t i o n .  A l l  methods p e r m i t  t o t a l  

e n c a p s u l a t i o n  i n  s h e e t  p l a s t i c .  Methods 2 and 3 do n o t  

r e q u i r e  comple t e  e n c a p s u l a t i o n  b u t  do pe rmi t  open f a c e d  

ce l l s  wi thou t  any e n c a p s u l a t i o n .  

The CdS model h a s  r e c e n t l y  been developed t o  t h e  p o i n t  

a t  which i t  c a n  be used  t o  d e s c r i b e  c e r t a i n  ce l l  features. 

D a t a  d u r i n g  t h i s  q u a r t e r  shows t h a t  t h e  ra te  of f o r m a t i o n  of 

t h e  032s barr ier  is p r o p o r t i o n a l  to  t h e  cuprous  i o n  concen- 

t r a t i o n  i n  t h e  b a t h .  It also shows t h a t  t h e  d i f f u s i o n  of  

t h e  CuzS i n  t h e  CdS is c o n s t a n t .  

h a s  been de termined .  I t  shou ld  be p o s s i b l e  t o  p r e d i c t  t h e  

immersion n e c e s s a r y  for  maximum cel l  o u t p u t .  

A c o e f f i c i e n t  of D = 10-9cm2/sec 

ii 



The e l e c t r o p l a t e d  g r i d  p r o v i d e s  a h i g h  r e l i a b i l i t y  

cell .  The g r i d  attachment by means of e n c a p s u l a t i o n  pro- 

v i d e s  t h e  highest  i n i t i a l  ce l l  ou tpu t ,  b u t  l a c k s  r e l i a b i l i t y .  

The new pressure t e c h n i q u e  may be a n  a l t e r n a t e  to  t h e  

e l e c t r o p l a t e d  g r i d .  

Vapor t r a n s p o r t  p r o v i d e s  close cont ro l  of var iables  

but t o  no a v a i l  because of an a d h e r e n c e  problem. Evapora t ion  

o f  CdS is t h e  best  method a t  p r e s e n t  f o r  forming  t h e  f i l m .  

The best ce l l  to d a t e  h a s  been  5.8% for a ce l l  w i t h  a n  

e l e c t r o f o r m e d  g r i d  and  4.7% f o r  t h e  s table  e l e c t r o p l a t e d  

g r i d  type .  

iii 



Model Resea rch  

Cu2S Formation and D i f f u s i o n  

To s t u d y  t h e  n a t u r e  of t h e  j u n c t i o n  i n  t h e  CdS c e l l ,  

o n e  o f  t h e  first s t e p s  is t o  d e t e r m i n e  t h e  n a t u r e  of t h e  

Cu2S l a y e r .  T h i s  l a y e r  is c h e m i c a l l y  formed i n  a n  aqueous  

Cu2C12 s o l u t i o n .  By the n a t u r e  of t h i s  p r o c e s s ,  one  e x p e c t s  

two major f e a t u r e s  t o  be a p p a r e n t .  F i r s t ,  tha t  t h e  chemical 

r e a c t i o n  i n  t h e  s o l u t i o n  is governed o n l y  b y  t h e  c o n c e n t r a -  

t i o n  of the  a c t i v e  a g e n t  i n  t h e  l i q u i d  and t h e  s u r f a c e  con- 

c e n t r a t i o n  o f  t h e  r e a c t i o n  p roduc t  on  t h e  CdS f i l m .  Secondly ,  

t h e  d i s t r i b u t i o n  of Cu2S i n  t h e  b u l k  CdS is governed by 

p h y s i c a l  d i f f u s i o n  as  a r e s u l t  of c o n c e n t r a t i o n  g r a d i e n t s .  

T h i s  can  a l l  be  s t a t e d  a n a l y t i c a l l y  i n  t h e  fol lowing e q u a t i o n s .  

F i r s t ,  the  chemical reac t ion  i n  t h e  s o l u t i o n  is: 

Next, s i n c e  t h e  r e a c t i o n  conce rns  t w o  components,  i ts rate  

is p r o p o r t i o n a l  t o  t h e  product  o f  t h e i r  c o n c e n t r a t i o n  

d 
a€ k u 2 S  c o n c e n t r a t i o n l = a ~ u ~ C l 2  c o n c e n t r a t i o n )  E d S  c o n c e n t r a t i o n )  

where OC, = p r o p o r t i o n a l i t y  c o n s t a n t  which may be 

t empera tu re  dependent  

F i n a l l y ,  i n  t h e  b u l k ,  t h e  d i f f u s i o n  e q u a t i o n  h o l d s ,  and 

t r e a t i n g  t h i s  a s  a one-dimensional  problem, 

-1- 



I -  
where,  

C = c o n c e n t r a t i o n  of  t h e  d i f f u s i n g  s p e c i e ,  

D = d i f f u s i o n  c o n s t a n t  o f  specie, which is t e m p e r a t u r e  

dependent ,  and 

x = d i f f u s i o n  depth .  

