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1.. Abst rac t  

The pr imary  goal o f  t h i s  program, increas ing  the  conversion e f f i c i e n c y  o f  a  

t h i n - f  i l m  c e l l  based on CdS/Cu2S, has been achieved. A number o f  (CdZn)S/Cu2S 

c e l l s  have been made w i t h  conversion e f f i c i e n c i e s  i n  excess o f  10% when tes ted  

i n  c o l l i m a t e d  sun l i gh t .  The.h ighest  e f f i c i e n c y  achieved was 10.2% f o r  a c e l l  

w i t h  16% Zinc which had the  f o l l o w i n g  parameters; Voc = 0.60V, Jsc = 22.8 m~/cm2 

(pro- ra ted  t o  100 m~/cm2), FF = 74.9%. Fur ther  improvement i n  t he  performance 

o f  CdS/Cu2S ce l ' l s  beyond the  p r e v i o u s l y  repo r ted  9.2%, was found t o  be 1  im i ted  

by d e f i c i e n c i e s  i n  t h e  fundamental knowledge and c o n t r o l  o f  the  Cu2S l a y e r .  A 

number o f  process changes i n  t h e  product ion  o f  CdS/Cu2S c e l l s  have been exp lored 

and are repo r ted  on. Trans ien t  capacitance measurements on CdS/Cu2S c e l l s  and 

f u r t h e r  development o f  .an i n t e g r a l  encapsulat. ion are  a l so  repor ted .  



2. Tab le  o f  Contents  

1. A b s t r a c t  

2. Tab le  o f  Contents  

3. ' I n t r o d u c t i o r i  

4. C e l l  ~ r o d u c t i ' o n ,  Ana l ys i s  and T e s t i n g  

4 .1  Development CdS/Cu2S So la r  C e l l s  

4.2 Development (CdZn)S/CuiS So la r  C e l l  s  

4 . 3  E l e c t r o - O p t i c a l  Ana l ys i s  and Model i n g  

4.4 Encapsu l a t  i o n  f o r  Improved S tab i  1  i t y  

5. References 

6. Repor ts  and Pub1 i c a t i o n s  
I 

Appendices 59 

A. Comments on "Space Charge Limited Currents in 

CuxS/CdS Solar Cells." 

B. ~hotocapacitance Study of ~o1.e Traps in CdS/Cu2S 

Cells. W. J.   ant he^. 
C. The ~esign 6 F~brication of ~ h i n  Film CdS/Cu2S Cells 

of 9.158 .Conversion ~kficienc~. J. A. Bragagnolo, 

A. M. BarnekA, J. E. Phillips, R. B. Hall, A. Iiothwarf 

and J. D; Meakin. 

D. Growth & ~vaiuation df CdS and (CdZn)S Films and the 

Fabrication,'of High Performance Photovoltaic Devices. '. 
R. B. Hhll, R. W; ~irjmire, U. Eser., T,.L. Heilch and 

J. D. Meakin. 

E. Optical ~bsorbtiori Coefficient changes i n  Cu2S as the ' 
. . 

Cause of Short ~ircuik Current Changes in cu2s/Cds 

Solar Cells. A. ~othkarf and H. Windawi. 

F. Current-Voltage.~nal~sis 6f the Cu2S/CdS Solar Cell 

with an Interdigitated  r rid. J, E. Phillips. 

G. Thin-Film CdS/Cu2S with High Open-Circuit Voltage and 

Low Rc? E l e c t  ion 1,osscs. J. Dragagnolo, R. Birlcmirc and 
- . -  . 



3, I n t r o d u c t i o n  

Work on t h e  p reced ing  c o n t r a c t  (XR-9-8063-1) had .es tab l  i shed a  good 

f ounda t i on  i n  m a t e r i a l  p r e p a r a t i o n  f o r  (CdZn)S/Cu2S s o l a r  c e l l s .    he h i g h e s t  

e f f i c i e n c y  achieved was 8.2% a t  a  s h o r t - c i r c u i t  c u r r e n t  o f  21. mA/cm2 ( p r o - r a t e d  

t o  100'm~./cm2).  B u i l d i n g  on t h i s  foundat ion ,  and a d j u s t i n g ,  t h e  (CdZn)S growth 
'. . 

c o n d i t i o n s  t o  produce f i l m s  w i t h  . the s t r u c t u r e ,  r e s i s t i v i t y  and photo.luminescent 

behav io r  known t o  be e s s e n t i a l  from t h e  CdS/Cu2S c e l l  work, i t  has been  p o s s i b l e  

t o  inc rease  t h e  convers ion  e f f i c i e n c y  t o  10.2% w i t h  an open c i r c u i t  v o l t a g e  o f  

0.60V and a  s h o r t  c i r c u i t  c u r r e n t  o f  23 m~/cm2 ( p r o - r a t e d  t o  100 m ~ / c m ~ ) .  

Var ious process changes have been exp lo red  i n  an at tempt  t o  improve t h e  

CdS/Cu2S c e l l  beyond t h e  . p r e v i o u s l y  achieved 9.2% e f f i c i e n c y  1  eve1 . The ma jo r  

o b s t a c l e  t o  such p rogress  i's t h e '  s h o r t  c i r c u i t  c u r r e n t  and i t  has been i -mposs ib le  

t o  inc rease  t h i s  beyond 25. mA/cm2 w h i l e  m a i n t a i n i n g  good v o l t a g e  and f i 11 f a c t o r .  

D e t a i l e d  s t a t i s t i c a l  d a t a  on t h e  i n f l u e n c e  o f  va r i ous  process changes on CdS/Cu2S 

c e l l s  a r e  repa r ted .  The p resen t  fundamental knowledge o f  t h e  o p t i c a l  and 

e l e c t r o n i c  p r o p e r t i e s  o f  Cu2S i s  i n s u f f i c i e n t  t o  d i r e c t  f u r t h e r  c u r r e n t  enhancement 

e f f o r t s .  I t  i s  submi t ted  t h a t  a  ma jo r  research  e f f o r t  on Cu2S should be made 

w i t h  t h e  p o t e n t i a l  , - to  s i g n i f i c a n t l y  improve b o t h  t h e  e f f i c i e n c y  and s t a b i l i t y  o f  

Cu2S based c e l l s . .  

S p e c i f i c  aspects o f  dev ice  operat ior1 have been exp lo red  u s i n g  s t a t i c  and 

t r ans ien t .  capac i tance techniques.  .The n a t u r e  u f  the CdS/Cu2S j u n c t i o n  has 

necess i t a ted  m o r l i f i c a t i o n  t o  t h e  capac i tance  measureiiier~l system. A  t e n t a t i v e  

model has been developed t o  e x p l a i n  t h e  observed e f f e c t  o f  b i a s  1  i y t i t  and 

temperature on capaci tance.  

Development . . o f  an i n t e g r a l  encapsulant  has been con t inued  and some l i m i t e d  

d a t a  on e-beam encapsulated m ic ro  c e l l s  a re  presented.  



4. C e l l  Product ion,  T e s t i n g  and Ana lys is  

The present  program i s  organized i n t o  f o u r  tasks  - CdS/CuzS C e l l  Development 

( C ~ Z ~ ) S / C U ~ S  Cel.1 Develo'pment, E lec t ro -Op t i ca l  Ana lys is  and Model ing, and 

Encapsulat ion f o r  Improved Stab i  1  i t y .  

Previous development had r e s u l t e d  i n  a  h e a v i l y  t ex tu red  CdS/CuzS c e l l  o f  

over 9% e f f  i c  i e l ~ c ~ ( ~ ) .  Th i s  c e l l  was known t o  have an open c i r c u i t  v n l t n g ~  

below t h e  u l t i m a t e l y  achievable l e v e l  f o r  t h e  CdS/Cu2S.heterojunction as a  

consequence of t h e  l a r g e  j u n c t i o n  area. A development e f f o r t  was the re fo re .  
. i 

d i r e c t e d  t o  reduc ing  the  j u n c t i o n  area w i thou t  s u f f e r i n g  any l o s s  i n  c u r r e n t  

o r  f i l l  f a c t o r .  Th i s  proved t o  be impossib le and f o r  reasons which remain 

. obscure, a  h i g h  vo l tage  c e l l  w i t h  t h e  same c u r r e n t  l e v e l s  as the  9.2% c e l l  has 

n o t  been achieved. Measurements i n d i c a t e  t h a t  t he  o p t i c a l  losses o f  a  l i g h t l y  

t e x t u r e d  c e l l  w i t h  an open c i r c u i t  vo l tage o f  - 0.55 V are no g rea te r  than the  

heavi ly t e x t u r e d  c e l l ,  r~ever . l t~eless,  the  cu r ren ts  i c h i c v a b l e  f e l l  below the  

r e q u i r e d  75 m~/crnz. Fu r the r  bas ic  understanding and c o n t r o l  o f  t h e  Cu2S l a y e r  

a re  seen as. essen t i  a1 t o  make f u r t h e r  s i g n i t  i c a n t  improvements w i 111 CdS/Cu2S. 

Progress w i t h  the  (C~Z~I)S/CU~S c e l l  has been s u b s t a n t i a l  as a  r e s u l t  o f  

improving the  p r o p e r t i e s  o f  the  (CdZn)S layer .  Bimodal g r a i n  s i z e  d ts t t - . ibu t ions  

were e l  iminated, and t h i s ,  coup'led w i t h  improved c e l l  .hard1 i n g  procedures, r e s u l t e d  

i n  cclls with o v e r  10% c o n v e r s i n n e f f i c i e n c y .  Open c i r c u i t  vo l t age  i n s t a b i l i t y  
-. 

was d r a s t i c a l l y  reduced b u t  f u r t h e r  development work must be done i n  t h i s  

area. 

. . 

A s t rong founda t ion  i n  c e l l  modeling and ana lys i s  was es tab l i shed  i n  

p rev ious  con t rac ts .  Much o f  t he  recent  improvement i n  c e l l  performance can be 

t raced  d i r e c t l y  t o  t h e  b e r i e f i t  o f  having a  comprehensible model o f  t he  c e l l  



s t r u c t u r e  and opera t ion ,  which can .be  c o n t i n u a l l y  c-hecked.against  exper imenta l  

obse rva t i o r~s .  ' A t t e n t i o n  t h i s ' y e a r  has focused on a more de ta i ' l ed  unders tand ing  

o f  t h e  d e f e c t s  a c t i v e  i n  t h e  space charge r e g i o n .  i n  t h e  CdS. A v a r i e t y  o f  

capac i tance  measurements have been c a r r i e d  over  a  broad temperature range. 

A l though t h e  major  development e f f o r t  has been d i r e c t e d  ' a t  improv ing t h e  

i n i t i a l  c e l l  e f f i c i e n c y  a p r e l i m i n a r y  at tempt  has .been made ' t o  s t a b i  1  i z e  t h e  

c e l l  aga ins t  o x i d a t i o n ,  u s i n g  an evaporated g l ass  l a y e r .  A u s e f u l  founda ' t ion 

has been 1 a i d ' : f o r  a  f u t u r e  'more . i n t e n s i v e  s t a b i  1  i z a t i o n  p r o j e c t .  .' 



4.1 Development o f  C ~ S I C U ~ S  So la r  C e l l s  

I n  an at tempt  t o  i nc rease  t h e  e f f i c i e n c y  o f  t h e  CupS/CdS c e l l s  d u r i n g  t h e  

p a s t  year ,  f o u r  d i s t i n c t  methods o f  p repa r i ng  t h e  Cu2S were t r i e d .  These 

methods were: 

1. d r y  process 

(evapora ted  CuCl on CdS reac ted  t o  Cu2S) 

2. 1  i girt wet on d r y  process 

( a  d i l u t e  c o n c e n t r a t i o n  w e t .  b a r r i e r  process was added' LU the d r y )  

3 .  standard wet on d r y  process 

(same as 2, w i t h  s tandard c o n c e n t r a t i o n  b a r r i e r )  I; 

4. standa.rd wet process. 

The d r y  pr0ces.s and t h e  l i g h t  wet on d r y  process achieved an e f f i c i e n c y  

i n  t h e  8 t o  8.5% range. The s tandard wet on d r y  and s tandard wet process b o t h  

were 1 i m i t e d  t o  t h e  8.5, t o  9.0% r'dllye ill e , f f  i c i e n c y .  A number o f  s e l l s  werp 

made w i t h  the. l a t t e r  two processes t o  e s t a b l i s h  y i e l d  and c o n t r o l .  

. . 
I 

I. Dry process Cu2SICdS So la r  C e l l s  

T h i r t y - t w o  c e l l s  w i t h  e f f i c i e n c i e s  nve r  7% were made w i t h  the  d r y  preul;tt5s 

f r o m  18 d i f t e r e n t  d r y  process p ieces  and 15 d i f f c r e n t  CdS subs t ra tes .  A l l  

p leces  were yiver.1 n 12 t o  40 sccond e t c h  i n  20 t o  30"/,Hl a t  600C p r i o r  t o  
-L 

CuCl evapo ra t i on  and r e a c t i o n .  Cups th icknesses  ranged f r om 1200 t o  2800 a .  
I n  a d d i t i o n ,  'some o f  t h e  ' c e l l s  were g i ven  an evaporated Cu l aye r ,  i n '  o r d e r  , t o  

in lp rove  the Cup5 s to ichomet ry  and hence t h e  1  i g h t  generated c u r r e n t .  



. ' As shown i n  ~ a b l e  l* c e l l s  w i t h o u t  t h e  Cu t rea tment  reached a  JL o f  21.8 

mA/cm2 compared t o  a JL o f  22.1 rn~/cmz w i t h  t h e  Cu t rea tment .  A1 though t h e  . 
' 

evaporated Cu may improve. y i e l d  and  r e p r o d u c i b i  1  i ty, .eel 1  s  w i t h  e q u i v a l e n t  JL 

can be made w i t h o u t  t h e  Cu process. Table 1 a l s o  shows a  broad maximum o f  JL 

vs Cu2S th i ckness  centered around 2000 R . '  
. 

' 

The c e l l  parameters a t  maximum e f f i c i e n c y  a r e  shown, i n  Tab le .2 .  'The two 

.. parameters t h a t , l i m i t  t h e , d r y  process i n  e f f i c i e n c y  here  a re  l i g h t  generated 

c u r r e n t  (JL< 22 mA/cmZ) and s e r i e s  r e s i s t a n c e  (RS& 24-cm2) .  

Wi th  a  drop i n  c u r r e n t  o f  about 10 t o  12% and a  l o s s  i n  f i l l  f a c t o r  o f  

about 2  t o  5%, t h e  inc rease  o f  Voc by  8% s t i  11 leads t o  a  n e t  drop i n  e f f i c i e n c y  

compared t o  t h e  s tandard wet process. 
. . 

The i,mprovements i n  f ill f a c t o r  and 1  i g h t  generated c u r r e n t  t h a t  resu.l,t 
I .  . . 

\. 
from adding a  wet process step, suggest t h a t  t h e  f a i l u r e  o f  t h e  d r y  process' i s  

due t o  l a c k  o f  Cu2S i n  t h e  rough g r a i n  boundary s t r u c t u r e  o f  t h e  CdS. EBIC 
1 .  

. . evidence f o r  t h i s  i s  g i ven  i n  r e fe rence  1, F i g u r e  2. 

* 1". t a b l e s  1 t o  5 t h e  f o l l o w i n g  c o n d i t i o n s  app ly  

1 .  A l l  c e l l  t e s t s  a re  a t  87.5 mw/cm2 i n  an ELH s i m u l a t o r .  
4 \ 

I 2. A l l  c e l l  r e s u l t s  a re  g i v e n  a t  maximum e f f i c i e n c y . .  

3 .  JL i s  norma l i zed  t o  100 m~/crn2. 

, 1 4. V,, i s  c a l c u l a t e d  fo rm Jo a t  a  JL o f  25 mA/cmZ. 

5. uSuccess fu l "  AR coa t i r lg  i s  one which d i d  n o t  decrease t h e  

e f f i c i e n c y  o f  t h e  s o l a r  c e l l .  



11. L i g h t  Wet on Dry  Process. 

Twenty-s ix  c e l l s  w i t h  e f f i c i e n c i e s '  o f  7% o r  h i ghe r  were made w i t h  t h i s  

process f r om e i g h t .  d i f f e r e n t  p ieces  and f i v e  d i f f e r e n t  CdS subs t ra tes .  A l l  

p i eces  were g i v e n  a 20 second e t c h  i n  20 t o  25% HC1 a t  600C p r i o r  t o  CuCl 

evapora t ions .  A f t e r  t h e  d r y  process Cu2S was formed, these samples were b a r r i e r e d  

i n  a  wet b a r r i e r  b a t h  whose CuCl . .concentrat ion '  had been reduced t o  .05 g / l i t e r  

f r o m  the usual  v a l u e  o f  6  g m / l i t c r .  B a r r i e r  t.imes ranged from 5 t o  60 seconds. 

T h e r e  was no r e l a t i o n s h i p  between e i t h e r  Cu2S th i ckness  (1500 8 t o  2000 f l  
-. . 

'as measured e l e c t r o c h e m i c a l l y )  o r  b a r r . i e r . t i m e  and any o f  t h e  c e l l  performance 

parameters .  

Tab le  3 shows the.maximum e f f i c i e n c y  c e l l  r e s u l t s  f o r  t h i s  process. Note 

t h a t  R s  i s  lower  and t h e  f i l l  f a c t o r  i s  improved over  t h e  d r y  process c e l l s .  

A l so  n o t e  t h a t  t h e  Voc i s  about t h e  same. Th i s  i s  p robab l y  due t o  t h e  wet 

process Cu2S connec t i ng  r e g i o n s  o f  d r y  process Cu2S w i t h o u t  p e n e t r a t i n g  t o o  

.deeply  down gra ' in  boundar ies.  Low J L  s t i ' l l  ' l i m i t e d  these c e l l s  so t h a t  t h e i r  

e f f i c i e n c y  i s  lower  than  t h e  s tandard wet process. 

I 11. Standard Wet o n  Dry  Process,  

1n o rde r  t o  in,crease t h e  ~ f f  i c i e n c y  of t he  d r y  process c e l l s ,  a  one seconcl, 

s tandard .  wet b a r r i e r  process was added t o  t h e  dry., T h i s  lower-ed the V,, l u  

t h e  0.51 t 0 . 5 3 ~  range, b u t  inc reased  JL t o  t h e  23 t o  25 m ~ / c m ~  range which i s  

comparable t o  t h e  st.sndard wet process c e l l .  



. T.able 4  shows a l i s t i n g  o f  a l l  t he  c e l l s ' m a d e  by t h i s  process t h a t  had a . 