I f  t h e  following n o t a t i o n  is adop ted :  

where , 
C = c o n c e n t r a t i o n  of Cu2S, 

Co = 

CL = 

b u l k  c o n c e n t r a t i o n  of  CdS, and 

c o n c e n t r a t i o n  of Cu2C12 i n  l i q u i d  

is t a k e n  t o  be a c o n s t a n t ,  

7 

t h e n ,  
1 

d C ( x  = 0 , t )  I. 0 - C ( x  = 0 , t q  
at 

or C ( 0 , t )  Co 1 - e  

The d i f f u s i o n  e q u a t i o n  is then  s o l v e d  u s i n g  t h i s  a s  a 

boundary c o n d i t i o n  f o r  x = 0 ;  and C(x,O) = 0 f o r  a l l  x. 

The s o l u t i o n  for t h e  boundary c o n d i t i o n s  is r a t h e r  i n -  

v o l v e d ,  and t h e  d e t a i l s  are shown i n  t h e  appendix.  T h i s  

s o l u t i o n  g i v e s  an e x p r e s s i o n  f o r  C ( x , t ) .  I n  t h e  p r e s e n t  

d e v i c e ,  d e t e r m i n a t i o n  of t h e  p r o f i l e  of t h e  Cu2S i n  t h e  CdS 

f i l m  is d i f f i c u l t .  An easier t e c h n i q u e  is to  de te rmine  t h e  

t o t a l  amount o f  Cu2S i n c o r p o r a t e d  i n  t h e  f i l m .  

as :  

T h i s  is r e p r e s e n t e d  

00 

C ( x ,  t ) d x  M ( t )  = 



The t e c h n i q u e  f o r  measurement of  t h i s  q u a n t i t y  is a s  

f o l l o w s .  A CdS f i l m  o f  known area is weighed.  It  is t h e n  

c h e m i p l a t e d  for  a known l e n g t h  o f  t i m e  to  fo rm t h e  Cu2S 

l a y e r .  I t  is t h e n  e t c h e d  i n  a water s o l u t i o n  o f  KCN t o  re- 

move t h e  Cu2S a n d  t h e  water s o l u b l e  reaction p r o d u c t s .  

is t h e n  d r i e d  and  weighed a g a i n .  The d i f f e r e n c e  between t h e  

two w e i g h t s  r e p r e s e n t s  t h e  amount of CdS which  e n t e r e d  i n t o  

I t  

t h e  r e a c t i o n  and  produced  Cu2S. Thus ,  i t  is p r o p o r t i o n a l  

t o  t h e  mass of Cu2S formed. The a n a l y t i c  e x p r e s s i o n  f o r  t h e  

i n t e g r a l  is f o r m i d a b l e ,  and  so w e  look o n l y  a t  the a s y m p t o t i c  

e x p r e s s i o n s  f o r  long and  s h o r t  immersion t i m e s .  I n  t h e s e  

cases, the in t eg ra l s  c a n  be e v a l u a t e d  e a s i l y .  The r e s u l t s  

are : 

M ( t )  = At3’2 f o r  s h o r t  t i m e s  

where A = 8C0D512 

a n d  M ( t )  = 2C, D t112 f o r  l o n g  times 
A m  

f i  

Then i f  o n e  p l o t s  M as a f u n c t i o n  o f  t i m e  on  log p a p e r ,  

t h e  b e h a v i o r  s h o u l d  be a s  shown i n  F i g u r e  1. The e x p e r i m e n t  

was pe r fo rmed  u s i n g  1 i n c h  s q u a r e  f i l m s  on  molybdenum and  a 

s o l u t i o n  a t  85OC. The r e s u l t s  are shown i n  F i g u r e  2. The 

n o i s e  l e v e l  which is d e t e r m i n e d  by t h e  s e n s i t i v i t y  of t h e  

balance o b s c u r e s  t h e  s h o r t  t i m e  b e h a v i o r  f o r  t h i s  area of 

f i l m .  The l o n g  t i m e  dependence d o e s  show u p ,  however ,  and  

f rom t h i s ,  w e  can  c a l c u l a t e  t h e  d i f f u s i o n  c o n s t a n t  u s i n g  

-3 - 



t h e  bulk d e n s i t y  of CdS f o r  Coo T h i s  p roduces  

-9 2 D e  10 c m  /sec. 

T h i s  number seems to be somewhat h i g h ,  but  c a n  be v e r i f i e d  

by  more e x t e n s i v e  measurements. A check  c a n  also be made 

by d e t e r m i n i n g  j u n c t i o n  c a p a c i t a n c e s  a s  a f u n c t i o n  of 

immersion t i m e  and  doping  l e v e l  i n  t h e  bulk CdS f i l m .  

Closed  Space Vapor T r a n s p o r t  

A large number o f  CdS f i l m s  were made by  the  c l o s e d  

space vapor  t r a n s p o r t  method t o  i n v e s t i g a t e  t he  d e g r e e  o f  

c o n t r o l  o b t a i n e d  o v e r  f i l m  r e s i s t i v i t y ,  m o b i l i t y ,  and  carrier 

c o n c e n t r a t i o n .  The c o n t r o l  is good. Adherence t o  v a r i o u s  

subs t ra tes  was checked and  f i n a l  c e l l  e f f i c i e n c y  was no ted .  

The d e g r e e  of c o n t r o l  o v e r  f i l m  properties is c o n s i d e r e d  

to  be good. 

Film C o n t r o l  
~ ~ 

When a subs t ra te  is p u t  i n  place o v e r  

t a i n e r ,  a piece of pyrex  glass i s  p o s i t i o n e d  i n  

t h e  CdS con- 

j u x t a p o s i t i o n .  

The CdS is d e p o s i t e d  on  t h e  face of b o t h  materials a t  t h e  

same t i m e .  The CdS o n  glass is t h e n  used  a s  the  sample 

f o r  t h e  H a l l  measurements.  I t  h a s  been found t h a t  by chang ing  

the dopant  l e v e l ,  t h e  r e s i s t i v i t y ,  m o b i l i t y ,  and  carrier 

c o n c e n t r a t i o n  c a n  be c o n t r o l l e d  e a s i l y  and  r e p r o d u c i b l y  from 

r u n  t o  r u n .  T a b l e  I shows a sampl ing  o f  H a l l  d a t a  for  f i l m s  
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doped w i t h  0.05 w t .  % indium s u l f i d e .  I t  was d e s i r e d  to  

cont ro l  t h e  f i l m  t h i c k n e s s e s  between 15 a n d  20 microns .  

One f i l m  exceeded t h e  range by o n e  micron. 

Table I 

VT Film C h a r a c t e r i s t i c s  

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

1.44 

4.14 

4.86 

1.38 

4.41 

2.47 

3.35 

M o b i l i t y  Carrier Conc . 
2.13 2.04 x 10l8 

1.17 1.29 x 1018 

(cm2-v -sec)  (cm-3) 

0.67 1.91 x 1018 

1.56 2.91 x 1018 

1.0 1.4 x 10l8 

1.43 1.77 x 1018 

1.36 1.37 x 10l8 

T h i c k n e s s  
(microns)  

19 

18 

1 4  

2 1  

15 

1 5  

16 

Good con t ro l  of  f i l m  p r o p e r t i e s  is e v i d e n t .  

Runs made l a t e r  from a b a t c h  of  s i m i l a r  compos i t ion  

gave t h e  f o l l o w i n g  r e s u l t s :  

R e s i s t i v i t y  M o b i l i t y  Carrier Conc. Th ickness  

5.0 0.92 1.4 x 10l8 1 5  

2.3 1.7 1.4 x 10l8 16 

4.85 0.82 1.6 x 10l8 15.5 

These data show t h a t  c e r t a i n  f i l m  p r o p e r t i e s  c a n  b e  

p r e d i c t e d  a n d  produced. 
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The f o l l o w i n g  d a t a  were o b t a i n e d  on  h i g h  r e s i s t i v i t y  

f i l m s .  Data o n  t h e  mobilities or carrier concen t r a t ions  

were n o t  o b t a i n a b l e .  

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

~ 

5.1 103 

8.4 103 

4.4 103 

2.9 103 

4 103 

2.6 103 

Th ickness  
(microns)  

19 

16 

1 4  

13 

16 

1 9  

T h e r e f o r e ,  i t  can  be seen  t h a t  t h e  vapor  t r a n s p o r t  p ro-  

c e d u r e  can  p r o v i d e  f i l m s  wi th  c o n t r o l l e d  p r o p e r t i e s  w i t h i n  

a f a c t o r  of f o u r .  

Film Adherence 

Fi lm adhe rence  t o  t h e  molybdenum has n o t  been  

s a t i s f a c t o r y  s i n c e  t h e  r a t e  of d e p o s i t i o n  and f i l m  t h i c k n e s s  

have  been i n c r e a s e d .  With f i l m  t h i c k n e s s e s  approach ing  

30 microns ,  the  substrate cannot  be b e n t  more than  30 d e g r e e s  

o r  t h e  f i l m  w i l l  crack and l i f t  o f f .  The problem is n o t  

a p p a r e n t  i f  the  t h i c k n e s s  is k e p t  between 15 and 20 microns.  

S i n c e  t h e s e  f i l m s  a r e  e s s e n t i a l l y  free of p i n  ho les ,  t h e  

t h i n n e r  f i l m  is s u f f i c i e n t  for  p l a t i n g  w i t h o u t  fear of 

s h o r t i n g  through.  
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Experiments  were conducted to  d e t e r m i n e  whether  t h i s  

p rocedure  w a s  more amenable to metal s u b s t r a t e s  o t h e r  t h a n  

molybdenum. The metals and a l l o y s  i n v e s t i g a t e d  are as  

f o l l o w s  : 

1. Pure Copper CdS a t t a c k e d  t h i s  s u b s t r a t e  

q u i t e  v i o l e n t l y  r e s u l t i n g  i n  a 

f l a k y ,  b l a c k ,  non-adherent  f i l m .  

The s u b s t r a t e  i t s e l f  had h o l e s  

i n  some areas. 