I "successfu l  " AR coa t i ng .  No r e l a t i o n s h i p  between the  Cu2S th i ckness  (as measured 

by e l ec t rochemica l  a n a l y s i s )  and JL was seen. For  example, Cu2S th icknesses  

f r om 1200 t o  3700 1( gave JL - 23 , m ~ / c m ~ .  . s 

Th i s  process y i e l d e d  70% o f  t h e  c e l l s  over  7% e f f i c i e n c y ,  '40% over  8%, 
.. . 

and 20% over  8.5%. Th i s  i s  somewhat poorer  ' than t h e  s tandard SEP wet process, 

' b u t  f u r t h e r  experienc'e cou ld  improve t h i s  y i e l d .  

I V .  Standard Wet (SEP) Process 

Table 5 g i ves  a ' l i s t i n g  o f  a l ' l  standard, process: ( s u b s t r a t e  e v a l u a t i o n  

process, SEP) 10 second b a r r i e r  c e l l s  t h a t  had a " success fu l "  AR c o a t i n g  d u r i n g  

t h e  f i r s t  q u a r t e r  o f  1980. 

The c e l l  e f f i c i e n c i e s  a r e  comparable t o  t h e  s tandard wet on d r y  process 

b u t  due t o  more .experlience., t h e  y i e l d  was b e t t e r .  ,',, 

95% over  7% e f f  i c i ency , . .. ,. . 

45% over  8% e f f i c i e n c y  

25% over  8.5% e f f i c i e n c y .  

Conclusions 

Al though these f o u r  processes d i d  n o t  span a l l  t h e  types  . . o f  Cu2S process ing  

t h a t  co,uld be done on evaporated CdS, i t  appears t h a t  ' t h e  1 i m i t i n g  e f f j c i e n c y  

i s  near 9.5% and i s  be ing  con . t r o l l ed  by t h e  Voc and J L  maxima l i s t e d .  

The pr , imary obs tac le  t o  h i g h e r  e f f i c i e n c y  i s  t h e  c e i l i n g  on JL o f .  - 25 

m~/cm2. A l l  a v a i l a b l e  evidence i s  t h a t  t h e  open c i r c u i t  v o t l a g e  f o r  t h e  CdS/Cu2$ 
I 



TABLE 1 

r ; Dry P r o c e s s  E 5 e c e s w i t h  C e l l  O v e r ' 7 %  E f f i c i e n c y  

Maximum Cu2S 
C e l l  . E f f i c i e n c y  J~ /100mW T h i c k n e s s  

% mA/cm 8 . . 

21112.12 8 . 3 2  22 .1  1900' evap .  Cu 

20968.12 8 . 0 1  20 .5  1600 

7096n. 7.2 7.89  21.2 1800 

21106.12 7 .82  20 .3  2200 evap .  Cu 

1600 21007.12 . , :  7 , 6 6  19./1 

211'25.22 7 . 5 6  32  1. 1800 evap. Cu 

20939.12 7 .51  1 8 . 8  1500 

21044.12 , 7.41  20.. 1 %l800* 

20939.21 7 .38  19 .3  1900 

20966.12 7 .31  '18 .6  1400 

21002.21  7.30 " 21.8 2 100  

21033.21 7.27 1 9 . 9  1700 

2 1 1 i l , 2 2  , :  7 .25  20.2 2800 evap.  Cu 
. I 

2UY52.12 ' 7 .21  17.8 1200 

21054.12  . . ' 7.17 21 .2  2100 

20966.21 7 .11  18.1 1600 

20939.22' 7.10 1 9 . 1  1600 

20952.21  7 .08  1 8 . 3  1700 

. . 

k .  
. ' = e s t i m a t e d  

. . 
. . ~. ... .~ .~.. . - - .--- . . 



SUBSTRATE - -- -- 

TABLE 2. Dry Process Cells with Efficiency Over 7%. 



L 
Co'."HN SUBSTRATE CKJ,L 11 EFF ( % )  ( r n ~ / c m ~ )  COllNT FF (%) J'oC(V) 

21 0 1400 
20.5?00 
19.7100 
20.4S00 
20 0 1000 
19.5200 
19,7101) 
19.8900 
190 t800 
19,8700 
19,7100 . 
19.1800 
190520r) 
19 0 0700 
!e.h401) 
184 7700 
18.3909 
i?. 7700 
19.9000 
10.7500 
I? ,  2260 
16 . 2500 
18.3490 
19.3300 
1F3.7700 
17o5100 

TABLE 3 .  ~ i g h t  Wet on Dry Process Cells w i t l - I  ~fficiencies of 7% or G r e a t e r .  -- 



'I'E - .  . 
1zl;F (Z)  . . . - - . - 

8 , 96000 
8 o 96000 
8. D7000 
8 , 83000 
8,79000. 
8 , 78000 
8 78000 
8 a 75000 
8,74000 
8 , 72000 
8*71000 

TABLE 4.  A l l  C e l l s  from t h e  S tandard  W e t  on Dry Process 
Ordered with Respect to E f f i c i e n c y -  

! 



JL 
SURSTKA'IE CELL !/ -- -. . .--- .- EFF(X) ------. (d/crn2)  -.-...- Voc (V)-_. FF (2)  .- GS ( a m -  

TABTE 4 Continued: A l l  Cells from the S t a n d a r d  wet on Dry . - . . . . . - - 
Procc:;s 0rdc1:cc'l wi t:h Rc:;pcct to 1:rfici.cnc:y. 





JL 
KIT (2)  (rd/crn2) voc (v) FF (%) RS (R.  cm2) cs (?lt.ln2 

_ _ _ _ _ _ _ _ . _ _ _ . _ _ . I - - - - - - - - - . - ~  _ -_- - - - , 

TABLE 5 Continiied: M I  SLaliJard Frocc3o SEP C e l J  Made nur ing January, .198.0 
Through March, 1 9 8 0 . 0 , r d ~ r e d  with Respect to ~fficiency. 



he te ro junc t i on .  i s  l ' i m i t e d  t o  0 . 5 5 ~ .  ~ h e ' k n o w n  o p t i c a l  losses  do n o t  match t h e  

achieved c u r r e n t s  and ' i t . i s  cons idered  u n l i k e l y , t h a t  f u r t h e r  improvements i n  

CdS/Cu2S c e l l  performance w i  11 be p o s s i b l e  u n t i  1  b e t t e r  fundamental unders tand ing  

and .con t ro1  o f  Cu2S i s  achieved. 
. . 

.-. Other- Process S tud ies  ' : 

I n  a d d i t i o n  t o  t h e  Cu2S f o r m a t i o n  procedures exp lo red  d u r i n g  t h e  year  a  

number o f  o t h e r  i n v e s t i g a t i o n s  were conducted. These  a r q  desc r i bed  i n  t h e  

fo.1 l ow ing  s e c t i o n s .  

Growth . o f  CdS on t h e  Smooth s i d e  o f  t h e  Copper F o i  1. 

CdS was grown on t h e  smooth s i d e  o f  t h e  copper f o i  1  r a t h e r  than  t h e  usual  

mat te  s i d e  i n  an at tempt  t o  reduce t h e  g r i d  spac ing which i s  e f f e c t i v e l y  inc reased  

b y  t h e  roughness o f  t h e  CdS sur face .  F i g u r e  1 shows c ross -sec t i ons  o f  CdS 
. . 

grown on b o t h  t h e  mat te  and smooth s i d e  of t h e  copper subs t ra te .  The su r f ace  

o f  t h e  CdS on t h e  smooth s i d e  i.s .much f 1  a t t e r  than  on t h e  mat te  and thus  t.he 

e f f e c t i v e  g r i d  spac ing should be reduced. Twenty-seven subs t ra tes  were grown 

on t h e  smooth s i d e . t o  determine op t ima l  growth c o n d i t i o n s  and t o  eva lua te  c e l l  

performance. ,.The f o l l o w i n g  r e s u l t s  were ob ta ined :  

1. Adherance o f  t h e  CdS was n o t  as good as on t h e  ma t te  s i d e  and d i f f i c u l t i e s  

i n  c e l l  f a b r i c a t i o n  were encountered. Also, .the c u r l  o f  t h e  subs t ra te ,  due t o  ' . .  

t h e  thermal  expansion mismatch between t h e  CdS and copper, was more severe 

s i nce  t h e  n a t u r a l  c u r l  o f  . the  copper f o i l  was i n  t h e  same ' d ' i r e c t i o n .  

2. ~ e s i s t i v i t ~  and photoluminescence c h a r a c t e r i s t i c s o f  t h e  CdS were s i m i l a r  

l t l t jse o r  CdS grown 011. t h e  r o u g l ~ '  s i d e .  



3 .  Grain sizes were somewhat smaller than on the rough side CdS and were in I 

the range ot 2-2.5 vm. 

4. Cell results were similar to cells fabricated on the rough side CdS for 

both wet and dry processed cells. See Table 6. The improvement in fill factor 

anticipated due to an effective reduction in grid spacing was'not realized. 

5. .The total reflectivjty for both rough and smooth side cells that were wet ' 

barriered and given an antireflection coating was identical. The average 

solar weighted reflection was 6%. 



Figure 1. tfpA%%a& of a cms-& ma 
: f59de a9 t&$' B $+@& - '  
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TABLE 6 

SMOOTH SIDE COPPER CELLS 

CELL # Voc(v) JL ( m ~ / c m ~ )  FF(%) E f f  (%) COMMENT 
( a t  25m~lcrn2) ( a t  10Om~/cm2) 

70.1 8.0 Wet - no AR 
Highest E f f i c i ency  

62.5 7.95 Wet - A R  
Highest cur rent  

21044.123 .O. 521 20.05 72.5 7.41 Dry - AR 
Highest E f f i c i ency  

The growth o f  CdS on the smooth s ide o f  the copper substrate was abandoned 

since no improvement i n  c e l l  performance was rea l i zed  and e x t r a  d i f f i c u l t i e s  

i n  c e l l  f ab r i ca t i on  were created. 

Mu l t i l a ye r  Gr id  

Prel iminary experiments have been performed us ing a mu l t i l a ye r  g r i d  s t r uc tu re  

t o  reduce the amount o f  gold being u t i l i z e d .  Between 0.2 and 0.5 vm o f  gold 

were deposited t o  g ive good ohmic contact  t o  the CuzS. A layer  o f  n ickel ,  0.2 

t o  0.5 w th i ck ,  i s  then deposited t o  ac t  as a d i f f u s i o n  bar r ' ie r  between the 

gold and the  f i n a l  copper layer.  The copper i s  2.5 t h i c k  and i s  needed t o  

minimize the  ser ies  resistance o f  the g r i d  s t ruc ture .  Depositions were conducted 

sequent ia l ly  w i thout  breaking vacuum us ing a t u r r e t  e-gun system. Cel ls  fab r i ca ted  

using t h i s  g r i d  s t ruc tu re  had i n  general poor f i l l  f ac to r s  and the  I - V  cha rac te r i s t i c s  

suggest h igh Cu2S st iochiometry. Examination o f  a cross-section o f  a g r i d  

l i n e  showed t h a t  copper was being deposited beyond the  Au-Ni layers  and was i n  

contact  w i t h  the Cu2S. It i s  bel ieved t h a t  the evaporation mask sagged dur ing 



the copper tlepnsi t i d n  due t o  Patliant heating from the copper sourc'e. This 

problem shoul'd be solirbd by a heW grid-taask mounting system current ly  being 

developed coupled w i th  be t te r  control  o f  the copper deposition. 

H2 Plasma Treatments 

Prel iminary eAperiiirtttts U e W  perforrhed on the use o f  H2 plasmas t o  modify 

the stoichiometPy bf  kht! CuFS f d r  c e l l  nptimizatioh. The goals were two fold;  

( i )  minimire tlv Li l t@ rhqU!&d fdr ~ p t l t n i t i n g  Cel I s ,  and (ii) separate the 

atmosphere and temperahe  e f fec ts  t h  the current heat treatment optimization 

procedure. A deta i led PepoPt o f  theSe experiments can be found i n  reference 

To summarize the! ~ e s d t t s ,  both RF and DC plasmas were used. Af ter  Hp 

plasma treatment, the ~ t l l s  shWid a col  ldpsed I - V  curve ind ica t ive  o f  h igh ly  

otoichiometric CqzS* A gddd f i l l  fac tor  could be recovered by an a i r  or 02 

plasma treatment. Th6 1 i g h t  genkrdted cuprent f o r  the plasma,, t reated c e l l  s 
I 

was always lower thah wotild bO expected by conventional reducing heat treatments., 
- 8 

Further wrk t o  o p t i m i ~ c  thk pIA3nra reddction or  Cu2S lids nut been pursued, I 

I 

since no improvcmenk df c e l l  perFbrlhflnte was rea l  ized and also addit iohal  

equipment would be regii irkd. Howevtit, plasma reduction may be importciirt i n  

the development o f  cdWeWial  p r~d i l ck ipn  technology, since i t  has t h e ' p ~ t e n t i a f  

of s i g n i f i c a n t l y  reducitig the amowit uf  time necessary t o  qptirnize c e l l  performance. 



4.. 2 (CdZn)S/Cu?S Solar Cel l  Deve ~opment 

As o f  the beginning of the cont ract  year the best  C~I,~Z~~S/CU~S c e l l  had 

a conversion e f f ic iency of 8.2% a t  an open c i r c u i t  voltage o f  572mU (z inc  

concentrat ion x = .09.) Table 7 shows spec i f i c  data f o r  t ha t  c e l l  i n  comparison 

t o  the c e l l  performance parameters o f  the best  CdS c e l l ,  and the design 

parameters f o r  a (CdZn)S c e l l  operat ing a t  600mV. 

TABLE 7 

Best Performance CdS and (CdZn)S Cel ls  - September 1979 

VOC (mv) JL (3) FF(%) Eff (%) GSH (m /cm2) -- 
(CdZn)S x = 0.09 572 20.9 68.5 8.2 3.20 
(Best Device) 

CdS 
(Best Device) 

(CdZn)S 
(Design) 

The two spec i f i c  device parametrs which f e l l  below design were the l i g h t  generated 

cur rent  and the f i l l  fac tor .  The l i g h t  generated cur rent  f o r  the best  (CdZn)S/Cu2S 

device was about 4 -m~/cm2 less than t h a t  observed on the best  reported CdS/Cu*S 

device(4). The f ill fac to r  was lower than design l a rge l y  as a consequence o f  - 
high device shunt conductance. Addi t iona l ly ,  these devices were found t o  be 

unstable as exemplif ied by the fac t  t h a t  Voc would decay i n  excess o f  100 mV 

a f t e r  15 minutes of i l lu rn inat  iur~ .  The degree o f  i n s t a b i l i t y  was tound t o  

depend on the method of Cu2S formation. 



Figu're 2 I s  an nicpograph revealing a feature of the (CdZn)S film 

quality which differs f r ~ a  that ~bserved in CdS yielding high efficiency cells. 

The grain structure, revealed by forming and then a removing Cu2S layer, indicated 

a bimodal dist~ibutian of grain sizes. This bimodal structure is deleterfous as 

it reduces devke Vgg; due to enhanced junction area in the small grained regions, 

and because the Small @rained areas result -in a hlg'hly intrusive C U ~ S  morphology. 

It was the issue af CUBS mrpb~logy which directed the initial effort to 

address the probleas of l o w  f i l l f actw (high ,shunt conductances) and device' 

stabflity. To r first order the rarorpho1og.y depends on the method of CII.fi i I 
formation at~d t!ie.qv&Iftj o f  the (CdbES film. The Fa1pmation of Cu2S by vacuum - ,  I 

evaporatlon(5) on TEC (.Wn )S has .yi@lded devices which indicate no Yoc decay 
I 

after 30 minutes of )llum4n@tion. HQMIYC~, devfce efficiency was only 4%, 35% 

. less than achitswed as tks saw (CdZn)S substrate using Cu2S fsmd by &_he wet 

process. Specifically, tb achieved 1 ight  generated currents ( 13 ~ t ' c ~ ~ )  m e  

3-4 mA/cmz below that reallzed w t  th wet process Cull$, and the f i l l  f acprs were 

< 65%. ' AlCbugh prq4sinq f k " ~  la stigbility standpoint, developlnent o f  .th5s 

f ormt Ian process s d inrtgprap~iots for the present. T k  'formst ion o f  Cu2S 

by the dry pro~sss 46n @xc;kqngei ytelded devices with conversion e f f  icicncies in I 

1 

excess of 6%(1). The tncrsaw i n  Yde atteridfng tho reduction in jurictlbn area, 

which t s  realized using the d ~ y  prbcers, was observed, although the ljght generated 

currents wets typteplly 1 8  less thah achieved w i t h  t@ wet process. ~urther&re, 

despite t h e  iess i n l ~ s l v e  aorphOlqy obtainad with the dry process, the subsequently 

fabricated ##vices m ~ e  $till found 40 be unstable, albeit lets so than with the 

wet process. Therefore, i t  is decidld to deal with the other aspect influencing 

Cu2S morphollogy, the [GBZn)S f i lm qua1 ity , 



Figure 2 .  SM a k r o p a p h  shows f%e grain reyealed. f ih surface of; 
a] CdS, and b] LCdZnZS, 



The Cu2S morphology i s  affected by two aspects o f  (CdZn)S f i l m  qua1 i t y :  

the as-grown s t ruc tura l  properties, and the post-growth surf  ace preparation. 

Specif i c a l  ly,  the as-grown s t ruc tura l  propert ies are determined by substrate 

ef fects,  (substrate temperature and morphology, ) source e f fec ts  (growth rate, 

beam homogenei tp, ) and gvowth system ambient ( impuri ty incorporation. ) Any 

post-growth surface preparation, as for example surface texturing, also 

inf luences the morphology o f  the subsequently formed Cu2S. 

With regard t o  post-growth sur f  m e  preparation two modif ications were made 

t o  . the ex is t ing  process. F i r s t l y ,  p r i m  t o  the textur ing step, a one minute 

r i ns ing  step i n  microcleaner a t  60QC was employed t o  cleanse the surface. 

Secondly, a 20 second i m r s i o n  i n  a 25% HC1 solut ion a t  600C was used t o  

texture the (CdZn)S surTace i n  place o f  the former one second immersion i n  a 55% 

HC1 so lu t ion  a t  60%. This l a t t e r  modif icat ion was employed t o  reduce both 

errors i n  tex tur ing  time, and the p o s s i b i l i t y  o f  etch induced shunts. Optical 

r e f l e c t i v i t y  measurements on both textured (CdZn)S and textured (CdZn)S w i th  a 

CuzS layer were employed t o  determfhe the s u f f i c i e n t  textur ing t i m e  using the 

reduced concentrat ion  etch(l3. 