2. 1010 S t e e l  R e s u l t i n g  f i l m  was a non-adherent  

mater ia l  t h a t  f e l l  back i n t o  t h e  

b o a t .  It  was n o t e d  t h a t  t h e  s teel  

s u b s t r a t e  lost  weight  d u r i n g  t h e  

run .  I t  is a l so  though t  t h a t  t h e  

hexagonal  c r y s t a l l i t e s  i n  t h e  f i l m  

t h a t  formed were n o t  CdS b u t  FeS. 

3. I n v a r  The f i l m  had v e r y  poor a d h e s i o n  

and was q u i t e  b r i t t l e .  

4, Copper R e s u l t i n g  f i l m  was da rk  g r a y ,  v e r y  
Coated 
Molybdenum b r i t t l e  w i t h  poor adhe rence  t o  

s u b s t r a t e .  

5, T i t an ium Fi lm was d a r k  and somewhat g l o s s y  

w i t h  v e r y  good adherence .  T h i s  

seemed to  be u s e f u l ,  however,  a f t e r  

f u r t h e r  i n v e s t i g a t i o n ,  i t  was found 

to  c h i p  o f f  a s  v e r y  small  p a r t i c l e s  

i f  t h e  s u b s t r a t e  was b e n t  from its 

rest p o s i t i o n .  
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6 .  B r a s s  The e n t i r e  f i l m  s e p a r a t e d  f r o m  

t h e  s u b s t r a t e  a s  o n e  sheet. The 

f i l m  was a p p r o x i m a t e l y  4 m i l  t h i c k  

w i t h  c rys l a l s  50 mic rons  across. 

Although o n l y  t w o  r u n s  were made w i t h  t h e  metals, t h e  

t i t a n i u m  a t  p r e s e n t  is t h e  o n l y  metal of t h i s  g roup  o t h e r  

t h a n  molybdenum tha t  h a s  

C e l l  E f f i c i e n c i e s  

A large number 

p o s s i b i l i t i e s .  

o f  f i l m s  were made i n  an  a t t e m p t  t o  

i n c r e a s e  f i l m  t h i c k n e s s  wh i l e  d e c r e a s i n g  the t o t a l  t r a n s p o r t  

t i m e .  Success  was a t t a i n e d ,  b u t  most of t h e  cel ls  produced were 

u n s a t i s f a c t o r y .  I t  is b e l i e v e d  t h a t  t h e  vapor  t r a n s p o r t e d  

f i l m s  r e q u i r e  a mod i f i ed  p l a t i n g  procedure .  The h ighes t  

e f f i c i e n c y  t o  d a t e  has been  3.58%. Recent  ce l l s ,  a f te r  h e a t i n g  

and t e s t i n g ,  show a double  d iode  I-V curve .  A f t e r  f u r t h e r  

h e a t i n g ,  t h i s  character t is t ic  g e n e r a l l y  d i s a p p e a r e d  b u t  

t h e  ce l l s  have had r a t h e r  low e f f i c i e n c i e s  of abou t  2%. 

Upon f u r t h e r  i n v e s t i g a t i o n ,  a p u r p l e  c o l o r a t i o n  was no ted  

between t h e  molybdenum and t h e  CdS f i l m .  The p resence  of 

oxygen i n  t h e  b e l l  j a r  was s u s p e c t e d  c a u s i n g  formation of a n  

oxide of molybdenum and c a u s i n g  t h e  doub le  d i o d e  r e s u l t s .  

The c o l o r a t i o n  was g r e a t l y  r educed  by f l u s h i n g  t h e  b e l l  

j a r  w i t h  a rgon  and b u r n i n g  T i  s t r i p s  p r i o r  t o  e a c h  r u n .  

T h e r e f o r e ,  i t  must be s t a t e d  t h a t  c o n t r a r y  t o  ear l ier  reports, 

a i r  is n o t  a s u i t a b l e  ambient gas .  
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I t  is a l so  b e l i e v e d  t h a t  t h e  CdS powder becomes con- 

t amina ted  i n  c o n t a c t  wi th  t h e  t a n t a l u m  b o a t .  I n  t r y i n g  to  

e l i m i n a t e  t h i s  p o s s i b i l i t y ,  a q u a r t z  i n s e r t  h a s  been f ab r i -  

c a t e d  and w i l l  be i n c o r p o r a t e d  i n t o  t h e  system. 

S o l u t i o n  of the adherence  problem w i l l  p e r m i t  a c e r t a i n  

d e g r e e  of t a i l o r i n g  of t h e  f i l m  and ce l l  t o  t h e  p r o p e r t i e s  

d e s i r e d .  

G r i d s  

A break th rough  was accomplished t h i s  q u a r t e r  w i t h  t h e  

p r o d u c t i o n  o f  e l e c t r o p l a t e d  g r i d  ce l l s  w i t h  e f f i c i e n c i e s  

above  4%. The maximum e f f i c i e n c y  was 4.7% (NASA v a l u e ) ,  The 

e f f i c i e n c y  i n c r e a s e  is due to  a s h o r t e n e d  p o s t - p l a t i n g  heat 

t r e a t m e n t  and t o  r e c e n t  advances  i n  barrier fo rma t ion .  

G r i d  Transmiss ion  

The t r a n s m i s s i o n  of  t h e  Harshaw e l e c t r o p l a t e d  and 

t h e  Buckbee-Mears e l e c t r o f o r m e d  g r i d s  were de termined  by 1 )  a 

microscope measurement of  p h y s i c a l  s u r f a c e  d imens ions ,  and 

2)  by d i r e c t  measurement of o p t i c a l  t r a n s m i s s i o n .  The 

t r a n s m i s s i o n  of t h e  e l e c t r o p l a t e d  g r i d  was found to  be 82%; t h a t  

of t h e  best e l e c t r o f o r m e d  g r i d  is 87%. 

The e l e c t r o f o r m e d  mesh has s e r v e d  a s  a master for  pro-  

d u c i n g  t h e  n e c e s s a r y  pho tograph ic  masks. These  masks were 

made approx ima te ly  two years ago when t h e  t r a n s m i s s i o n  of the 

Buckbee-Mears mesh was about  85%* T h i s ,  a l o n g  w i t h  unavo idab le  

"errors" i n  t h e  p h o t o r e s i s t  p r o c e s s ,  a c c o u n t s  for  t h e  lower 
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t r a n s m i s s i o n  o f  t h e  e l e c t r o p l a t e d  g r i d .  N e w  p h o t o g r a p h i c  

masks are being made from Buckbee-Mears mesh of t h e  h i g h e s t  

t r a n s m i s s i o n  . 
E l e c t r o p l a t e d  Copper 

I t  is possible to  e l e c t r o p l a t e  coppe r  g r i d s  o n t o  

t h e  ce l l  barrier from t h e  cuprous  c h l o r i d e  barr ier  chemi- 

p l a t i n g  s o l u t i o n .  S ince  o n l y  t h e  area t o  be g r i d d e d  is 

exposed ,  t h e  s o l u t i o n  shou ld  n o t  be i n j u r i o u s  to  t h e  c e l l ,  

and  t h e  i n i t i a l  copper  l a y e r  s h o u l d  p r e v e n t  f u r t h e r  

barrier fo rma t ion .  A H u l l  was used  to  d e t e r m i n e  

t h e  optimum p l a t i n g  c o n d i t i o n s  of 10 m a / c m 2  a t  25OC. C e l l s  

g r i d d e d  by t h i s  method c o n s i s t e n t l y  produced low open c i r cu i t  

voltages.  T h i s  is a d i r e c t  c o n f i r m a t i o n  of t h e  results 

o b t a i n e d  w i t h  o t h e r  coppe r  p l a t i n g  s o l u t i o n s .  

Comnression Bonded 

Experiments  t h a t  began under  a Harshaw-funded 

project have been c o n t i n u e d  unde r  t h i s  c o n t r a c t .  I n i t i a l  

r e s u l t s  were q u i t e  f a v o r a b l e  and t h e  s i m p l i c i t y  o f  t h e  

p r o c e d u r e  war ran ted  t h e  c o n t i n u i n g  i n v e s t i g a t i o n .  

One o f  t h e  e a r l y  cel ls  (Number 45-1) t h a t  had a g o l d  

g r i d  a p p l i e d  i n  t h i s  manner was s u b m i t t e d  t o  NASA f o r  the rma l -  

c y c l i n g  tests. A s  o f  t h e  3 0 t h  of March, t h e  c e l l  was 

e s s e n t i a l l y  unchanged a f t e r  600 c y c l e s .  T h i s  ce l l  was 

3" x 3" i n  s ize  w i t h  t h e  g r i d  exposed (no face c o v e r i n g )  

a n d  a p l a s t i c  f rame on t h e  f r o n t  and  back. The g r i d  material  
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was Buckbee-Mears Corpora t ion  e l e c t r o f o r m e d  g o l d  mesh. 

Metal meshes o t h e r  t h a n  go ld  were found to  be u n s a t i s f a c t o r y  

i n  t h e  i n i t i a l  work. 

Later development produced cel ls  Numbers 147-2 and 175-2 

which are d i s t i n g u i s h e d  by t h e i r  coppe r  g r i d s .  The g r i d s  

a re  o f  t h e  e l e c t r o f o r m e d  type  and were t r e a t e d  before b e i n g  

a p p l i e d  t o  t h e  surface of  t h e  cel ls .  

C e l l  Number 147-2 was a 3 x 3 i n c h  ce l l  which a l so  was 

of a n  exposed g r i d  c o n f i g u r a t i o n  w i t h  a p i c t u r e  frame of 

p l a s t i c  on the f r o n t  and back. 

T h i s  c e l l  was t e s t e d  a t  NASA a s  b e i n g  4.0% e f f i c i e n t .  

Number 175-2 was a 3 x 3 i nch  ce l l  w i t h  t h e  compress ion  

bonded, t r e a t e d ,  copper g r i d .  The ce l l  was l a m i n a t e d  w i t h  

Mylar-Nylon on t h e  f a c e  and a p i c t u r e  f rame p l a s t i c  back. 