Substrate Ef fects  on (CdZn)S Fi lm Q u a l i t y  

Two separate avenues were pursued t o  explore substrate e f fec ts  on (CdZn)S 
A i<, 

f i l m s  The f r r s t  o f  these was t o  grow a 10-20/um t h i ck  (CdZn)S t i l m  on 

a 20-25im th ick  CdS layer, previously grown on a zinc plated copper substrate. 

This b i layer  f i l m  approach was undertaken i n  order t o  promote uniform (CdZn)S 

gra in  sizes by providing s imi la r  structured, large gra in  CdS as the substrate 

f o r  the (CdEn)S. Figure 3 shows the SEM micrographs o f  the grain structure o f  
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a) a s i ng le  layer  (CdZnJS f i l m ,  b )  a 17Fm t h i c k  s i ng le  layer  o f  CdS, and c )  

same as (b )  w i t h  a 1 6 p  t h i c k  f i l m  o f  (CdZn)S, a l l  prepared on the sank z inc  

p l a ted  copper substrate. These data i nd i ca te  t h a t  indeed a uniform g ra in  s i ze  

can be accomplished using t h i s  approach. However, despi te the uni form s t ruc tu re  

o f  (CdZn)S g ra i n  sizes, devices which were fabr i ca ted  on b i l aye rs  having the 

desired CdS and (CdZn)S r e s i s t i v i t y  (21, were found t o  e x h i b i t  Voc decay ( N  60 

mV i n  30 minutes.) 

The second approach t o  a f f ec t i ng  [CdZn)S f i l m  qua1 i t y  by considering substrate 

e f f e c t s  involved the  se lec t ion  o f  a substrate having thermal expansion proper t ies  

more c l ose l y  matched t o  CdS. Experience gained as a consequence o f  preparing 

(CdZn)S f i l m s  f o r  mate r ia l  ana lys is  ind icates t h a t  they are more b r i t t l e  than 

CdS. This e f f e c t  can lead t o  cracks and other defects i n  the (CdZn)S f i lms .  

For example, upon coo l ing  the (CdZn)S Cu/Zn couple t o  room temperature a f t e r  CdS 

deposit ion, c u r l i n g  occurs as a consequence o f  the thermal expansion mismatch. 

Samples from such substrates are f l a t t ened  several t imes p r i ~ r  t o  the formation 

of qu~S ,  i t  i s  t h i s  f l e x i n g  a f  the d&dZn)S CuIZn couple t h a t  could 1-ead t a  

defects y i e l d i n g  shunting paths adtar Cu2S formation. 

NiFe (42% Ni, 58% Fb) was sbleck~d AS a r;lrhqtrat.~ hav ing  a q ~ t i t a h l p  th~rmir l  

expansion match t o  CdS. Because of i t s  low r e f l e c t i v i t y ,  however, S t  i s  necessary 
1 

t o  employ an i n te r - l aye r  which prcrmbtes the substrate r e f l e c t i v i t y  t h a t  i s  necgssary 

f o r  optimal device performance(6). Figure 4 shows a komparison o f  the  r e f l e c t i v i t y  

spectrum f o r  a proper ly  optimized (3 )  z inc-pl  ated (-0.v m) ,, copper-pl ated ( ~ 4 . 0 3 ~ )  

NiFe substrate w i t h  the  spectrum f o r  z inc  p la ted (-0.31.) copper (rough side). 

Both samples were heat-treated f o r  s u f f i c i e n t  t ime t o  ensure no f u r t he r  spectra l  
# 

change occurred as a consequence o f  copper/zi nc i n te rd i  f f  us ion. The sol  ar weightc 



Figure 4 .  ,' R e f l e c t i v i t y  Spectra  f o r  optimized. z inc-p la ted ,  copper p l a t e d ,  
NiFe s u b s t r a t e  and z inc  p l a t e d  rough s i d e  copper ,  



average r e f l e c t a n c e  ' f r o m  t h e  N i  Fe. , ( c u / z ~ )  subs t ra te  was 78% as compared t o  75% 

from t h e  Cu(Zn) s u b s t r a t e .  Resu l ts  o f  dev ices pripared on these subs t ra tes  w i l l '  
1 

be p resen ted  l a t e r .  

The i n i t i a l  d e p o s i t i o n s  o f  (CdZn)S on NiFe w i t h  t h i n  (< 1 pm) Cu-Zn l a y e r s  

y i e l d e d  f i l m s  w i t h  un fo rm ly  smal l  ( < 1  m )  g r a i n  s i zes .  Devices f a b r i c a t e d  on 

t h i s  m a t e r i a l  had f i 11 f a c t o r s  ,< 65%, and low 1  i g h t  generated curre.nts ,  m o s t l y  

a t t r i b u t a b l e  t o  inadequate s u b s t r a t e  r e f l e c t i o n . .  These dev ices e x h i b i t e d  convers ion  ; 

e f f i c i e n c i e s  o f  o n l y  4.51, b u t  were found t o  h o l d  a t  a  cons tan t  Voc (580 mV) f o r  

.30 minutes  a t  45OC. U t i l i z a t i o n  o f  t h e  b i l a y e r  approach on NiFe subs t ra tes  . 
. . 

r e s u l t e d  i n  1  a rge r  ( c ~ z ~ ) s  g r a i n s  ( -  1-2 'urn), b u t  d i d  n o t  r e s u l t  i n  apprec iab le  

dev i ce  e f f i c i e n c y  ga ins .  

E f f e c t s  o f  ~ r o w t h  system Improvements on (CdZn)S E i l m  Q u a j i t y  

I n  o rde r  t o  be a b l e  t o  prepare b i l a y e r  f i l m s  w i t h o u t  b reak ing  vacuum between 

d e p o s i t i o n s  t h e  (CdZn)S growth b e l l  j a r  was modif i .ed. I n  a d d i t i o n  t o  r o u t i n e  

maintenance and a  p a r t i c u  1 a r  a t t e n t i o n  t o  vacuum i n t e g r i t y ,  severa l  s,ystem 

improvements were implemented. These i nc l uded  t h e  i n s t a l l a t i o n  o f  two separate 

sources f o r  .the sequenti 'al growth o f  CdS 'and (CdZn)S, and t h e  i n s t a l  l a t i o n  o f  

t h e  c a p a b i l i t y  t o  c o n t r o l  t h e  temperature o f  t h e . s u b s t r a t e  u s i n g  a  thermocouple.  

spo t  welded d i r e c t l y .  t o  i t. .,. 

-C 

A f t e r  t he  system,improvements were implemented, severa l  b i l a y e r  f i l m s  on 

copper subs t ra tes  were prepared. The e f f i c i e n c y  r e s u l t s  of  c e l l s  f a b r i c a t e d  on 

t h i s  m a t e r i a l  d i d  n o t  exceed those.prepared p r i o r  t o  system improvements, and 

t h e  dev ices  s t i l l  e x h i b i t e d  Voc decay. 



. . 
. .Several s i n g l e  l a y e r  (CdZn)S f i l m s  were prepared o n . b o t h  NiFe and copper 

subs t ra tes .  The s t r i k i n g  f e a t u r e  about t hese  f i l m s  was t h a t  t h e y  e x h i b i t e d  a  . . , 

u n i f o r m  d i s t r i b u t i o n  o f  g r a i n  s i z e s  ( - 1-2 m). F i g u r e  5  and 6.  show t h e  c u r r e n t  

v o l t a g e  curves  under sun1 i g h t  o f  t h e  most e f f i c i e n t  dev ices  prepared u s i n g  wet  

process formed Cu2S on t h e  NiFe (CuIZn.) and Cu/Zn subs t ra tes ,  r e s p e c t i v e l y ,  f rom. 

-- t h i s  se t . '  .The observed convers ion  e f f i c i e n c i e s  were 8.7% ( a t  590 mV) on t h e  

N iFe . subs t ra te  and 9.1% ( a t  633 mV) on the'  copper s u b s t r a t e  a t  z i n c  compos i t i ons  

o f  11 and' 23%' r e s p e c t i v e l y .  ~l though t h e  open c i r c u i t  v o l t a g e  o f  t h e  'dev ice on 

, .  t h e  copper s u b s t r a t e  decayed 30 mV i n  30 minu tes  under i l l u m i n a t i o n ,  t h e  d e v i c e  

on NiFe decayed l e s s  t han  3  mV i.n t h e  same t ime .  

D e c i s i o n  P o i n t  f o r  H igh  E f f i c i e n c y  ( C ~ Z ~ ) ' S / C U ~ S  C e l l s  - Near Term 

F i g u r e  7 shows t h e  o p t i o n s  t h a t  were pursued as a  means o f  f a b r i c a t i n g  a 

(CdZn)S/Cu2S s o l a r  c e l l '  w i t h '  t h e  d e s i r e d  Cu2S morphology. The f j g u r e  i 1  l u s t r a t e s  

t h e  f i r s t  f ou r  l a y e r s  of t h e  (CdZn)S/Cu2S dev ice,  and exc ludes t h e  t r a n s p a r e n t  

g r i d .  and a n t ' i - r e f l e c t i o n  coa t i ng .  Toward t h e ' e n d  o f  p l a n n i n g  an e f f o r t  t o  ach ieve 
I 

t h e  most e f f i c i e n t  ( C ~ Z ~ ) S / C U ~ S  dev i ce  u s i n g  p resen t  technolbgy,  a  s e l e c t i o n  

process f r o m ' t h e  a v a i l a b l e  o p t i o n s  was under taken.  For  t h e  s u b s t r a t e  and i n t e r -  

1  ayer t h e  conven t l ona l  z l n c - p l  a ted  copper s u b s t r a t e  was se lec tbd .  A1 though ve ry  

p romis ing ,  t h e  p r o c e s s . f o r  o b t a i n i n g  t h e  p roper  i n t e r - l a y e r  on NiFe i s  n o t  under 

s u f f i c i e n t  c o n t r o l  .. Furthermore, because of  t h e  ' lower thermal  c o n d u c t i v i t y  o f  

NiF?, and t h e  des ign  of  t h e  p resen t  s u b s t r a t e  hea te r  assembly, t h e r e  a re  thermal  

g r a d i e n t s  across t h e  s u b s t r a t e  d u r i n g  c~ row th (3 ) .  As a consequence o f  i n c o n c l u s i v e  

r e s u l t s ,  I T 0  as t h e  i n t e r - l a y e r  was r e j e c t e d  f o r  t h e  p resen t .  

I n i t i a l l y ,  b o t h  t h e  s i n g l e  and b i l a y e r  approaches f o r  ( C d Z n ) S . f i l m  growth 

were cons idered,  b u t  t h e  r e c e n t  achievement of un i f o rm  s i z e d  g r a i n s  (1.-2 ~ 1 m )  



Eff  = 8.7% 

I - V  c u r v e  f o r  (CclZn)S/Cu S j u n c t i o n  on  n NiFe s u b s t r a t e  t e s t e d  
2 uncler sun1  i g h t . .  



Volts (V) 

intensity=85.6mw/cm2 (global) ~?==74.6% 

IEC803 17 
Figure  6 .  I -V curve f o r  s i n g l e - l a y e r -  (CdZn) S / C u  S junc t ion  on copper t ksted 
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w.ith f i l m s  depos i ted  d i r e c t l y  on t h e  m e t a l l i c  subs t ra te  e l i m i n a t e d  t h e  need f o r  

t he  b i . l a y e r  approach. 

Wi th  rega rd  t o  Cu2S format ion, evaporated Cu2S and s t r a i g h t  d r y  process 

Cu2S were r e j e c t e d ,  the'  former - because o f  1  i m i  t e d  exper ience, t h e  1  a t t e r  because 

o f  . low l i g h t  generated cu r ren t s .  The wet-on-dry pr,ocess developed under Task 1 -. . 
was e l i m i n a t e d  s i nce  i t  was concluded t h a t  no o v e r a l l  improvement i n  dev ice  

, e f f i c i e n c y  was accomplished. Thus t h e  convent iona l  wet process formed Cu2S was 

se lec ted .  A  de te rm ina t i on  was made as t o  t h e  s e n s i t i v i t y  o f  t h e  l i g h t  generated 

c u r r e n t  t o  Cu2S wet process f o rma t i on  t ime.  Three p ieces  f o r  t he  same s u b s t r a t e  

were b a r r i e r e d  f o r  10, 15 and 20 seconds, r e s p e c t i v e l y .  The subsequent ly  

f a b r i c a t e d  dev ices  i n d i c a t e d  a  d e f i n i t e  f a l l - o f f  i n  dev i ce  pe r fo rmance . f o r  t h e  

l onges t  b a r r i e r  t ime.    ow ever, o n l y  a  smal'l d i f f e r e n t  i n  Voc, and no s i g n i f i c a n t  

change . i n  JL was noted f o r  t h e  two s h o r t e r  t imes :  20.1 - + 0.5 m ~ l c m 2  a t  10 seconds 

and 19.5 - + 0.3 m ~ / c m ~  f o r  15 seconds. A  b a r r i e r  t ime  o f  10 seconds was chosen 

f o r  t h e  ensuing exper iments.  

As p r e v i o u s l y  r e p o r t e d ( l )  t h e  pres,sure i n  t h e  b e l l  j a r  d u r i n g  (CdZn)S 

d e p o s i t i o n s  i s  t y p i c a l l y  1-2. x  10-4 t o r r ,  about a  f a c t o r  o f  t e n  g r e a t e r  than 

d u r i n g  CdS deposi t i -on.  The c o n c e n t r i c  source used f o r  t h e  d e p o s i t i o n  o f  (CdZn)S 

f i l m s  i s  l a r g e  and r e q u i r e s  more 'power t o  achieve t h e  d e s i r e d  growth r a t e s .  To 

t h e  e x t e n t  t h a t  t he  a d d i t i o n a l  heat  load  cou ld  r e s u l t  i n  h i g h  be1 1  j a r  pressures 

d u r i n g  f i l m  depos i t i on ,  an a l t e r n a t i v e  " s tack "  source was designed t o  r e q u i r e  

l e s s  power. I t s  e s s e n t i a l  f e a t u r e s  were t h a t  i t  was sma l le r  ( t h e  same o u t e r  

dimensions as t h e  convent iona l  CdS source,) and p laces  t h e  ZnS above t h e  CdS i n  

a  c y l i n d r i c a l  ' c o n f i g u r a t i o n ,  thus  a l l o w i n g  t h e  p o t e n t i a l  f o r  separate temperature 

c o n t r o l  o f  t h e  CdS and Z ~ S .  I n i t i a l  r uns  w i t h  t h i s  source w i t h  no separate 



temperature control indicated its parity with the concentric source with respect 

to film quality. There was, however, no appreciable reduction in bell jar 

pressure during (CdZn)S depositions. This aspect wi 1 1  be pursued more thoroughly 

in the future. 

High Efficiency (CdZn)S/Cu2S Devices 

The.descriptinn nf the material and the process steps for the fabrication 

of high efficiency (CdZn)S/Clr2S cells is as. follows. (CdZn)S films 20-30 urn 

thick were grown at a. rate in the range.of 1.0 - 1.5 m/min. on a zinc-plated, 

copper substrate held at between 210-220°C. The as grown Cdl-xZnxS films had' 

.1 .: x < .2, resistivities between 1-20 ohm.cm, and. all exhibited'a relatively 

unform distribution of grain sizes between 2-3um. Samples to be made into 

cell s were cleaned .i'n microcleaner at 6OOC. prior ,to the appl ication of the 

screen-printed tab insulator layer and prior to surface texturing. Surface 

texturinq was ac~omplished by immersion for 20 seconds in a 25% (by volume) HC1 

solution held at 600C. Cu2S rur~i~l i iLioi i  was accomplished by a 10 second immcrsion 

in the conventional IEC(~) bath which had hdd t1yrlr.d~ i ae added to i t  immediately 

before sample processing. Samples compri s'i ng four individual cells were subsequently 

heat treated for 16 hours a t  1700C'in flowing hydrogen prior, to the application 

of. the 32.5 1 ine/cm go.ld grid 1 ines and the tabs. The samples were cut into 

c e l l s ,  and tested .prior to the application by e-gun vaporization of a 700nm -. 
thlck Ti1205 a11 t i -re{' lec t - ion layer. Uuring the entlre p~~occsslr~g r,cqucrtce par'ticul ar 

care was taken by all personnel involved to minimize the exposure of the samples 

.to air. 

Figures 8 and 9 show the histograms for the optimized light generated current 

densities (normal ized to 100 m~/cm2 1 ight intensity, ) and optimized conversion 

efficiencies for 64 cells fabricated as described' above from 16 different (CdZn)S 



tal 64 cells 

Figure 8.  Histogram of optimized l i g h t  generated cu r r en t  d e n s i t i e s  f o r  
(CdZn)S/Cu2s c e l l s  made from 16 z inc  p l a t e d  ( 300nm) - 
copper s u b s t r a t e s .  
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HLstogram o f  op t in i zed  e f f i c i e n z i e s  f a r  saxe  c e l l  s e t  descr ibed  
i n  f i g u r e  8. 
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growth runs.  The z i n c  p l a t i n g  t ime f o r  t he  e n t i r e  s e t  was 8  seconds ( -  3000 nm 

e q u i v a l e n t  t h i ckness ) .  O f  t h e  se t ,  o n l y  t h ree  were shor ted and h a l f  exceeded 

8%. The cu r ren t - vo l t age  c h a r a c t e r i s t i c  f o r  t he  most e f f i c i e n t  c e l l  t e s t e d  under 

t h e  s imu la to r  f r om t h i s  s e t  i s  shown i n  F igu re  10. 

As has been p r e v i o u s l y  r e p o r t e d ( 3 )  an increase i n  t h e  z inc -p la ted  copper 

subs t ra te  r e f l e c t i v i t y  i s  r e a l i z e d  a s  a  consequence o f  reducing t h e  z i n c  p l a t i n g  

th ickness .  Accompanying t h i s  f o r  t h e  present  c e l l  design i s  an increa.se i n  the  

, l i g h t  generated c u r r e n t .  A s h i f t  was, therefore,  made t o  t h i n n e r  z i n c p l a t i n g .  