T h e  e f f i c i e n c y  of t h i s  c e l l  a s  t e s t e d  a t  NASA was 4.11%. 

These cel ls  a re  e x c e l l e n t  i n d i c a t i o n s  t h a t  t he  com- 

p r e s s i o n  bonding of t h e  g r i d  t o  t h e  b a r r i e r  s u r f a c e  w i t h o u t  

a p p l i c a t i o n  of a n  epoxy or a d h e s i v e  may b e  q u i t e  s a t i s f a c t o r y .  

Exper iments  were conducted w i t h  other metallic mesh 

materials r e s u l t i n g  i n  mediocre  or poor r e s u l t s .  I n  s e v e r a l  

i n s t a n c e s ,  t h e  a d h e s i o n  t o  t h e  barr ier  s u r f a c e  was found t o  

be e x c e l l e n t ,  b u t  t h e  e lectr ical  p r o p e r t i e s  of t h e  ce l l  

were so s e v e r e l y  damaged t h a t  t h e  c e l l  was c o n s i d e r e d  s c r a p .  

S e v e r a l  n i c k e l  and s i l v e r  mesh g r i d s  were bonded u s i n g  t h e  

same method. The s i l v e r  g r i d  was o n l y  f a i r  i n  a d h e s i o n  wh i l e  

t h e  n i c k e l  would n o t  adhere a t  a l l .  
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The t r a n s m i s s i o n  of the  g o l d  o r  t r e a t e d  copper  mesh, 

when a p p l i e d  t o  t h e  barrier s u r f a c e  is reduced  to  a b o u t  80% 

from t h e  normal 85% due t o  a s p r e a d i n g  of t h e  g r i d  l i n e s  

d u r i n g  p r o c e s s i n g .  T h i s  loss i n  a c t i v e  c e l l  area has n o t  

been t a k e n  i n t o  a c c o u n t  for ce l l  e f f i c i e n c y  c a l c u l a t i o n s .  

Copper and g o l d  mesh of h i g h e r  i n i t i a l  t r a n s m i s s i o n  

h a s  been o r d e r e d  t o  p e r m i t  f a b r i c a t i o n  of  ce l l s  w i t h  i n c r e a s e d  

l i g h t  t r a n s m i s s i o n  and c e l l  o u t p u t  i n  s p i t e  of t h e  i n h e r e n t  

s p r e a d i n g  of t h e  g r i d  l i n e s .  

Mois ture-Barrier C o a t i n g s  

Four  g roups  of two cells each were d i p  c o a t e d  wi th  

numerous m o i s t u r e - b a r r i e r  materials. C e l l s  C 1  and C2 were 

c o a t e d  w i t h  Aeroseal (a p roduc t  o f  t h e  American S tanda rd  

Company), cel ls  C 3  and C 4  with D o w  Corning  #901, cells  C 5  

and  C 6  w i t h  Vernon-Benshoff A c r y l i c ,  and C e l l s  C 7  and C 8  w i t h  

a p o l y e s t e r .  C e l l s  C 9  and  C 1 0  were uncoa ted .  The  cel ls  

were p l a c e d  i n  a 98% r e l a t i v e  humid i ty  environment .  Table I1 

shows t h a t  no c o a t i n g  provided comple te  p r o t e c t i o n .  However, 

cells C 7  and  C 8  ( p o l y e s t e r  c o a t i n g )  a f t e r  16 h o u r s  had 0% 

a n d  11% d e g r a d a t i o n  a s  compared t o  84% and 93% for  C9 and C 1 0  

(uncoated)  r e s p e c t i v e l y .  A d d i t i o n a l  work on  t h e  p o l y e s t e r  

c o a t i n g  is n e c e s s a r y  to  de termine  optimum c u r i n g  t i m e  and 

t e m p e r a t u r e .  
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Table I1 

Dip Coatings f o r  Moisture P ro tec t ion  

98% R e l a t i v e  Humidity T e s t  

Time i n  
C e l l  No. Coating Environment (ms. 

Power 
(mw) 

6.8 
4.7 
3.5 

c1 Aeroseal 0 
16 
40 

c2 Aeroseal 0 
16 
40 

11.0 
9.3 
4.7 

c3 Dc 901 0 
16 
40 

15.9 
9.7 
7.7 

c4  Dc 901 0 
16 
40 

6.8 
2.4 
1.1 

c5 A c r y l i c  0 
16 
40 

9.4 
2.2 
1.0 

C 6  A c r y l i c  0 
16 
40 

9.0 
2.4 
1.2 

c7 Polyes te r  0 
16 

110 
160 
200 
300 
400 

12.6 
12.6 
9.4 
8.8 
8.8 
8.7 
8.6 

Po 1 y e s  t er 0 
16 
40 

140 
200 

13.1 
11.6 
11.4 

9.7 
7.7 

C 8  

7.8 
1.3 

c9  

c10 

Uncoated 

Uncoated 

0 
16 

0 
16 

8.5 
0.5 
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P i l o t  L i n e  

During t h i s  q u a r t e r ,  about  150 cells were fabricated on  

t h e  p i l o t  l i n e .  The h i g h e s t  e f f i c i e n c y  measured f o r  a 3" x 3" 

ce l l  was 5.4% and 5.8% f o r  1" x 1". The a v e r a g e  was s l i g h t l y  

o v e r  3%. The c u r r e n t  d e n s i t y  of t h e  cells h a s  been  s t e a d i l y  

i n c r e a s i n g  due to  better barrier f o r m a t i o n  t e c h n i q u e s .  