I n  ,add i t ion ,  a  procedure was i n s t i t u t e d  t o  acce le ra te  c e l l  o p t i m i z a t i o n  w h i l e  a t  

t h e  same t ime m in im iz ing  hand l i ng  p r i o r  t o  i n i t i a l  c e l l  t e s t i n g  by  an a d d i t i o n a l  

44 hour  heat  t rea tment  a t  1700C i n  f l ow ing  hydrogen p r i o r  t o  t h e  appl i c a t i o n  o f  

t h e  a n t i - r e f l e c t i o n  l a y e r .  A t  t h i s  p o i n t  t h e  samples were c u t  i n t o . f o u r  i n d i v i d u a l  

c e l l s  and i n i t i a l l y  t es ted .  ,Figures 11 and 12 show the  histograms f o r  t he  

op t im ized  1  i g h t  ' generated c u r r e n t  d e n s i t i e s  (normal i zed  t o  100 m ~ l c m 2  1  i g h t  

i n t e n s i t y , )  and t h e  op t im ized conversion, e f f i c i e n c i e s .  o f  84 c e l l s  f a b r i c a t e d  as 

.descr ibed above f rom n i n e  d i f f e r e n t  subs t ra tes  prepared on copper subs t ra tes  

w i t h  4 second z i n c  p l a t e  ( -1500  nm'equi.valent th ickness . )  Under the  s imu la to r  

31  o f  t h e  c e l l s  e x h i b i t e d  convers ion e f f i c i e n c i e s  i n  excess o f  9%, 19 over 9.5%, 

and 4 over  10%. Table 8 shows t h e  performance o f  c e l l s  t e s t e d  under c o l l i m a t e d  

sun1 i g h t ,  i n c l u d i n g  two w i t h  convers ion e f f i c i e n c i e s  over 10%. Figure  13  shows 

.the c u r r e n t  v o l t a g e  c h a r a c t e r i s t i c  of t h e  b e s t  c e l l  t e s t e d - u n d e r  -.. 
. . s u n l i g h t  c o n d i t i o n s .  

' T a b l e  9 i s  a l i s ' t i n g  by e f f i c i e n c y  o f  64 c e l l s  made.on 8  second 

z i n c  p l a t e . '  Tab le  10 i s  a  l i s t i n g  by e f f i c i e n c y  of t h e .  84 c e l l s  

. made on 4 second zinc p la t e .  



Figure 11. Histogram of .optimized l i g h t  generated c u r r e n t  d e n s i t i e s  f o r  (CdZn)S/Cu S c e l l s  made from 
. . 2 9 z inc-p la ted  ( 150nm)-copper s u b s t r a t e s  which were f a c r i c a t e d  us ing  a  procedure to 'min imize  

handling p r i o r  t o  i n i t i a l  t e s t i n g .  
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Figure 12. Histqgram, of . q t i m i z e d  effici3nl:ie.s f o r  same c e l l  s e t  descr ibed  i n  Figure 11. 



. . c e l l  # I n t e n s i t y  .. .. . - . (m~/cm2) 

1.395.211 81.2 

TAB L.E. 8 

.SUNLIGHT T E S T I N G  - 8/16/80. 

Jsc  ' "0 F F  ' . E f f .  J L  ( 100mW cm2) 
( m ~ / c m ~ )  ( v S  , . ( % )  . ( % )  ' , (mA/cm $ ) 
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. . 

volts (V )  

I - V  c u r v e  o f  o u t d o o r  t e s t  ' f o r  most e f f i c i e n t  c e l l  from se t  
d e s c r i b e d  i n  F i g u r e  11.. 
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4.3 ~ l e c t r o - o p t i c  A n a l y s i s  and Model ing 

Severa l  exper iments  on t h e  c e l l s  have i n v o l v e d  photocapaci  tance  and dark 

capac i tance  measurements, t a k i  ng advantag.e o f  improvements i n  t h e  accuracy, 

r e p e a t a b i l  i t y  and ease o f  use r e s u l t i n g  f r om m o d i f i c a t i o n  and expansion o f  t h e  

capac i tance  measuring f a c i l i t y .  Thus, da ta  have been ob ta ined  on d i f f u s i o n  o f  

cornpensat i n g  i o n s  i n t o  t h e  CdS by  hea t  trea.trr~en.t; d.iffer*encGs in .  ~ e t - ~ r o c e . s s  and 

d ry -p rocess  . . c e l l s  (as  w e l l  as Au/CdS Scho t t ky  b a r r i e r s )  i n t e r p r e t e d  i n  terms o f  

j u n c t i o n  geometry and p o s s i b l e  d i f f e r e n c e s  i n  i m p u r i t y  l e v e l s  i n  t h e  CdS, and 

e f f e c t s  o f  hea t  t r ea tmen t  on i n t e r f a c e  recombinat ion,  Dynamics o f ' t h e  h o l e  

t r a p p i n g  have been i n v e s t i g a t e d  by  means o f  t r a n s i e n t  photocapaci  tance, combined 

w i t h  i t s  temperature dependence, and the.  r e s u l t s  show t h a t  t h e  t r a p p i n g  i s  much 

weaker t han  a n t i c i p a t e d ,  and p robab l y  occurs  m o s t l y  i n  t h e  h i g h - f i e l d  r e g i o n  

near  t h e  j u n c t i o n .  Planned capac i tance  exper iments  should f u r t h e r  c l a r i f y  t h e  

d e t a i l s  o f  t h e  o p e r a t i o n  o f  t h e  CdSICu2S j u n c t i o n .  

1. Capacl tance measurenler~l 

I n  o rde r  t o  augment t h e  c i r c u i t s  f o r  measuring. capaci tance and conductance 

o f  s o l  a r  c e l l  s ( l ) ,  a n  HP 4274A Mu1 t i -f requency LCR Meter a n d  an HP-85 Desk t o p  

Computer have been purchased and i n s t a l  l ed .  Bes ides enhancing t h e  p i e c i s i o n  and 

dccuracy o f  C and G measurements b e c a u s e  d f  sma l le r ,  b e t t e r  d e f i n e d  phase angle. 

e r r o r  , t h i s  combina t ion  a l lows measurement o f  f requenty  dependence between 100Hz 

and lOOkHz and automat ion o f  measurements and da ta  hand l i ng .  

Comparison o f  t h e  r e s u l t s  f r om t h e .  L C R  meter  f o r  CdS/Cu2S c e l  I s  a t  . . 

f = 10ktlz w i t h  those f r om th,e custom-made c i r c u i t s  and l o c k - i n  a m p l i f i e r  used 



p r e v i o u s l y  show agreement f o r  C w i t h i n  about - + 4% both '  i n  l i g h t  and dark.  

Agreement i n  G i s  cons ide rab l y  poorer,  e s p e c i a l l y  i n  t h e  l i g h t .  .Work i s  go ing  

on aimed a t  automat ing t h e  measurements. . 

Wet and d r y  process CdS/Cu2S c e l l s  

I n  o rde r  t o  c l a r i f y  t h e  e f f e c t  on t h e  j unc t i - on  o f  these c e l l s  o f  t h e  two 

d i f f e r e n t  methods o f  p roduc ing  C U ~ S ,  dark  capaci tance measurements have been. 
. . 

made on a  s e r i e s  o f . c e l l s  made b y  t h e  d r y  process and d i f f e r i n g  i n  hea t  t rea tment .  
. . 

Be fo re  heat  t reatment ,  Cdark/A = 112 n ~ / c m ~ ,  and a f t e r  32 h r  i n  Hz a t  1700C, 

Cdark/A = 2.5 n ~ / c m ~ .  U n l i k e  t h e  dry-process c e l l  descr ibed  e a r l i e r ,  whose 

capaci tance showed a  s t r o n g  dependence on .DC b i a s ' V  over  a  range o f  r eve rse '  

b i as ,  t h e  p resen t  h e a t - t r e a t e d  c e l l s  had a . p r a c t i c a l l y  cons tan t  capaci tance i n  

t h e  dark  o u t  to. a t  l e a s t  -2 .V .  . Fu r t he r  experimen.ts a re  planned f o r  t h e  purpose 

o f  de te rm in ing  whether t h i s  behavior  i s  t y p i c a l .  

Photocapaci  tance  ana l ys i  s  

From measurements o f  photocapaci tance decay i n  CdS/Cu2S c e l l  21065.111, 

t r a n s i e n t  behav io r  of t rapped h o l e s . i n  CdS has been analyzed, t a k i n g  i n t o  account . 

t h e  e x p ( - o ~  x )  dependence of h o l e  gene ra t i on  on o p t i c a l  abso rp t i on  i n  t h e  CdS a t  

d i s t ance  x f r o m  f h c  j u n c t i o n .  See Appendix ( B ) .  Fi 'gure 14 shows v a r i a t i o n  o f  

conductance G w i t h  temperature i n  t h e  same c e l l .  The v a r i a t i o n  o f  C and G d i f f e r s  

f rom what i s  observed i n  p-n j u n c t i o n s  where o p t i c a l  e f f e c t s  a re  :no t  a  f a c t o r ( 8 ) .  

T h i s  i s  r e l a t e d  t o  t h e  temperature v a r i a t i o n  o f  t h e  abso rp t i on  c o e f f i c i e n t  ce and 

t h e  h o l e  emiss ion r a t e .  



Figure 14. Capacitance C and conductance G per. u n i i  . a rea  f o r  ce l l  
# 2 1 0 6 5 , l l l  u n d e r  i . n t c n s e  bl11e I . i .gh t ,  as n f i ~ n c t i o n  o f  
t elllllern t i w e .  



A  f u r t h e r '  a p p l i c a t i o n  o f  t h e  -,model e x p l a i n s  t h e  obse rva t i on  t h a t ,  on recen t ,  

good qua1 i t y  CdS/Cu2S c e l l  s, . a t tempts  have n o t  been successfu' l  t o  obt .a in  S I / ~ ~  

and hq f rom p l o t s  of 5 - I  ( r e c i p r o c a l  e l e c t r i c  f i e l d )  v e r s u s  11,-1 ( r e c i p r o c a l  

' c o l l e c t i o n  e f f i c i e n c y )  accord ing  t o  t h e  method used e a r l i e r ! 9 ) .  T h i s  i s  'observed 

bo th  i n  c e l l s :  which have undergone extens ive,  hea t  t rea tments  t o .  o p t i m i z e  e f f i c i e n c y  

.-.. and i n  c e l l  s  t e s t e d  between hea t  treatment's t o  determine t h e i r .  e f f e c t  .on S I / P ~ .  

F i g u r e  15 shows. a  p l o t  o f  ~'-l (as'sumed p r o p o r t i o n a l  t o  5 - I  - see be low) versus 

11c-1 f o r  one o f  t h e  l a t t e r  t ype  o f  c e l l .  

1t.wa.s found t h a t ,  a l though C v a r i e d  by  a f a c t o r  as l a r g e  as 2 o r  4 w h i l e  

i l l u m i n a t i o n  i n t e n s i t y  var i .ed f rom . O 1  AM1 t o  1.5 AM1, rlc was a lmost  cons tan t .  

The standa.rd t rea tment  g jves,  f o r  e l e c t r i c  f i e l d  a t . . t he  j u n c t i o n ,  

where VD i.s d i f f u s i o n  v o l t a g e  and,V i s  app,l ied.DC vo l t age .  Thus t h e  observed 

. v a r i a t i o n  o f  C should be accompanied by  a  p r o p o r t i o n a l  v a r i a t i o n  o f  5, and t h i s  

must cause rlc t o  vary .  

.f 
However, as i s  shown i n  Appendix B y  t h e o r e t i c a l  t r ea tmen t  o f  photocapaci tance 

when a i n  CdS.is' l a r g e  i s  c o n s i s t e n t  w i t h  t h e  obse rva t i on  o f  rema in ing  cons tan t  

w h i l e  @ v a r i e s .  Th i s  t rea tment  g i v e s  f o r  dependence on C o f  t h e  e l e c t r i c  f i e l d  

a t  t h e  j u n c t i o n  

. . 

where c i s  dark  capaci tance.  Even a t  f a i r l y  smal l  $, (c,/c)?:-1/10 o r  sma l l e r  
a , '  

. . 
f o r  w e l l  heat . - t reated c e l l s ,  so t h a t  . the p reced ing  equat ion  reduces t o  

Thus e l e c t r i c  f i e l d  a t  t h e  j u n c t i o n  i s  n o t  a f f e c t e d  b y  @, even though C i s .  





' TIME ( s e c ) ,  , 

I 
.F igu re  16.  T r , m s i e ~ ~ t  response of  capac i tance  of  CdS/Cu 2 S c e l l  under 

cont inuous e x c i t a t i o n  by beam 1 (365 , 585nm) whi le  t u r n i n g  , 
on 6' o f f  beam 2 :  810nm. ,a). beam 2 :  650 n m  . 

. . 
. . 

! 
. . .  . . . . . .  . 



The conc lus ion  i s  t h a t ,  i n  recent  CdS/Cu2S c e l l s ,  i t  probably - i s  imprac t i ca l  

t o  o b t a i n '  S1/,,2 f rom E-l versus llcl p l o t s .  Fur ther  measurement o f  t he  dependence 

of on I$, . p a r t i c u l a r l y  a t  d i f f e r e n t  wavelengths, are needed t o  determine .whether 

t h i s  i s  t he  r e s u l t  of a  ve ry  smal l  S I ,  a  very  1  arge v2 (approaching Vth/S, where 

. v t h  i s  thermal v e l o c i t y ) ,  o r  some o ther  reason. 

! Two-beam, photocapaci tance.measurements have been i n i t i a t e d ,  i n  which shor t -  

wavelength e x c i t a t i o n  (beam 1, i n  a  band between about 365 and 585 h~) s,t r ikes 

I t h e  c e l l  con t inuous ly  w h i l e  a  .long-wave.length beam (beam 2, w i t h  c u t - o f f  wavelength 

I 
I Xcut) i s  tu rned on and o f f .  Changes w i t h  t ime o f  t he  quench ing .e f fec t  descr ibed 
1 
I 

! p r e v i o u s l y  ( l o ) ,  i.n combinat ion w i t t i  the  e f f e c t s  described i n  Appendix B, w i l l  
I 

I c l a r i f y  t he  a c t i o n  o f  .hole t raps  i n  CdS. 

. . 

F igure  16 shows t h a t  t he  response of c e l l  21065.111 t o  chopped, red  '1 i g h t ,  

w i t h  Acut z 650 nm, was r a t h e r  complex. Four excurs ions o f .  C i n  a1 t e r n a t i n g  

! d i r e c t i o n s  were observed t o  l lowing both  t u r n i n g  on and t u r n i n g  O f f  beam 2. Thts 
! 

i n d i c a t e s  i n t e r a c t i o n  o f  several  i e v e l s  w i t h  each o the r  and w i t h  the  conduct.ion 
I 

band o f  CdS. Work i s  progressing on the  ana lys i s  o f  t he  mechanisms involved.  

i 
T rans ien t  measurements i n  t he  immediate f u t u r e  w i l l  ma in ly  use a  beam 2  w i t h  a  

i l a r g e r  ACut o f  810 nm. As F igure  ib shows, t h i s r e s u l t s  i n  much s imp ler  behavior,  

I .  

i 
and should g i v e  more r e a d i l y  access ib le . i n fo rma t ion  on the  e l e c t r o - o p t i c a l  behavior 

. . 

o f  t h e  c e l l .  ' ' 

I 



4.4 Encapsu la t ion  f o r  Improved S t a b i l i t y  

The encapsu la t ion  t ask  was d i r e c t e d  towards t h e  development o f  e-beam 

evaporated g l a s s  l a y e r s .  Dur ing  t h e  i n i t i a l  phase, a  ce ' r t a i n  number o f  r e g u l a r  
. . 

1 cm x 1 cm CupSICdS c e l l s  were encapsulated by I E C  9658 g l a s s  o f  y m  t h i ckness .  

The aging' t e s t s  conducted o'n these c e l l s  showed t h a t  t h e  enc.apsulat ing l a y e r  d i d  
. . -  . . 

n o t  work p r o p e f l y .  The m i c r o s c o p i c  (SEM) a n a l y s i s  o f  t h e  encapsulated c e l l  s  
. . 

showed t h e  presence o f  l a r g e  numbers o f  c rack  and g rowth  d e f e c t s  i n  t h e  g l a s s  

A s e r i e s  o f  t r i a l  d e p o s i t i o n s  were made on t h e  ma t te  and smooth s i d e . . o f  .. 

e lect ro-c . leaned copper f o i  1  ( s u b s t r a t e  used i n  CdS evapo ra t i on )  t o  determine t h e  

optimum g l a s s  d e p o s i t i o n  parameters.  SEM examinat ion showed t h a t  t h e  b e s t  f i l m s ,  

i n  terms. o f  t h e  s t r u c t u r e ,  a re  ob ta i ned  when t h e  d e p o s i t i o n  r a t e  and sub 's t ra te  

temperature a re  r e s p e c t i v e l y  5  8/sec and 1 5 0 0 ~ ( ~ ) .  

S tab i  1  i t y  t e s t s  were then  conducted on an a r r a y  o f  m ic rodev ices  prepared 

w i t h  p a r t i a l  suppor t  ~ ~ O ~ I L Z R O . *  T h i s  a r r a y  cons i s ted  o f  256 dev ices  o f ' ,  
' ,  . 

1 mm x 0.25 mm on a square s u b s t r a t e  o f  25 x  25 mm. , For t h e  p r e p a r a t i o n  o f  t h i s .  
. .  . 

a r r a y  a CdS f i l m  was depos i ted  on in' Fe-Ni/Cu/ITO subs t ra te ,  Because nf  the 

s i m i  1 a r  thermal  expansion c o e f f i c i e n t  between Fe-Ni and CdS, bending o f  t h e  

.a r ray  d u r i n g  h e a t i n g / c o o l i n g  cyc les  were g r e a t l y  reduced. Furthermore, t o  reduce 

p r e f e r e n t i a l  growth d e f e c t s  on t h e  g l a s s . l a y e r ,  t h e  dev ices had h i g h l y  p o l i s h e d  

sur faces .  "!.he c h a r a c t e r i s t i c s  o f  24 g l a s s  covered and 24 ba re  dev ices  were 

mon i to red  d u r i n g  hea t .  t reatments ,  i n  a i r ,  a t  600C and ' 8 0 0 ~ .  The average. r e l a t i v e  
, . 

decrease i n  Jsc .was fou'nd t o  be t h e  .same f o r  encapsulated and bare  dev ices.  

Subsequent SEM showed t h a t  l o s s  o f  h e r m e t i c i  t y  was due t o  t h e  . 

* .The suppor t  f r om t h e  I n t e r n a t i o n a l  Lead Z inc  ~ e s e a r c h '  O rgan i za t i on  i s  g r a t e f u l  l y  
. . 

acknowledged. . . . . 
. . 



. c racks '  a long  t h e  edges of t h e  g l ass  l a y e r .  . The p robab le  cause o f  these  cracks 

i s  t h e  f a c t  t h a t  t h e  edges o f  t h e  edge o f  t h e  mask used d u r i n g  g l a s s  d e p o s i t i o n  

i s  i n  c o n t a c t  w i t h  t h e  s u r f a c e  o f  t h e  a r ray .  As a  r e s u l t ,  when t h e  mask i ,s 

removed, t h e  g l a s s  ' l a y e r  i s  cracked a t  t h e  edges. Besides t hese ,edge .c racks ,  

t h e  g l a s s  1  ayers were found t o  be d e f e c t  f r e e  over  t h e  e n t i r e  su r f ace  o f  t h e  

dev ices.  Fu tu re  work w i l l  be concen t ra ted  on d e p o s i t i n g  t h e  g l a s s  layer; us i ng  

masks which a re  n o t  i n  c o n t a c t  w i t h  t h e  a r r a y  sur face.  
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Appendix A 
. . 

Comment on "Space-charge L im i ted  cu r ren ts  i n  CuXS/CdS So lar  C e l l s "  . ' ' 

J. C lee t ron i c  M a t e r i a l s  Vol. 3, 467, 1350. 

A recen t  paper by P a r t a i n  -- e t  a1 ( I )  i n t e r p r e t s  the  e l e c t r i c a l  p r o p e r t i e s  

-.. ,of  CdS/C,u2S. so l  ar  c e l l s  i n  terms o f  space-charge-1 i m i  t e d  cu r ren ts  (SCLC) w i t h  

t r app ing  by s p e c i f i c  e l e c t r o n  trap.s. The i r  conclus ions are t o t a l  l y  a t  

var iance w i t h  t h e  c e l l  model t h a t  f o rms  t h e  bas i s  f o r  research and development 
. . 

a t  IEC.. The present  no te  p o i n t s , o u t  a number o f  e r r o r s  and i ncons i s tenc ies . . i n  

t h e  work of P a r t a i n  -- e t  a l ( l ) ,  r e v e a l i n g  t h a t  SCLC e f f e c t s  are n o t  p r o p e r l y  

invoked . 

As i s  w e l l  knbwn(2); t h e  l i n e a r  v a r i a t i o n  o f  l o g  J  w i t h  V c h a r a c t e r i s t i c  . '  

. ' o f  - a  s imple d iode i s  n o t  ~always. seen i n  CdS/Cu2S s o l a r  c e l l  s. Instead., e s p e c i a l l y  

i n  ,ce l . ls '  o f  low e f f i c i e n c y ,  t he re  ' i s  a  d i s c 0 n t i n u i . t ~  o f  'slope, t y p i c a l l y  around 

0.3V i n t h e  l i g h t ,  and t h i s  has been i n t e r p r e t e d  a t  IEC(~) by 'means o f  a n  

. . equ i va len t  c i r c u i t  con ta in ing  two diodes w i t h  d i f f e r e n t  diode' f a c t o r s .  ,The 

i n t e r p r e t a t i o n  o f  P a r t a i n  -- e t  a1 ( 1 )  r e s t s  o n  i d e n t i f y i n g  t h i s  d i s c o n t j n u i t y  i n  

slope o f  l o g  J versus l o g  V w i t h  a s . u p e r f i c i a l l y  s i m i l a r  f e a t u r e  observed i n  

many s o l  i'ds where conduct ion i s  by 'SCLC. Taking t h e  r e s e r v o i r  o f  conduct ion 

e l e c t r o n s  a ~ : ~ i v e n  by an u n s ~ e c i f  i e d  process, they '  model' the '  behavior  o f  t h e  . ' 

c e l ' l . b y , e q u a t i o n s  appropr ia te  t o  . a  . d i f f e r e n t  type o f  system. 

NO mention i s  made b y  P a r t a i n  -- e t  a l ( 1 )  o f  t h e  well-known i n s t a b i . 1 i t y  o f  

the. dark J-V curve. Since. they  do n o t  s p e c i f y  the'  t ime elapsed between t h e i r  

readings, one can .onl,y i n t e r p r e t  t h e i r  va1ue.s o f  J  i n  t he  dark as having f a l l e n  



by an u n c e r t a i r ~  amount as a  r e s u l t  o f  t h i s  i n s t a b i l i t y .  A r e d i c t i o n  o f  t h i s  

type, f a s t e r  a t  h igh  V, has been found a t  I E C  i n  CdS/CupS held'  a t  constant  

forward b i a s  i n  t he  dark. F a i l u r e  t o  recognize t h i s  i n s t a b i l i t y  v i t i a t e s  the 

r e s u l t s .  o f  P a r t a i n  -- e t  a l ( l ) ,  as t h e i r  VTFL can move i n  an uncon t ro l l ed  manner. 

Other incons is tenc ies  are seen i n  t h e i r  der ived behavior of .  t h e  trapped 

ho le  densi ty ,  p to .  They assume t h a t  a  change i n  s'lope o f  t h e i r  p l o t s  occurs 

' a t  vTFL, the t r a p - f i l l e d - l i m i t  vo l tage o ~ S C L ' C  theory', and de r i ve  pt, as a 

f u n c t i o n  o f  heat- t reatment  t ime, f i n d i n g  t h a t  i t  decreases r a p i d l y  f o r  t he  

f i r s t  150 minutes, 'o f  H2 heat treatment.  ,This i.s i ncons i s ten t  w i t h  t h e  known 

increase w i t h  heat t rea tment  i n  dens i t y  o f .  t h e  i m p u r i t i e s  which t r a p  ho les(4)  

i n  CdS. 

I n  the  same way, P a r t a i n  e t  a1 ( l )  d e r i v e  a  s l i g h t  decrease i n  p t o  upon 

i l l u m i n a t i o n  a t  AM1. Th i s  i s  i n  con t ras t  t o  t he  known e f f e c t  o f  ho le  t rapp ing  

caused by  w h i t e - l i g h t  excitation. The equat.ions they u ~ e ,  based on a m u l t i - .  

t r a p  SCLC model, cou ld  e q u a l l y  w e l l  f i t  any d iode curve. They sw i t ch  t o  a 

s i n g l e - t r a p  SCLC model t o  f i t  p l o t s  o f  l o g  J vs.. l o g  V i n  t he  dark a t  t h ree  

d i f f e r e n t  temperatures. I n  s p i t e  o f  t h e i r  use o f  .- f o u r  ad jus tab le  parameters 

f o r  each p l o t ,  t h e  f i t  i s  on l y  modera te ly  g ~ o d  and c e r t a i n l y  c'annnt he i n t e r p r e t e d  

.as conf i rming t h e i r  model. . .  

. . 
c o n t r a r y  t o  t h e  c l a i m  o f  P a r t a i n  - e t  -.-- a1 ( l ) ,  t he re  i s  no. s i g n i f i c a n t  agreement 

w i t h  t h e  r e s u l t s  o f  G r i l l  -- e t  a ~ ( ~ )  who used DLTS t o  o b t a i n  energies and d e n s i t i e s  

o f  e i g h t  o r  n ine  e l e c t r o n  t raps  i n  CdS. Since - any n ine  d i f f e r e n t  numbers w i t h i n  

a  range have an average f r a c t i o n a l  spacing 1 /8  o f  t he  range, P a r t a i n  -- e t  a l ' s  

c l a i m  t h a t  t h e i r  energies agree w i t h  those o f  G r i l l  -- c t  a1 w i t h i n  15% seems 

p u z z l i n g  a t  best .  Table 1 al lows one t o  judge t h i s  and t h e i r  c l a i m  t o  agreerrrerrl: 

i n  t he  r e s u l t s  f o r  N t .  



, . 
. . 

. . . . 

, ' I n  sunlll1ar.y. t h e  observed bet lav ior  o f  the  C ~ S / C U ~ S  s y s L e ~ ~ ~  i s  , lot  c x p l d i r ~ c d  
. . 

b y  SCLC. I d e n t i f i c a t i o n  o f  VTFL w i t h  t h e  v o l t a g e a t . w h i c h t h e  s l ope  b f  l o g  J . ' .  

. . 
- l o g  v p l o t s  change i s  n o t  i n  accord w i t h  'observat ion. nor  w i t h  t h e  i n t e r -  . , 

p r e t a t i o n  o f  S ~ C  theory .  E l e c t r i c a l  b r o p e r t i e s  o f  CdS/CupS s o l a r  c e l l s  such 
. . . . 

as t h e  d a r k - l i g h t  crossover  and e v o l u t i o n  w i t h  hea t  t rea tment  can be understood 
. . 

-.  much more eas i  l y  i n  terms o f  t h e  model deve loped  a t  IEC and ; i t s  p h y s i c a l  
. . . . 

i n t e r p r e t a t i o n  i s  much more r e a l i s t i c  than  SCLC as app l i ed ,  by  P a r t a i n  e t  a1 ( I ) .  
. . -- 

i . . 
1 



TABLE 1 

Resu l t s  o f  G r i l l  e t  a1 -- , . Resu l t s  o f  P a r t a i n  -- e t  a1 

Trap E - ET 
No: t e v  

. 5  n o t  w e l l  
r e s o l  ved 

6 .625 1014 - ,1015 
... 

. . .  
' ,  7 n o t  we1 1 

r e s o l  ved 

8 .735 101" - 1015 
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Appendix U . . 

Photocapaci'tance Study o f  Hole Traps i n  CdS/C.uiS Solar  C e l l s  ' , 

W .  J. Manthey 

Current  c o l l e c t i o n  e f f i c i e n c y  i n '  hea t - t rea ted  CdS/Cu2S.solar c e l l s  i s  

s u b s t a n t i a l l y  h ighe r  under AM1 i l l u m i n a t i o n  than a t  ' lower i n t e n s i  t i e s ( 1 ) .  

Th i s  e f f e c t  i s  a t t r i b u t e d  t o  an ' increase 'in e l e c t r i c f i e l d  a t  t h e  Cu2S-CdS 

j u n c t i o n ,  caused by ho le  t rapp ing  i n  t h e  C ~ S .  E l e c t r o s t a t i c  theory t h e  

dependence o f  t he  capacitance o f  . t h i s  . j u n c t i o n  on e l e c t r i c  f i e l d  and: hence 

on trapped ho le  dens i ty .  

The experiment des'cribed i n  t h i s  r e p o r t  used var ia t , io 'n  o f  capac. i tance, 

f o l  lowing abrup.t changes . i n  i 11 uminat ion, as a  probe 0.f t h e  dynamics . o f  ho le '  

t rapp ing .  The ho le  t r a p s  are, as usual,  assumed t o  .be .Cu i m p u r i t y  ions  d i f f u s e d  

. across t h e  j u n c t i o n  f r o m  the  Cu2S i n t o  t h e  c ~ s ( ~ ) .  They a c t  as acceptors and, 

i n  t h e  dark, co'mpensate the  n a t i v e  donors, r e s u l t i n g  i n  a  much smal le r  capaci tance 

i n  ' the 'dark because o f  t h e  w' idening o f  t h e  d e p l e t i o n  r e g i o n  accompanying the. 
. . 

decrease i n  ne t  f . i x e d . p o s i t i v e  charge d e n s i t y  i n  CdS near t he  j u n c t i o n .  When 

the  c e l l  i s  i l l um ina ted ,  t h i s  charge compensation i s  p a r t i a l l y  cancel led,  

because the  short-wavelength component o f  t h e  l i g h t  generates e lec t ron -ho le  

p a i r s  i n  t h e  CdS and t h e  ho les  are trapped. 

.. Here we i n v e s t i g a t e  ma in l y  t he  behavior  o f  t h e  ho le  t r a p s  f o l l o w i n g  an 
. . 

abrupt  c u t - o f f  o f  b lue  . l i g h t .  Th i s  al lowed measurement o f  emission r a t e s  o f  



I 
t h e '  t r i p p e d  ho les  and t h e i r  temperature v a r i a t i o n .  Poss ib le  mechanisms f o r  i 

i 

t h e  ho ie  emission and t h e i r  s i g n i f i c a n c e  t o  the  j u n c t i o n  f i e l d  are .d iscussed. .  . '  i 

EXPERIMENTAL PROCEDURE 

1 

Measurements . . performed on a t y p i c a l  IEC CdSICu2S c e l l ,  21065.111, (AM1 values: 
! 

JSc = 1'5.45 m ~ / c m ~ ,  Voc = .512 V, FF = 61%) which had been heat t r e a t e d  i n  Hz i 

, . I 

a t  170°C f o r  16 hr ,  a t  150°C.for 197 hr ,  alid a t  1300C f o r  16 .hr.  Capacitance, 
? 
! 
Y 

conductance, and sometimes c u r r e n t  were measured . w i t h  t h e  set-up described 
! 

&rl i e r o )  i n  t h e  dark,' a t  AMl, and under b lue  1 icjht, over a range o f  temperatures I 
. . i 

f rom 77.5 t o  297K. Blue e x c i t a t i o n  cons is ted  o f  in tense l i g h t  f rom a tungsten-. 
I 

! 

halogen 1 amp passed through gl'ass c o l o r  f i l t e r s  so as t o  produce a band between 
I 

I 

I 
about 365 and.585 nm: Th i s  e x c i t a t i o n  was chosen f o r  optimum photocapacitance I 

I 
. . ! 

response - '  t h a t  i s ,  l a r g e  increase over dark capacitance. 

Temperature was mainta ined i n  a c r y o s t a t  us ing  an i n e r t  exchange g a s  i n .  

thermal contac t  w i t h  l i q u i d  n i t rogen  and a heater  c o n t o l l e d  w i t h i n  1 o r  .2K 

us ing  a P t  r e s ' i  stance thermometer. I n  measuring temperature v a r i a t i o n  o f  

capacitance d e n s i t y  C I A ,  conductance dens i t y  G/A, and s h o r t - c i r c u i t  c u r r e n t  

d e n s i t y  Jsc = ISCIA ' (where  A = . 9 6  cm2 i s  , ce , l l  a rea ) ;  the  ce l l '  was cooled to. 

l i q u i d  n i t r o g e n  temperature i n  t h e  dark, h e l d  the re  f o r  a t  l e a s t  30 minutes, 

then brought back. t o  room 'temperature. Th i s  procedure was repeated under AM1 % '  

i 1 luminat ion,  obta ined b y  ad jus t i ng  t h e  lamp u n t i  1 measured Jsc a t  room temperature 

matched the  r e ' s u l t  obta ined i n  t he  s o l a r  simula' tor.  

. . . , 

To cover t h e  e v e n t u a l i t y  t h a t  C passed through an extremum, temperature 

.was v a r i e d  up 'and down i n  a p rog ress i ve l y  narrower range u n t i  1 a s teady-state . 



extreme va lue  was reached. .This b rought  t h e  accuracy o f  t h e  temperature t o  

about - + 3K. ' v a r i a t i o n  o f  C/A and G/A w i t h  temperature .was, al-so observed under 

b l u e  l i g h t .  Here i n t e n s i t y  was s e t  as h i g h  as poss.ible, so as to, g i v e  Jsc . . 

about 1.5 t imes  t h e  AMI  value. '  , ' , ,  

I n  o rde r  t o  observe C/A. decay, an e l e c t r i c a l  l y  operated s h u t t e r  (opening 

' t ime 3.0 msec, c l o s i n g  t ime  4.2 msec) was i n s e r t e d  ' i n t o  t h e  opt. ica1 pa th .  . . 

Outputs pf t h e  l p c k - i n  a m p l i f i e r  p r o p o r t i o n a l  t o  C and G were f e d  i n t o  a s t r i p -  

c h a r t  r eco rde r  m0vin.g a t  15 cm/min: R i se  t i m e  f o l l o w i n g  t u r n i n g  on t h e  1 i g h t  
. . 

was t o o  s h o r t . t o  be read  accura te ly ,  so t h a t  o n l y  decay t ime'  f o l l o w i n g  t u r n i n g  

o f f  t h e  l i g h t  has been analyzed. Each r u n  took about 25 minutes.  Two runs  

were made a t  each o f  t h e  f o l l o w i n g  temperatures:  77.5, 85.0, 97.1, 117.0, 

190.0 and 293 .0~ :  Only  t h e  C: decay a t  DC b i a s  V = 0.6V has been t ho rough l y  

analyzed here, a l though G decay was a l s o  recorded a t  t h i s  b ias ,  as we1 1 as C 

decay a t  ze ro  b i as .  

RESULTS 

Capaci tance i n  t h e  d.ark a t  zero b i a s  i s  sma l l  and almost independent . o f  

temperature,  d ropp ing  f r om 3.3 n ~ / c m Z  a t  297K t o  3.0 n ~ / c m 2  a t  78K. Conductance 

i n  t h e  dark  i s a l s d  smal l ,  about 0.2 .ms/cm2 a t  297K, and i t s  change w i t h  temperature 

was n o t  a c c u r a t e l y  determi'ned, .: 

, . 

Under i 1 lumina t ion ,  t h e  .values and t h e i r  thermal  v a r i a t i o n  a re  much l a r g e r .  

CAM~/A = 47.8 n ~ / c m z  a t  297K. F i g u r e  1 shows schema t i ca l l y  t h e  temperature 

dependence of CAml and Is, over  t h e  access ib l e  range. The maximum i n  capac i tance  

a t  85K and t h e  minimum a t  223K are  accura te  w i t h i n  2 o r  3K, b u t  t h e  l o c a t i o n  

o f  Lhe n t h e r  f e a t u r e s  may owe something t o  thermal  l ag .  Current ,  a f t e r  r i s i n g  

s l i g h t l y  . . upon c o o l i n g  below room temperature,  then  f a l l s  s t e a d i l y . t o  a value, 



cell 1065.1 11  
variation of CAM,  and I,, 

with temperature (schematic) 
F-i ~ I I ~ C  1 . Ccl 1 21 065. 11 1 . Scllc?lr;lt'lc: tc11lpcr:lttlrc v;lr:i at.ion o.f photo~:;t!!;ic i t : l r ~  

;~ntl  sllo.rt-c .i r c ~ ~ i  t crlrrcnt llntlcr AF41. cxc j  tat. ion . 



j a t  l i q u i d  ,n i t rogen. temperature a  l i t t l e  above o.ne-half i t s  o r i g i a l  va lue.  :. 

V a r i a t i o n  o f  G/A i s  q u i t e  d i f f e r e n t  f rom t h a t  o f  C IA ,  and r i s e s  f rom about .85 

mS/cm2 a t  room temperature t o  1.07 mS/cm2 a t  260K, f a l l i n g  t o  .41 mS/cm2 a t  

130K, and then r i s i n g  sha rp l y  t o  about 1.3 mS/cm2 a t  ,. 1  i q u i d - n i  t rogen temperature. 
! 

, F i gu re  2  shows. t he  same da ta  f o r  C A M ~ / A ,  a long w i t h  capaci tance behavior  . 
under b l u e  l i g h t .  The observat i ,on t h a t  t h e  extrema a t  85 and 223K under AM1 

I 

! a re matched p r e t t y  c l o s e l y  under: b l u e  1  i g h t ,  i n d i c a t e s  t h a t  t h e  capacitance 

I .  v a r i a t i o n  i s n o t  s t r o n g l y  wavelength dependent. 
. . 4 

I 

I V a r i a t i o n  o f  C w i t h  V i n  t h e  dark a t  room temperature i s ;  as expected, 
I 

i ve ry  slow. I t  i s  no t  q u i t e  as slow as l i q u i d  n i t r ogen tempera tu re ,  and the  

I 
I f o l l o w i n g  e f f e c t i v e  donor d e n s i t i e s  can be est imated f rom s lopes o f  ( A / c ) ~  vs. 
. . 