However, t h e  e f f i c i e n c i e s  of t h e  cells are n o t  i n c r e a s i n g  

as  r a p i d l y  a s  t h e  cur ren t  s i n c e  there has been a d r o p  i n  

v o l t a g e .  

The c a u s e  o f  the lower v o l t a g e s  is n o t  e v i d e n t .  The 

CdS s o u r c e  material be ing  used as s t a n d a r d  material is known 

a s  Harshaw Soft  S i n t e r .  T h i s  is CdS powder t h a t  h a s  been  

s i n t e r e d  i n t o  a s o f t  cake r a t h e r  t h a n  a h a r d  cake .  I t  has 

been  shown s p e c t r o g r a p h i c a l l y  t h a t  t h e  s o f t  s i n t e r  c o n t a i n s  

less i m p u r i t i e s ,  p a r t i c u l a r l y  Al2O3, t h a n  t h e  h a r d  s i n t e r .  

T e s t i n n  

During t h i s  q u a r t e r ,  i t  was d i s c o v e r e d  t h a t  a s i g -  

n i f i c a n t  p o r t i o n  of t h e  cells' e f f i c i e n c i e s  was n o t  b e i n g  

r e a l i z e d  as a r e s u l t  of t e s t i n g  methods. 

The spectral  r e s p o n s e  o f  t h e  p r e s e n t  CdS ce l l s  are n o t  

t h e  same a s  p r e v i o u s  cel ls ,  and  so t h e  p r e v i o u s  s t a n d a r d  

(G.E. l i g h t  meter and RFL-2 t u n g s t e n  lamp) is  no l o n g e r  

su i tab le .  

I t  was a lso e v i d e n t  t h a t  i t  is n o t  correct t o  measure 

cells i n  80 mw s u n l i g h t  and t h e n  scale up t h e  e f f i c i e n c i e s  

by 20%. The m i s s i n g  l i g h t  i n  80 mw s u n l i g h t  does  n o t  con- 

t r i b u t e  s i g n i f i c a n t l y  to c e l l  o p e r a t i o n .  
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A new test s e t u p  h a s  been d e v i s e d  i n  o r d e r  to  g a i n  

better c o n t r o l  i n  measur ing  ce l l  pe r fo rmance ,  and  a t e s t i n g  

method c o n s i s t e n t  w i t h  t h a t  used  by t h e  c o n t r a c t i n g  agency. 

The test equipment  i n c o r p o r a t e s  a new l i g h t  s o u r c e  

p a t t e r n e d  a f t e r  t h a t  used  a t  L e w i s  L a b o r a t o r y ,  NASA. 

( F i g u r e  3). The lamps a re  f o u r  650 watt G.E. s u n  guns. 

The G.E. lamps c o n t a i n i n g  bromine were compared t o  t h e  

S y l v a n i a  lamps which employ i o d i n e .  The two t y p e s  of lamps 

were found to  p r o v i d e  i d e n t i c a l  results. The G.E. lamps were 

s e l e c t e d  because  of t h e i r  conven ien t  size and shorter  f i l a -  

ments.  These f i l a m e n t s  are closer t o  b e i n g  a p o i n t  sou rce .  

The second i m p o r t a n t  p a r t  of t h e  l i g h t  s o u r c e  is t h e  

f i l t e r .  I t  c o n s i s t s  of a n  aluminum frame, and two 1/4" p l a t e  

g lass  windows. The 12" x 12" windows are 2" a p a r t .  The s p a c e  

between t h e  windows is comple te ly  f i l l e d  w i t h  O*l% copper  

s u l f a t e  s o l u t i o n .  

The base of t h e  test r a c k  s e e n  i n  t h e  f i g u r e  c o n t a i n s  

a vacuum h o l d  down and water c o o l i n g  co i l s .  

The i n t e n s i t y  and u n i f o r m i t y  of t h e  l i g h t  is a d j u s t e d  b y  

moving t h e  lamps rather than  chang ing  t h e  f i l a m e n t  v o l t a g e .  

The c o u r s e  a d j u s t m e n t  is  made by moving t h e  s u n  guns up ,  down, 

or to e i t h e r  s i d e .  The bulbs i n  each gun c a n  be moved a 

s h o r t  d i s t a n c e  i n  r e l a t i o n  to  t h e  r e f l e c t o r  to  p r o v i d e  a f i n e  

a d j u s t m e n t .  
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The s t a n d a r d  ce l l  used  is a CdS ce l l  p rov ided  by NASA. 