V p l o t s :  . ,  
. . 

However, i t  i s  poss ib le  th.at a  steady s t a t e  was n o t  achieved a t  t he  lower 

temperature, and t h i s  would r e s u l t i n  an u n r e a l i s t i c a l l y  h i g h  va lue o f  ND*. 
. . 

F i gu re  3  shows t ime decay o f  t h e  capacitance .at  6  temperatures.  .A l though 

i decay r'ate increases as temperature goes f rom 77.5K t o  190.0K, , i t  i s  no tab le  
. . 

. . 

t h a t  t h e  incredse i s  n o t  n e a r l y  as r a p i d  9s would be expected f o r  a  
I ,  

i n v o l v i n g  an ene.rgy l e v e l  f a r  above t h e  valence. band ( a  "deep l e v e l u ) .  Decay 
. . 

I o f  G / A  appeared qua1 i t a t i v e l y  s im i  l a r ,  and no a n a l y s i s  o f  t h i s  has been attempted. 
I 

I Hole t r a p s  i n  t h i s  system c o n s i s t  o f  i m p u r i t i e s  d i f f u s e d  i n t o  t h e  CdS 

from t h e  Cu2S du r i ng  heat  t rea tment (2 ) .  Over a c e r t a i n  range o f  X, t h e  d i s tance  



, . iL 7u.l ,. c . 2 .  , . . Cel l  21065'. 11 1. T e ~ a p e r a t ~ ~ r e  v n r i n t  ion o f  IEC80.307 
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. Figure '3. Cell 21065.111. : Time decay at six temperatures of 'photocapacitance, ' , . 

aft'er shutting .off blue light at t = 0: . 
. 

lEC80304 
. . 

. . 



f r om t h e  j u n c t i o n  i n t o  the,CdS, ho le  t r a p  concen t ra t i on  NT may vary .as  .er fc  ( X )  

o r  some o the r  r a p i d l y  v a r y i n g  f l inc t ion .  Howev'er, wc can. assume t h a t ,  a f t e r  

, heat  t reatment  as ex tens i ve  as used here; NT i s  un i f o rm over  t he  range o f  
! 

i n t e r e s t  o f  X .  I t  i s . f u r t h e r  assumed t h a t  t h e  ho le  t r a p s  are acceptors - 
t h a t  i s ,  they  are  n e g a t i v e l y  charged when the  system i s  i:n e q u i l i b r i u m  ( i n  the  . . 

da rk )  and uncharged when they  c o n t a i n  trapped holes. 

The ob'served weak ten~pera,ture deperldence o f  t h e  capaci tance decay r a t e  
! 

i ,  
.: s t r o n g l y  suggests t h a t  a  mechanism i s  a c t i v e  o t h e r  than thermal emission f rom 

i 
I , . 'the . i m p u r i t y  l e v e l  t o  t he  va lence 'band ,of  t h e  CdS. The f o l l o w i n g  t reatment  o f  

v a r i a t i o n s  o f  PT, t rapped ho le  dens i ty ,  i s .  based o n l y  on a  temperature dependent 

decay c o e f f i c i e n t  ep, w i t h o u t  any assumptions concerning t h e  na tu re  o f  t h e  

. decay mechan.ism. S p e c i f i c a l l y ,  t unne l i ng  w i t h  o r  .w i t hou t  h igh  f i e l d  e f f e c t s  

i s  n o t  r u l e d  ou t ,  except  where we.assume a  p a r t i c u l a r . t e m p e r a t u r e  dependence 

o f  e,,, i n  equat ion  ( 1 7 )  and the  c a l c u l a t i o n  o f a E ~  a n d r p .  
1, 

Under i l l u m i n a t i o n ,  ho les  i n  CdS are generated and t rapped a t  r a t e  G and 

r-ecumbir~e a l  rdCe epP,p.  Tlius tlir n e t  inci-eases per  second a t  any 
, . 

I f  P T  reaches a  s t e a d y - s t a t e v a l u e  o f  p iO,  and t h e  i l l u m i n a t i g n  i s  then tu rned 

o f f  so t h a t  G = 0, t h e  concen t ra t i on  remain ing a f t e r  t i m e  t i s  . 

where t h e  X dependence i s  e x p ' l i c i t l y  i nd i ca ted .  
. . 



. . , 
' . I n  most e a r l  i e r  s tud ies  o f  capacitance t rans ien ts ,  (5-10) i t  has essu~~~ed 

. . 
' 

t h a t  e i t h e r  C o r  c 2  va r ied  l i n e a r l y  w i t h  PT, so tha t ,  w i t h  C. = C,;at long"  ".  

t imes, t he  q u a n t i t y  C - C, o r  ~2 - c,Z approached zero exponen t ia l l y .  That 

' . . ' t h i s  t ime dependence i s  n o t  experienced i n  the  'present  experimen't ' i s  shown i n  

F igu re  4, s ince  t h e  da ta  do n o t  produce s t r a i g h t - l i n e  p l o t s .  The t h e o r e t i c a l '  
. . 

.. ana l ys i s  which f o l l o w s  shows t h a t  s t r o n g  o p t i c a l  'absorpt ion i n  CdS causes 
. . 

t rapped holes t o  be concentrated main ly  very  ne'ar the  Cu2S-CdS junct i ,on, and 
. - 
! t h a t  t h i s  leads t o  a d i f f e r e n t  r e l a t i o n  of. C t o  PT. 

I 

. . 

. .. ~ e p l a k e  G i n  equat ion (1 )  w i t h  aBff, where a i s  the  absorp t ion  c o e f f i c i e n t  

f o r  photons a r r i v i n g  a t  r a t e  Oef f ,  which are " e f f e c t i v e "  i n ' g e n e r a t i n g  holes 

! 
t o  be trapped. A t  X = 0 and at i t e a d y  s t a t e  where d p ~ / d X  = 0, equat ion (1)" 

th,en becomes: . . 
i 

. . 

W i th in  the  deplet i ,on region;O < X < w, t h i . s  can 'be replaced by: 

a 9  
e f  f 

PTO (X) = PTO (0). exp ( - a x )  = - exp (-ax) ( 4 )  
P . . 

where. the  exponenti a1 dependence o f  absorpt ion has been used. Thus 

P i  (X, t )  . P T O  ( 0 ) e x p  ( -  uX) exp ( -ep t )  

- a' e f f  - -  exp ( -  a ~ )  exp ( - e p t )  
P 

. . 

charge dens i t y  under i l l u m i n a t i o n  i s  thus Nb - NT + PT (X), shown ' , . . 

I 
i schemat ica l l y  a t  t he  bottom of F igure  5. Here ND and NT are, r e s p e c t i v e l . ~ ,  t h e  

d e n s i t i e s  o f  donors and acceptors i n .  CdS. The maximum PT (0).  i s  NT; al though 
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~ i g u r &  5. . P a r t i a l  energy band diagram ' and charge-dens i ty  d i s t r i b u t i o n  (schematic). 

' 

i n  C ~ S  o f a  CCIS /CU~S c e l l ,  shoring t r a n s i t i o n  from AMI e x c i t a t i o n  u n t i l  t = o IEC80311 
t o  s teady  s t a t e  2n t h e  dark a s  t+=. The conduction band edge i n  compen'sated 
cds  p u l l s  ,up -from t h e  Fermi l e v e l  a t  E a s  t h e  n e t  f i xed  p o s i t i v e  charge dens i t .y  . . 

1 '. 
. . from N ; NT+ Pfo ( X )  a t  t = 0 t o  ND - 6T a s  t+#, i nc reas ing  dep le t ion  wid i th  from w ( 0 )  t o  u (-1. D - .  



much smal le r  v a l u e s . a r e  poss ib le  - f o r  example, o n l y  one o f  several  acceptors 

may be ab le  t o  t r a p  ho les .  The upper p a r t  o f  F igure  5 shows the  e f f e c t  on, the  

conduct ion band of t h e  decay of PT. Not ice  t h a t  t h e  Fermi l e v e l  EF ad jus ts  i t s  

l o c a t i o n  t o  ma in ta in  zero n e t  charge f o r  X ? .w.  

As usual,  we assume acceptor d e n s i t y  i n  Cu2S t o  be so l a r g e  t h a t  i t s  

~ o n t r i b u t i o n  t o  the  d e p l e t i o n  l aye r  w id th ,  w and t o  t h e  t o t a l  vo l t age  drop ~6 - V 

. i s  n e g l i g i b l e .  Then Poisson's .  equat ion 

g ives  upon i n t e g r a t i o n  the  e l e c t r i c  f i e l d  w i t h i n  the  d e p l e t i o n  reg ion :  

A second i n t e g r a t i o n  g i ves  t o t a l  vo l t age .d rop  across t h e  d e p l e t i o n  reg ion :  
I I 

where V D  i s  d i f f u s i o n  vo l tage.and V i s  t he  e x t e r n a l l y  app l i ed  b i a s  vol tage.  
I 

! So lv ing  f o r  t he  ( t i m e  dependent) ho le  dens i t y  a t  t h e  j unc t i on ,  and c a l l i n g  w, 

. ' t h e  depl 'e t ion w i d t h  a t  long time, where f -+ and G ( 0 )  -+ 0, we ge t  
! 

Th is  i s  r e l a t e d  t o  capaci tance by  t h e  usual equat ion: 

C E O  C E O  W = -  and w, . = 
C I A  ' Cw /A 

where C, i s  .s'imply t h e  capacitance i r i  the. dark. 



. Two l i m i t i n g  cases, f o r  weak and st rong absorpt ion, may be d i s t i ngu i shed :  

1 )  For weak .absorp.t'ion, aw < <  1, 'where ho le  t rappi r ig  , i 's  allilost constar i t  over t h e  

dep le t i on  reg ion .  one r e t u r n s  t o  t h e  fami ,  i a r  r e s u l t s  f o r  t he  a b i u p t  j unc t i on .  
. 

. . . , 

w i t h  constant  charge dens i t y :  . . 
. . 

q  C E O  

[ND - NT + PT (O')] ( c / A ) ~  v g - v  = -  
2  

The l a s t '  equat ion would p r e d i c t  s t r a i g h t  l i n e s  i n  a p l o t  o f  t he  type o f  F igure  4, 

i n  case absorpt ion was weak enough:for PT t o  be un i fo rm over the  dep le t i on  region.  

2 )  F o r  s t rong absorpt ion, o w  (il, where ho le  dens i t y  a t  t h e  edge, o f  t h e  d e p l e t i o n  
. . 

r eg ion  has dropped almost. t o  zero, . . 
. . 

Fi 'gure 6 shows photocapacitance decay p l o t t e d  according t o  the  l a s t  equat ion 

as 1  n  [PT (.0)/e2] vs t, f o r  c = 10, V D  = .75V.. The observa t ion  t h a t  t he  da ta  ': 

c l o s e l y  f i t  s t r a i g ' h t  1 ines  supports t h e  i n t e r p r e t a t i o n  proposed here, t h a t  

e x p o n e n t i a l l y  decaying trapped ho le  densi ty .  PT ( X )  = P T ~  ( X )  exp ( -ep t ) ,  i s  
I 

r e l a t e d . t o  decaying photocapacitance by j u n c t i o n  theory  which takes i n t o  ,account 

I ( .  

a  f i n i t e  absorpt ion l eng th  a-l.' 



Figure  6 .  Same da t a  a s  i n  F igure  3 a t  f i v e  lowest temperatures .  Semilog p l o t  
' of t ime v n r i n t  ion of rcduccd tr9ppcd ho le  d e n s i t y  a t  t h e  

: junction, p ropor t ion ;~ l  t o  1/C, - 1/c2. IEC80320 

. . 



: . 

Table 1 g i ves  s lopes and c o e f f i c i e n t s  o f  de te rm ina t i on  f o r  each temperature.  

'1 E q u a l l y  good s t r a i g h t  1 i nes  can be o b t a i n e d  by  p l o t t i n g  t h e  da ta  accord ing  t o  

t h e  exact . .express ion f o r  PT (0 ) ,  e q u a t i o n  (9 ) ,  p rov ided  t h a t  a i s  a d j u s t e d t o  a  

h i g h  enough va lue.  That ' i s ,  i f  u i s  s e t  lower  than  5  x  105 cm-1, t h e  da ta  f o r  
! 

7 7 . 5 ~  ( f o r  example) produce a  p l o t  o f  i n  [PT (0)/u2.] vs t w i t h  n o t i c e a b l y  
. . 

, 
' decreas ing abso lu te  va lue  of s lope, s i m i l a r  t o  F i g u r e  4. I n  c o n t r a s t ,  when u , 

. . 
. reaches 5 o r  6  x  l o 5  cm-l, a  s t r a i g h t  l i n e  r e s u l t s  i n d i s t i n g u i s h a b l e  i n  s lope  

f rom t h a t  i n  F i g u r e  6, which: corresponds- t o  ' a  = ?. .The reason i ' s  t h a t  t h e  . . 

. minimum d e p l e t i o n  w id th ,  a t  t h a t  temperature i s  w = 14 pm, s o  t h a t ,  f o r  u - 5  x  

10-5 cm-1, t h e  denominator o f  equa t ion  ( 9 )  i s  ve ry  c l ose  t o  u n i t y .  
, 

TABLE 1 

, S t r i a g h t - l i n e  F i t s  t o  Curves i n  F i g u r e  6  

. . 

' p r o  ( 0 ) b 2 .  P r2,. . ' .  

( i . j  . '  
= interc?pt 

= s l o  e  
(106 cm-. ) (sec-7)  ! 

. . Thus, a  va lue  o f  a about 8 t imes  t h e  maximum va lue  measured by ~ u t t o n ( l l )  

i n  p u r e . s i n g l e  c r y s t a l s  o f  CdS i s  r e q u i r e d  t o  f i t  t h e  data.  The d isc repancy  may 

r e s u l t  f r om t h e  presence here . o f ,  an o v e r l y i n g  1  ayer o f  Cu2S' o r  from t h e  



p o l y c r y s t a l l i n e  n a t u r e  of  t h e  CdS. Also, some of t h e  ho1.e gene ra t i on  i n  CdS may 

r e s u l t  ' f rom t r a n s i t i o n s  i n v o l v i n g  Cu i m p u r i t y  l e v e l s  i n  a d d i t i o n  t o  band-to-band 

t r a n s i t i o n s .  O r ,  t h e  f a c t  t h a t  t u n n e l l i n g  i n  s teady-s ta te  c o n d i t i o n s  may decrease 

PTO f o r  v e r y  sma l l  X may produce an e f f e c t  a' > a. 

U s i n g  a = 6 x  105 cm-l, E = 10, and C i  = 0, a  maximum va lue  f o r  PT,(O) i s  

obta ined,  f r om equa t i on  (16 )  o f  - 3 x  1018 cmm3. T h i s  i s  l a r g e r  by  a  f a c t o r  o f  

- 10 than  t h e  va lue  ob ta i ned  b y  ~ u l l  i van (12 )  f o r  t h e  s o l u b i  1 i t y  o f  Cu i n  CdS a t  

1700C. T h i s  may p o i n t  t.o h n l a  t r a p p i n g  by  olechanisms more compl i ca ted  than  

those  caused b y  t h e  presence 01: Cu i ~ i ~ ~ u r i t i e s ,  n r  miy come f rom t h e  same e f f e c t  , 

.as t h e  apparent o v e r e s t i m a t i n g  o f  a . . ' 

I f  l o s s  o f  ho les  i s  b y  thermal em iss ion ' f r om a  l e v e l  i n  t h e  band gap o f  CdS 

t o  i t s  va lence band, t h e  slow temperature v a r i a t i o n . o f  d e c a y - r a t e  i m p l i e s  t h a t  

t h e  l e v e l  must be much sha l lower  t han  expected. Such a process would depend on 

1 , where o p . i s  c a p t u r e  c ross-sec t ion ,  <Vp> i s  thermal v e l o c i t y ,  p r o p o r t i o n a l  t o  

T1/2, 'and Ny i s  d e n s i t y  o f  s t a tes ,  p r o p o r t i o n a l '  t o  ~ 3 1 2 ,  a1 1  " f o r  ho les  i n  t h e  

I va lence  band, g  i s  a  degeneracy f a c t o r ,  and' A ET = ET - EV i s  t r a p  depth measured 

f r o m  t h e  band. 
. . 7  

I n  F igu re  7, i n  ( ~ - ~ e ~ )  i s  p l o t t e d  i n  t h e  usual  way aga ins t  1/T. From t h e  

s l ope  of  a  s t r a i g h t  l i n e  f i t t e d  t o  t h e  da ta  f o r  t h e  5  lowest  temperatures, we 

o b t a i n  AET = .038 cV, If t h e  e f f e c ' t i v e  mass 'o f  t lo les ' i r i .  Lht! v a l e r ~ c e  band i s  

f i v e  t imes  the, f r e e  e l e c t r o n  mass,(14) we ge t  up - 2 x cm2. T h i s  i s  much 



pipre  7 ,  . semilog plot o f  T - ~ .  e vs  1 /T,  u s ing  Slopes o f  s l r a i g h f  
l i n e s  i n  Figure 6 .  andPat T = 293K. S t r a i g h t  l i n e  f i t t e d  IEC803 19 
t o  . f i v e  r ightmost  p o i n t s .  ' 

. . 



i 
sma l l e r  than expected, e s p e c i a l l y  f o r  a  shal low l e v e l .  The d iscrepancies i n  AET I 

. . 
! 

and op make i t  u n l i k e l y  t h a t  t h e  mechanism invo lved i s  s imp ly  thermal e x c i t a t i o n  1 

i 
' . f rom' an i m p u r i t y  s t a t e  t o  t h e  valence band i n  CdS.' I t  i s  emphasized t h a t '  t h i s  ! 

! 

does n o t  compromise t h e  observa t ion  o f  decay t imes s l o w l y . v a r y i n g  w i t h  temperature, 
I 

whether accord' ing'  t o  F igu re  3, 4, o r  6, nor  t h e  , l i k e l i h o o d  t h a t  decay i s  p r i m a r i l y  j 

b y  a  s i n g l e  r a t e - 1  i m i t i n g  step, as i n d i c a t e d  by  the  1 inea r . i t y  o f  t h e  p l o t s  i n  

F i g u r e  6  and Table 1. 