The CdS cel l  h a s  been checked a g a i n s t  other cel ls  measured i n  

s u n l i g h t .  A s i l i c o n  cel l  is  also used  for c a l i b r a t i o n  pur -  

poses .  

The I-V d a t a  is u s u a l l y  t a k e n  from t h e  o s c i l l o s c o p e  

d i s p l a y ,  but i t  c a n  also be r e c o r d e d  o n  a n  x-y plo t te r .  

T e s t s  w i l l  be conducted a t  t h i s  l a b o r a t o r y  t o  compare 

the  r e s u l t s  o f  t h i s  l i g h t  s o u r c e  w i t h  ac tua l  s u n l i g h t .  

T h i s  l i g h t  source h a s  been adop ted  as a s i m u l a t e d  

s u p p l y  t o  f a c i l i t a t e  t h e  accumula t ion  o f  meaningfu l  test d a t a  

from v a r i o u s  l a b o r a t o r i e s  b y  means o f  a n  uni form t e s t i n g  

p rocedure .  

I n t e r f a c e  Materials 

During t h i s  q u a r t e r ,  s e v e r a l  s u b s t r a t e s  w i t h  

s p u t t e r e d  s i l v e r  i n t e r f a c e s  were p r o c e s s e d  on t h e  p i l o t  l i n e .  

These  cells do n o t  show a great s u p e r i o r i t y  t o  t h o s e  o n  

molybdenum. However, t h e r e  seems t o  be a tendency  t o  h i g h e r  

c u r r e n t s ,  on  the s i l v e r  substrates.  More w i l l  be p rocessed  

t o  h e l p  c l a r i f y  t h e  p i c t u r e .  

P rocedure  

An up-da t ing  i n  p rocedure  was accompl ished  a t  t h e  

e n d  o f  t h i s  q u a r t e r .  The best  ce l l  f a b r i c a t i o n  methods were 

i n c o r p o r a t e d  i n  t h e  p i l o t  l i n e .  T h i s  w i l l  f a c i l i t a t e  d e l i v e r y  

o f  t h e  cel ls  still  t o  be made and d e l i v e r e d  on  t h e  c o n t r a c t .  
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Simulation Solar  Test Facility 
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Appendix - Calcula t ions  on  D i f f u s i o n  

The d i f f u s i o n  e q u a t i o n  to be s o l v e d  is, 

D = d i f f u s i o n  c o n s t a n t  

x E d i s t a n c e  from s u r f a c e  i n t o  t h e  CdS f i l m  

The boundary c o n d i t i o n s  are 

C = O a t t = O  

and  

c = c 0 ( 1  - e - h t )  a t  x = o 
Co = b u l k  d e n s i t y  o f  CuzS 

A = a C o C L ,  t h e  r e a c t i o n  c o n s t a n t  a t  t h e  CdS f i l m  

s u r f a c e  

W e  c a l l  

co (1 - e-kt)  = F ( t )  (2 1 

Then t h e  g e n e r a l  s o l u t i o n  t o  (1) is, from C a r s l a w  and J a g e r ( l )  

./ X 
2 D ( t  - A )  

-19- 



Letting 
X u =  

2- 

and substituting for d G , we find 
dt 

The solution to this is 

The error function for complex argument is 

2 
erf(a+ib) = erf a+ 2 [ ey (sin 2ay + i cos 2ay) dy 

f i  
Thus, if a = o 

0 

b 

c 
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We are i n t e r e s t e d  i n  t w o  a s y m p t o t i c  cases, (a) for s h o r t  

t i m e s ,  and (b) for  l o n g  t i m e s .  

Fo r  s h o r t  t i m e s ,  (a) 

X 

K t t < < 2 m  

And t h e n ,  

cf 1, g i v i n g  - A t  e 

Expanding t h e  c o s i n e  term, 

Keeping  o n l y  t h e  q u a d r a t i c  term 

2 
e’Z d z  

- C ( X ,  t )  rv C,D x2 e r f c  x - COD x2 

2 h  2 J D t -  m 
The t o t a l  amount of d i f f u s a n t  i s ,  

L 
I 

C ’  

L e t t i n g  x = y  
2 F  
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The i n t e g r a l  is a number and c o n s e q u e n t l y  

M ( t )  = A t 3 I 2  f o r  s h o r t  t i m e s .  A = c o n s t a n t .  

For  l o n g  t i m e s  fit >> 
2 p  

Then P 
2 i. e-z dz 

C ( x , t )  = Co e r f c  X - 2CO 
2 j - E - r  

Again,  t h e  t o t a l  amount of  d i f f u s a n t  e n t e r i n g  t h e  s u r f a c e  is 

2 
C ( x ,  t ) d x =  2C0 f d x  I e-Z dz 

P 2 p  
F 

M(t) = 

0 

Again,  w i th  X Y =  
2 J m  

M(t) = 4C0 [dy y(e-z2 d z  

m ,  

S o ,  M(t) = Bt1I2 f o r  long t i m e s  

where,  B = c o n s t a n t  
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