One migh t  specu l$ te  t h a t  ho les  gene r i t ed  i n  t h e  c ~ S '  cou ld  be. i n i t i a l l y  

t rapped i n  a deep s ta te ,  a f t e r .  which they  r e l a x  r a p i d l y  t o  a  s t a t e  .038 eV above ! I 

t h e  valence,band. If the  l a t t e r  s t a t e  had a  ve ry  low cross'-sect ion, i t s  r a t e  .. 
! 
I 

i 
f o r  t r a n s i t i o n s  t o  t h e  valence band cou ld  va ry  s low ly  w i t h  temperature. 

L 

A more probab ly  mechanism i s  tunne l ing .  Since the  r e g i o n  o f  ho le  t r a p p i n g  

i s  v e r y  t h i n ,  o f  t h e  o rde r  a -I, t r a n s i t i o n s  i n v o l v i n g  t h e  valence band o f  t h e  

Cu2S seem poss ib le .  According t o  e q ~ r a t i n n  ( I f i ) ,  t h e  e l e c t r i c  f i e l d  a t  t h e  junc t i 'on  

i s  . . - 7 x 105 V/cm, and t h i s  m.ight be ab le  t o  produce h i g h - f i e l d  e f f e c t s  - t h a t  

i s ,  t rapped ho les  i n  the  CdS cou ld  p u l l  f r e e , e l e c t r o n s  f rom t h e  Lu2S. Note t h a t  

.the p resent  model p r e d i c t s  a  dependence o f  .5 on . C  q u i t e  d i f f e r e n t  f rom t h a t  

i n ( 4 ) ,  so t h a t :  e l e c t r i c  f i e l d  i s  expected t o  have a i l i g h t l y  s t ronge r  e f f e c t  on 

c o l l e c t i o n  e f f i c i e n c y ,  b u t  t o  vary  much more s low ly  w i t h  i 1 l ~ m h a t i o t - i  i n t e n s i t y .  

- a .. 
temperature v a r i a t i o n  o f  photocapacitance, as shown i n  F igures 1 -and 2, i s  

p robab ly  a1 so a m a n i f e s t a t i o n  o f  o p t  i , ca l  absoopt ion i n  CdS., ~ u t t o n (  l l )  f i t t e d  

t h e  temperature v a r i a t i o n  o f  a in -CdS a t ' d i f f e r e n t . e n e r g i e s  o f  absorbed l i g h t  

hu<  Eoo w i t h  the' fo rmu la  

B 
a = a0 exp [ -  



... - - 81 - . . 
. . .  

. . 

! 
where E,, i s  the  band gap . a t  T  =' 0, k i s  Bol tzmann's constant,  and a,, B , ,and C 

are adJustable parameters. Using equat ion ( 1 7 )  for ep, we f i n d t h a t  P T ~  ( v )  =, ' 

. . a k f f / e p  has a  minimum a t  . . , , 

Tmin ' [B(Eoo - hv)  - b E ~ ] / 2 k  
. . 

. ' (19) 
. . 

I . Since C incr.eases w i t h  PT, one.would expect a  minimum .i.n C also, above. . . '  

which temperature PT would incre,ase because a'f increas ing  absorpt ion, 'and be1 ow 
. . 

which temperature PT would. increase because o f  decreasing decay rate. .  The minimum 

i n  C a t  223K would l i e  between these. 
. . 

The. photocapaci tance decay experiments r e p o r t e d  here supbort t he  importance 
. . 

of .  s t rong o p t i c a l  'absorp t ion  i n  CdS t o  the  curren! c o l  l e c t i o n  e f f i c i e n c y  ,o f  t h e  
. . . . 

CdS/CuzS c e l l .  The o p t i c a l  absorpt ion model p r e d i c t s  exponent ia l  decay o f  ..' 

' ' (l/C, - 1/c2),  and t h i s . .  i s  i n  f a c t  observed, r a t h e r  than exponent ia l  decay .of 

~2  .-.~,2 p red i c ted  by o the r  models. 

It appears t h a t  a  s i n g l e  r a t e - l i m i t i n g  process i s  a c t i v e  over t h e  temperature 

range studied, a l though i t  i s  n o t  c l e a r  what t h i s  process i s .  Decay r a t e  v a r i e s  
i 

much yore  s low ly  w i t h  temperature than an t i c i pa ted . .  Th i s  means t h a t  i f  the  

decay process i s  s imply thermal emission t o  the  valence band o f  t he  CdS, the  

t r a p  ener'gy must be very shal low and t h e .  c ross-sec t ion  extremely smal l .  The 
'. 

poss ib i  1  i t y  o f  o ther  processes should be inves t iga ted ,  e s p e c i a l l y  c ross - j unc t i on  
. . 

tunme1 i n g  o f  ,holes from t raps  i n  the  CdS t o  the  valence band o f  t h e  Cu2S. 



The o p t i c a l  a b s o r p t i o n  model a l s o  p rov ides  a p o s s i b l e  exp lana t i on  f o r  t he  

s t r o n g  minimum'observed i n  photocapaci tance a t  223K and f o r , s l o w i n g  i t s  inc rease  

a t  lower  temperatures.  E l e c t r i c  f i e l d  i s  expected t o  be s t r onge r  than  p r e d i c t e d  

by  o t h e r  models, and t o  be l e s s  d i r e c t l y  coupled t o  capaci tance.  
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2.  S o l u t l o n  Crnrm CII S 
L;arnlnated Cr Id 20 0.51 b9 7 .  I 
Fxp. O?ccrnlrvr 1915 10. I 0.50 68 h.R 

3.  l l y b r l d  C r l d  2 3 0 . 5 1  71 8 . 3  
Fxp .  . l u l y  I976  21 .I 0.50 2 2 . 6  7.77 

6. Evapora ted  C r i d  + AR ?5  0.51 7 3 9 . 3  
Exp. May 1977  2 5 0.515 66.9 8.55 
Eup. Apri l  1978 2 4 . 8  0.516 71.4 9.15 

5. P luwar  Lru IctYrl A l l  PS 0.55 73 10 . J  
(Cu S-Solid S t a t e  
~ o f r n n r  i o n )  ? 7 0.55 7 6 1 1 . 3  

* ~ a l c u l a t i o n s  are  based upon nn assurneJ AM1 l n t r n s l t y  o f  100 ml.'lco12 and  
Expvr imrnr.11 J v n l u v s  l > . ~ v t  t d ~ n  ~ , r o r . a ~ v d  I l n r .n r ly  l u  100 mVIcm I n ! o ~ n r i t  y. 

5'' 

I 

of some of  the loss nlechanisms, it is possible to  identify the 
major losses limiting tllc n~agr~i tude  of  the short-circuit cur- 
rent (J,,), open-circuit voltage (Voc), and fill Factor (FF).  

Application of the loss minimization methbd has led to  the 
systematic development of  CdS/Cu2S cells with conversion 
efficiencies of 7 .77 percent in 1976 [8] and 8.5 percent in 
in 1977 [9] (Table I). However, unexpected losses in fill 
factor prevented the latter cell from rcaching its calculated 
limit o f  9.3-percent efficiency. 

I n  this paper, we report the improvements in cell processing 
and analysis which led t o  the development of thin-film poly- 
crystalline CdS/Cu2S ceUs with terrestrial energy conversion 
efficiency in sunlight of  u p  to  9.15 percent. Further analysis 
indicates that significant improvements in open-circuit voltage 
as well as contintrcd i t r ~ p r o v e ~ ~ ~ c ~ ~ l s  i l l  sl~ort-circuil currc~l l  and 
1\11 t'actor.c:~u Icad tu tlic clcvclt)p~~le~it of  a CLIS/CLI~S thin- 
lil111 solar cell with an energy co~~vers ion  efficiency in excess of  
1 0  percent. 

The design and fabrication of  the CdS/Cu,S cell were ini- 
tially developed by the Clevite Corporation [5] and further 
developed b y  the Institute of Energy Conversion by the appli- 
cation of t h e  loss minimization method [7] -[9] . Cells are 
fabricated using a 7.5-cm by 7.5-cm substrate of electroformed 
copper, approximately'25 p m  thick, which is plated with 0.1- 
0.4 p m  o f  Zn.  CdS is vapor deposited o n t o  the substrate held 
at  220°C, from a graphite source at  a temperature o f  - I  1 0 0 " ~ .  
The CdS layers obtained arc typically 3 0  pm thick, with 5-pm 
grain size and 1-1 0 - R  . c m  resistivity, altliough cells have been 
made with thickness ranging from 8-50 p m .  After cutting into 
3.8-cni by  2.5-cm pieces and etching the CdS in hydrochloric 
acid, a heavily textured 1ight:trapping C u 2 S  layer about 
1000 A thick is topotaxially grown by reaction in a cuprous- 
ion solution. T11c top electrical cont;~ct is fornlctl by cvallo- 
rating a highly t r a r ~ ~ ~ l ~ i t t i r ~ g  (--9O-pcrcc11t) Au gritl o111o tllc 
Cu2.S si~rl':~cc. l ~ i i ~ ; ~ I l y ,  ;~l.tcr cut ti^^^ i l l t o  I - C I I I ~  cells. : I I I  : I I I ~ ~ -  
' rc l lccl i~~g Si02 cl~t;~rlcr-w;~vc coatilrg is valwr dcpositcd. Fur- 

tllcr details pertaining to ccll L~brication arc givcn elscwl~crc 
[ g l ,  [ l o ] .  

Tllc loss min i~~l iza t io r~  nlc{l~otl ~lscd to clcvclol> the prcscnt 
cell Jcsigl~ a11d I'a b r i c a t i o ~ ~  procc>s is b;~scd 011 a d c ~ a ~ l c d  a~laly- 
sis of the photon and carricr losses at cae11 stage of  the 
absorptio~~-gcr~cratio~\-collcctio~~ sequellet.. Tlie cell in use in 
1975 (design 2,  Table I )  Iiad a grid ; I I I ~  c~lcapsulant structure 
nlade by bollding a prcformcd gold-platcd copper grid of  8 1 - 
percent trallsparency illid a protective plastic cover onto tllc 
Cu2S,  causing a J,, loss of 26 pcrccnt. Thcse losses were 
initially reduced by the devclopmcnt of  a new top coiltact 
combining a vapor-deposited current-collection g r ~ d  w ~ t h  a 
second bonded grid to yicld a 1 0 - p c r c e ~ ~ t  decrease in grid 
shading (design 3). As a result of tlie above change, an in- 
crease in J,, from 20.1 t o  2 2 3  r n ~ l c r n '  and an increase in 
clliciency t'rom 6.8 t o  7.8 prrcellt welc acl~izvrd ill July 1976 
(Table 1). 

Loss analysis showed that further improvc~ncnts resulting in 
cl'ricicncics u p  to  9.3 perccnt could bc acllieved by developing 
a11 211 vilpor,dcpositcd 11igll-truns1ni33ion grid and a singleslayer 
antireflection coating to incrci~sc thc short-circuit current 
density (design 4). Further gains in J,, from 22.3 t o  25.1 
mA/cm2 were obtained in March 1977 wit11 the ncw top sur- 
lice technology (91. Howcver, the achieved 67-percent FF 
was substantially below the l in~ i t  for thus cell, thus limiting the 
efficiency t o  8.55 percent. Analysis of fill .factor losses for 
that cell design led to  the identification of three types of 
losses: 1) rield dependence of the light-generated current, 
2) serics resistance, and 3)  s l ~ u n t  conductance. Tlie magnitude 
o f  the various losses has been cstimated [7] using typical 
values of the cell parameters yielding a design limit of  73  per- 
cent for the fill factor. 

While the above analysis providcs a good estimate of  the 
arhicvablc rill factor for a ~ i v c n  cell dcsign, tlic minimization 
01' lill I'lctor losscs for ;In in~livitlual cicvicc ~.cq\!ircs t l ~ c  Inca- 
silrc~nclit of ciich separate loss colllpollerit bcfore corrective 
act ior~ can be taken. The techniques used in this work t o  sepa- 
rate, quantify, and reduce losses at the maximum power point 
will lruw Ire J e ~ ~ l i I r c d .  

Several models have been proposed to explain the behavior 
of  the CdS/Cu2S cell [ l  11 -[14] .  The. development of high- 
efficiency CdS/Cu2S cells at the Institute of  Eneigy Conver- 
slon hus bccn ~u~cc33fi111y guidcd sincc 1376 by tile c o i ~ s ~ s t t ~ ~ t  
application of the i ~ ~ t c r f a c e  recombination model [1.5] . Tlte 
current-voltage relation h;isetl on i\ generalized superposition 
principle [IG] is given by 

J = Jo {exp [q (V - JAR,)/KT] - 1 ) 

+ (Gsh/A ) ( - - J~ ( V, 

where Jo is the saturation current .density, q the clectronic 
cl~argc, R, ; ~ n d  C;,Il t l ~ c  scrics rcsist;~rlcc a1111 s l ~ u i ~ l  con t l~ lc t ;~ l~cc  
ol' t l ~ c  ccll, a ~ ~ d  A is I I I C  cell ;II.C:I. ' 1 ' 1 1 ~  l i g l ~ l - ~ ~ ~ ~ c r ; ~ I ~ d  c I I r rc~~t  
d c ~ ~ s i t y  . I I ,  is givc~r by 

Jl, ( V )  = J 1 . 0 ~ 2  I*; l(1-12 1.; + 15-1 (2) 



Fig. 1 .  Equivalent circuit rcprcscntatinn for tllc CdS/Cu2S cell. 

where JLO is tlie currcnt i~icident on  the junction from 'the 
C u 2 S  side, p,. the electron mobility iii CdS, I;; the electric 
field at the junction, and Sf tlie interface recombination 
velocity. 

A. Resisrivc Losses 

In order t o  separately measure the contributions from series 
resistance and shunt cor~ductance t o  fiil F~c tor  losses, the 
CdS/Cu2 S cell was modeled by an equivalent circuit with 
lumped parameters representing resistive losses, diode proper- 
ties, and photocurrent generation (Fig. 1). In addition t o  
interface recombinatio~i, otlier meclia~usrns in the cell (e.g., 
CdS photoresistance, coritact resista~ice, shunt diode, and Cu2 S 
sheet-resistance effects) are voltage dependent and cannot be 
represented by co~ist:int, lumped circuit elenier~ts. If their 
magnitude is small, however, linearization leads to  an accurate 
approximation with a current-voltage relatiori in the form of 
(1). By writing tlus equation at  open-circuit voltage, sliort- 
circuit current, and maxirnurii power and using the relation 
(dJ/dV)mp = Jmp/Vmp, vali? 4.1 maximum puwer, a system of 
four simultaneous equatioiis is obtained: If V,,, J,,, V,np, 
arid J,np are obtained from thc I-V cliaracteristic of the cell, 
this system cJn be solved numerically for J o ,  J1,, R,A, and 
G,,,/A. For high-efficiency CdS/Cu,S cells, a s in~plc diode is 
present 'with 'a diode factor of  1, and I- V valucs obtained from 
(1) using the equivalent parameters thus calculated fit the mea- 
sured curve well (see Fig. 4). The lit i sexac t  a t  open circuit, 
sliort circuit, and maximum power. 

Calculated values of  the fil l  factor for various values ofR,A 
and Gsh/A for typical values of J, = 7 X lo-' r n ~ l c r n ~  and 
9 mA/cm2 < J L  < 27 r n ~ / c r n ~  are shown in Fig. 2. Analysis 
shows that in order to  achieve FF> 7 0  percent one must have 
R,A < 2 a . cm2 atzd Gsh/A < 2 X 1Oe3/a  ;2 ccm2. . A cell 
optimization procedure which is described below was used to 
dcterniinc appropriate heat treatments to correct either ex- 
cessive series resistance or  shunt conductance. The priniary 
contribution t o  R, has been shown to arise from the sheet re- 
sistance of the Cu2S layer. . A  reducing heat treatment such as 
is needed t o  increase the short-circuit current, concurrent,ly 
increases the Cu, S resistivity to  maximum value -lo- '  i-2 . cnl. 
Cornputation using published analyses for optirnurn grid 
spacing [17j shows tliat a 32-line/cni grid should produce an 
RsA contribution of  0.8 i-2 . cni2 for Cu, S thicknesses o f  
lo-' crn. Measurcnic~~ts  on  actual cells indicated tliat otlier 
factors such as grid iniperfcctions and c.o~itributions froni the 
CdS depletior1.1ayer were increi~singK,A above the anticipated 
values. Accordingly, bushars perpendicular to the main grid 
line were added t o  give a degree of current path redundancy, 
and tlie tliickaess of  the gold grid lines was increased froni 2.5 
to 5.O.pm. The CdS contribution was rnilii~nized by not ,ex- 

Fig. 2. Glculatcd values o f  the f;ll factor for the equivalent circuit 
rcprcsentation o f  the CdS/CuzS cell. 

ceeding a total heat-treatment time (nornially at  170°C) of 
approximately 150 h ,  thus avoiding excessive copper compen- 
sation of CdS. 

S o n x  cells showed a shunt conductance in escess of 2 X 
S2 . cm2 wliicll previous research 191 had identified as arising 
from direct contact between tlie gold grid and exposcd CdS. 
Heat treatment in a vacuum of 200  mtorr for 15 h a t  1 7 0 ' ~  
was effective in reducing tlie shunt conductance t o  acceptable 
values. Formation of either CdS04 or  CdO is a plausible : 

model for the elimination of the shunt conductance path by  
blocking the CdS/Au interface. 

B. Field-Dependetzt Losses 

If there is significant voltage dependence o f  the light gener- 
ated current, the effect on  the current-voltage behavior is 
manifest as a loss in fill factor. An on-line technique was de- 
veloped t o  separate junction field effects from purely resistive 
losses. In tlus method [18] currcnt-voltagc data are obtairied 
under i l l u ~ ~ ~ i n a t i o n  with either red- or blue-rich liglit of  in- 
tensity equivalent to  AMl.  Cells with substantial field- 
depcridcnt loss of  fill Factor (>3 percent) show a decrease in 
fill factor 2 1 0  percent upon red-rich illumination as com- 
pared t o  AM I. 

During this study it was found that CdS layers leading t o  
cells with minimal voltage. dependence could be obtained by 
careful control of growth conditions. The key parameter con- 
trolling this effect is F, (2) which depends on the density 
of  trapped I.ioles in the CdS junction region and eventually 
on  the defect structure of the as-grown CdS. A method of  
characterizing CdS becore the preparation of  cells was de- 
veloped based on photoluminescence at  77 K. Material which 
results in negligible voltage dependent JL shows strong exciton 
and green edge [19] luminescence at  488  and 5 2 0  nm. In con- 
trast, CdS leading to cells with marked field dependence shows 
only a broad band of luminescence at  about 6 2 0  nm. - . 

Application'of the above techniques t o  thc nnalysis of  fill 
factor losses in each individual cel1,'followed by the heat treat- 
rnents described, consistently yielded FFvalues of  &er 7 0  per- 
cent a t  peak efficiency. The procedures developed for the 
simultarieous optiniization of all factors controlling conversion 
efficiency will be described in what follows. 
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TV. CEI.I .  Q+TIIIII ZATION Call Optimizntinn 

I n  order t o  rnaxiniize ccll cl'licicncy scvcral design and pro- 
cessing cllangcs werc introduced. b ~ r s t ,  the tlllckness ul' t l ~ e  
~ ' l c c t r o p l ~ t c d  zir~c Ii~ycr scrvuig 3s 311 ollniic i . ~ ) ~ ~ t a c t  to the CdS 
was reduced from 0.4 to 0.1-0.2 pnl.  This resulted in an in- 
crcnse in the  reflectance o f  the brass formed a t  the surface of  
the substrate sheet by interdiffusion of  zinc and copper with 
shorter heat treatment [20] .  While the achievable J L  depends 
on  other  factors besides substrate reflectance, increases in cur- 
rent leading t o  a maximum o f  27.6 mA/crn2, prorated t o  
100-mW/cm2 intensity, were observed. 

A strong relation between JL and the C u 2 S  stoichiometry 
has heen observed [ 2 1 ]  and may result from minority-carrier 
diffusion length 1211 or absorption coefficient [22j, 1231 
changes. Heat treatments in a reducing hydrogen-argo~~ atrno. 
sphere have been previously used t o  achieve optimum-stoichi- 
ometry (8) .  11 was found, howcver, that a 16-11 hydrogen- 
argon treatment a t  1 ~ U " C  generally cau~ccl  unncccptuhlo 
increases in Gsh,A. ' Use o f  carbon monoxide i s  the reducing 
at~nosphcre was sho.wn to successfully achieve optimum stoi- 
chinmetry while mininiizirlg shunt losses. This effect might be 
due t o  the abser~ce of watcr among the reaction prnducts ot 
the Cu,S reductiqn by carbon monoxide. A heat treatment in 
carbon monoxide for 16 h a t  170°C was used prior to  the 
evaporation of the. gold grid lines t o  insure good contact and 
adhesion o f  the lines to  the Cu2 S layer. By promoting com- 
pensation o f  the CdS by copper d~i ius ion  atld goo11 Cu, 3 stbi. 
c h o m e t r y ,  this preheat trearmcnt r r l i ~ ~ i ~ ~ ~ i i e s  thc hnndling of 
the gridded'cell, thus avoiding the consequent grid damage. 

Based o n  the preceding analysis. a cell optimization flow- 
chart was developed and used t o  achieve cfficicncics over 9 
percent (Fig. 3). Gridded ccll's were heat treated at 170°C.in 
16-11 i n c r e ~ ~ ~ e n t s  until the open-circuit vullage and light- 
generated current exceeded the indicated limits. Busbars and 
the antircflcction coatings wcre then added and thc heat treat- 
ments continued until no improvement was observed in any 
equivalent circuit paranlctcr. Tllc type of 11cat tre;~tnlent Lu be 
give11 was selected according to thc shunt co~lducl:~nce. Ex- 
ccssivcly l~iglt S ~ I L I I I ~  C O I I ~ I I C I ; I I I C L ' ,  W;IS curctl by ;I 16-11 vaclrunl 
I1c;lt Irc;ItIlIclIl (I 11'-VI 1'1') ;11 1 70°<: ;111d LOO 111l01.r. I Ic;1I 
I ~ L ' ; I I I I I ~ I I I  W;IS ;it 5 0  111 lo1 . r  (1.1)-VII'I') for ;I I I I ; I I . ~ ~ I I ; I ~  S I I I I I I I  

kny Ceii A 
I I 

Tesl 

Un -finished Cel Is 

1:ig. 3 .  Flnwcl~nrt for cell optimization. (See text.) 

conductance. \Vhcn Gsh//i > 2 X 1 0 ~ ~ / ! 2  . cm2 reducing heat 
treatments at  170°C in carbon monoxide for . l 6  h were used 
to incre:lsz the light-generated current. Hydrogen-argon h e a t  
t,reatmeqtS at  1 7 0 " ~  for 1 h were occasioi-lally used after 
carbon monoxide to.obtain t'urther current increases witho~lt  
loss in fill factor. 

A typical optimization sequcncc for a high-efficiency CdS/ 
Cu2S cell and the equivalent yircuit parameters calculated 
after e;~cl, optin&ati6n step are +own in Table 11. Fig. 4 illus- 
trates the'effect of  the various heat treatments on the current- 
voltage characteristics of thc samc ccll. Calculated values 
using (1 )  and t,he col.responding parameters from Tablc 1 J I  
havc been plot~ccl as clots on curve I .  Fig. 4. TIIC good agrcc- 
111cnt.witl1 ~l~casurct l  v;~lucs indicalcs that high-cfficicncy CdS/ 
C I I ~ S  cells ;lrc wcll r c l ~ r c s c ~ ~ t c d  by rllc ~ ~ l o t l c l  usctl. 

I ) ~ I I . I I I ~  1 1 1 ~  cell o l ) ~ i ~ ~ ~ i ~ . ; i l i o ~ ~  c I ' I ~ o I ~ I  2 I5 cslls wcrc 111;idc 011 

1 0  s ~ ~ b s l r : ~ l c s .  OVCI. 75 ~ ) c r c c ~ ~ l  o l ' t l ~ c  cclls csccctlcil 5 - l i s r c c ~ ~ t  



... - 
680 All 505 21.0 72.6 9.27 1.11 2.69 21.1 7.0 

695 All .l92 21.5 72.1 9:24 1.14 2.51 . 21.6 . 11.9 

Treatmant 1rar.Tabla 21 - l",Ii01 ' - 1 --- LP-VHT -2 .---- CO-r4T - 3  '" --- CO-HT - 4  -.-- H21Ar-H - 5  

10.- 

Fig. 4. Effect of hear treatments on the current-voltage curves of cell 
680-A13. Curves 1 to 5 measured after l ) ,  2), 3), 7) and 8) (Table 
III), respectively. Calculated values are indicated by dots. 

efficiency before application of an antireflection coating, 
Fig. 5. Sixty five cells were then coated with a single-layer 
silicon monoxide antireflection layer. The resulting distribu- 
tion of efficiencies is shown in Fig. 6. Of the 65 cells, 92 per- 
cent exceeded 7-percent efociency, 72 percent exceeded 8- 
percent efficiency, and 11 percent exceeded 9-percent effi- 
ciency. These figures are for sunlight .efficiencies computed 
from simulator tests. Over 35 actual sunlight tests were con- 
ducted du ru~g  the cell oylirrlizaLion program to establish the 
relation between simulator. and sunlight efficiencies. 

The highest efficiency cell'as measured in direct sunlight was 
cell number 690 B13. 'This cell under a sunlight intensity of 
over 87 mw/cm2 achieved an energy conversion efficiency of 
9.15 percent. The current-voltage curve for this cell is given 
in Fig. 7. The heat-treatment sequence followed to achieve 
.nraxunum efficiency consisted of 1) one HP-VHT, 2) two 
LP-VHT, 3) one carbon monoxide heat treatment, 4) one 
hydrogen-argon heat treatment, and 5) six carbon monoxide 
hest treatments. Table 111 gives the performance figures for 
the seven, cells wllich exceeded 9-percent' efficiency as com- 
puted from the W-l sinlt~lator tests. , Climatic conditions ,pre- 
cluded testing all cells at their peak efficiency in direct sunlight. 

The separate contributions of the equivalent series resistance 

16 substrates 

. O  4.75< 5.0 55 6 0  65 7 0  7 5  8 0  (LS 9.0 
Efficiency 

Fig. 5. Histogram of the efficiency of 215 cells produced from 16 CdS 
substrates. 

Yield of cells processed 

with anti-reflection coating 

16 substrates 

6 5  cells . 

Efficiency 

Fig. 6.  Histogram of the efficiency of 65 antireflection coated cells 
produced from 16 CdS substrates. 

and shunt conductance to thk fil factor losses of cell 640-Bl3, 
measured at peak efficiency under sunligllt (Fig. 7), have been 
calculated using the equivalent-circuit represcntation. In Table 
IV; the calculated values are compared with the achievable 
values estimated for .this cell generation [7]. The discrepancy 
can be attributed to residual field effects included in R,A as 
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Fig .  7. Current-voltage curve of cell 690 B13 wit11 3 sulllight conver- 
sion eftlcicl~cy of' 9.15 percent. 

F i l l  Factor 

Shunt 
Conductence 

well as t o  the  uncertainty in estimating the C u 2 S  and CdS con- 

tributions..  ~ J r e  detailed measurements of the Cu2S sheet re- 

sistivity as well as Jl, ( V )  nleasurements can contribute t o  the 

separation o f  the above effects. 

T h e  application of  loss minimization techniques t o  specific 

designs of CdS/Cu2 S thin-film photovoltaic cells has success- 
fully identified those areas where design changes can lead to an 
improvement in energy-conversion efficiency. Based on this 

nlct l~od,  a flew tccl~nology t o  dcposit the top grid and AK 

coating or~to the Cu2S and new a11aIysis and processing tech- 

~ ~ i q u e s  io separately measure and min~rnize fill h c t o r  losses 
have been developed. This has led t o  reproducible improve- 

ment in demonstrated solar ccll efficiencies, nieasured in direct 

sunlight, from the original level of  6.8 percent achieved in 
Dcccn~bcr  1975 .to 9.15 p c r c c ~ ~ t  prcse~ltly rcportcd. 

Cclls o f  tllc present design arc believed to be' l i~nitcd t o  cffi- 

c i c ~ ~ c i c s  o f  ;1ho11t 9.3 l>crccl~l. Wl~ilc l l ~ c  11c;lvy tcx l t~rc  of  lllc 

Cu2S I;~ycr is ;I key I'xclor i l l  t l ~ c  l ~ i g l ~  1)l1olol1-collcctio11 cl'li- 

c i c ~ ~ e y  oI' . t l~is C C I I  (231,  t l ~ c  cx(l.;c j u ~ ~ c t i c i ~ l  :Ire;\ c:~ttsc'tl hy tllc 

2 

texturing and penetration of C u 2 S  down CdS grain boundaries 

limits the acluevable open-circuit voitage to -0.5 1 V. 
A slnootller CdS/C:u2S j u ~ ~ c t i o ~ l  can be obtailled if the Cu,S 

is grown by solid-slntc I-cactiul~ b c t w e c ~ ~  CuCI a ~ ~ d  CdS 1241. 
T11is 1wtx:t;ss t:Ii111i11:1tcs gr;1111 ~ U I I I I L I ~ I I  y 11c11ct ri1tio11 ; I I I ~  offers 

tllc possibility of scparatil~g ol~tr~-circ!~i t  voltage a11c1 photu11 

losscs into two d i s t i ~ ~ c t  p roh lc~~ls .  This ccll dcsipll II;IS Icd to 
open-circuit voltagcs of  -0.57 V ( 2 5  1 but a i~ t ra~~t i t a t ivc  

photon loss a ~ ~ a l y s i s  has shown that the Iigltt-generated current 

is limited by reflection losses. Tlie development of a photon 

efficient planar junction cell is expected to  lead t o  achieve- 

ment of  energy conversion efficiencies in the range of 10-1 1 
percent (Table I). 
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Research d i r e c t e d  a t  t h e  o p t i m i z a t i o n  o f  t h i n  
' f i l m  CdS/Cu2S and (cdZn)s/Cu2S s o l a r  c e l l s  has l e d  

t o  t l i c  i d c n t i f i c a t i o n  o f  s p e c i - f i c  CdS and ( C d z n ) ~  
m a t e r i a l  c h a r a c t e r i s t i c s  w h i c h  a r e  necessary  f o r  
t h e  f a b r i c a t i o n  o f  h i g h  per formance c e l l s .  Tl i ree 
f i l m  p r o p e r t i e s ,  r e s i s t i v i t y ,  photo luminescence 
s p e c t r a l  c h a r a c t e r i s t i c s , a n d  m i c r o s t r u c t u r e ,  have 

. been examined and t h e i r  r e l a t i o n s h i p  t o  c e r l  p e r -  
formance i s  d iscussed .  S p e c i f i c  c r i t e r i a  f o r  
e v a l u a t i n g  CdS . f i l m s  f o r  s o l a r  c e l l  f a b r i c a t i o n  
a r e  p rcsen ted  i n  te rms  o f  r e s i s t i v i t y  and p h o t o -  
luminescence. The p r e l i m i n a r y  c o n c l u s i o n s  f o r  
m i c r o s t ' r u c t u r a l  e f f e c t s  a r e  a l s o  d e s c r i b e d  as  
w e l l  as the  e x t e n s i o n  o f  t h i s  s tudy  t o  (CdZn)S 
f i l m s .  

. . 
INTRODUCTION 

The p r o g r e s s i v e  development  o f  C ~ S / C U ~ S  and 
( C d z n ) ~ / C u ~ S  s o l a r  c e l l s  has been t h e  r e s u l t  o f  
dev ice  d c s i g n  m o d i f i c a t i o n s  made t o  op t ' im ize  spe- 
c i f i c  c e l l  parameters (1.2). The e v a l u a t i o n  o f  
these des igns .and  t h e i r  p o t e n t i a l  success depends 
u p o n  the  a v a i l a b i l i t y  o f  CdS and ( C d z n ) ~  f i l m s  
hav ing  t h e  a p p r o p r i a t e  p r o p e r t i e s .  A l t h o u g h  t h e  
performance o f  t h e  d e v i c e  i s  a lways t h e  f i n a l  
measure o f  p roper  m a t e r i a l ,  i t  i s  d e s i r a b l e  t o -  
develop c r i t e r i a ,  based o n  measured m a t e r i a l  

. p r o p e r t i e s ,  wh ich  a l l o w  t h e  p r e s e l e c t i o n  o f  CdS 
and ( c d Z n ) ~  f i l m s  f o r  t h e  f a b r i c a t i o n  o f  c e l l s .  
I n  a d d i t i o n ,  t h e  u n d e r s t a n d i n g  o f  these m a t e r i a l  
p r o p e r t i e s  p r o v i d e s  i n f o r m a t  i o n  about t h e  o p c r a -  
t  i o n  o f  thc  d e v i c e  o n  t h c  one hand, and t h e  p o t c n -  
t i a l  f o r  d i r e c t i n g  t h e  paramete rs  o f  f i l m  g r o w t h  
on the 'o ther .  

F i g u r e  I, f o r  example, s l~ows a  schemat ic  r e -  
p r e s e n t a t i o n  o f  t h e  r e l a t  i o n s t l i p s  t h a t  a r e  sought 
bctween CdS growth  p a r a m e t e r s ,  measured m a t e r i a l  
p r o p e r t i e s  o f  t h e  CdS, and c e l l  parameters o f  sub- 
sequen t l y  f a b r i c a t e d  CdS/Cu2S dev ices .  I n  genera!  
on' ly empirical i e l d t i u r ~ s h l p s  can' be d i r e c t l y  
e s t a b l  is l ied between f i l m  g r o w t h  condi  t i o n s  and 
c e l l  performance: F u l l  u n d e r s t a n d i n g  and c o n t r o l  
r e q u i r e s  t h a t  a model r e l a t i n g  s p e c i f i c  m ~ t c r i a l  
properties t o  b o t h  c e l l  p e r f o r n a n c c  and g r o w t h  
paranic tcrs  bc d c v c l o p e d  ar~cl c o n f  i rmed. I n  t h i s  
paper pt io to lumincscence,  r e s i s t i v i t y  and g r a i n  ' 

s t r u c t u r e  a r e  i d e n t i f i e d  as t h r e e  c r i t i c a l  m a t e r i a l  
p r o p e r t i e s  o f  CdS f i lms, and t h e  manner i n  w h i c h  
each has becn found t o  a f f e c t , c e l l  pe r fo rmance  i s  

d iscussed . 'A  s p e c i f i c  se t  o f  c r i t e r i a  used z t  t h e  
. .  I n s t i t u t e  o f  t n e r g y ' c o n v e r ~ i o n  ( I E C )  f o r  t h e  

' e v a l u a t i o n  o f  CdS f i l m s  i s  presented and each i s  
d i s c u s s e d  i n  terms o f  measured m a t e r i a l  p r o p e r t i e s  
and t h c  c ' u r r e n t  models f o r  the  o p e r a t i o n  o f  t h e  
c e l l  ( 3 ) .  A d d i t i o n a l l y ,  the  a p p l i c a b i l i t y  o f  t h e  
c r l t e r i a  t o  f i l m s  o f  (~dZn)S. . i s  d iscussed.  

R e l a t i o n s , h i p s  between measured m a t e r i a l  p rop-  
e r t i e s  and c e l l  parameters have been e s t a b l i s h e d  

wh ich  can be i n t e i p r e t e d  i n  terms o f  a  q u a n t i t a t i v e  
model b u t  a  corresponding r e l a t i o n s h i p  has n o t  y e t  
been established between m a t e r i a l  p r o p e r t i e s  and 
g rowth  paramete rs .  A  major  e f f o r t  i s  c u r r e n t l y  , 

under way a t  IEC t o  de te rmine  t h i s  r c l a t i o r ~ s l i i p .  
The p rob lem i s  h i g h l y  complex due t o  t h e  l a r g e  
number o f  parameters t h a t  i n f l u c n c e  f i l m  g rowth  
and t h e    nod el in^ necessary t o  understand t h e  spc- 
c i f i c '  k i n e t i c s  o f  the  CdS f i l m  f o r m a t i o n  a t  r c l a -  
t i v c l y  h i g h  d e p o s i t i o n  r a t e s .  Numerous and soph is -  
t i c a t e d  m a t e r i a l  a n a l y s i s  techn iques 'a re  r e q u i r e d  
t o  i d e n t i f y  b a s i c  f i l m  c h a r a c t e r i s t i c s .  

The f i l m s  o f  CdS and (CdZn)S a r e  p repared  b y  
p h y s i c a l  vapor  d e p o s i t i o n  t o  a  th i ckness  o f  30 um 
on a  3 7  um sheet  o f  e l e c t r o f o r m e d  copper p l a t e d  
w i t h  0.4 urn o f  z i n c .  The CdS o r  ( t d ~ n ) ~  d e p o s i t i o n  
o c c u r s  a t  an e l e v a t e d  s u b s t r a t e  temperature wh ich  
1s c o n t r o l l e d  u s i n g  a  thermocouple spot  welded t o  
t h e  s u b s t r a t e .  The CdS powder o r  CdSrZnS powders . 
a r e  evaporated f rom a  c y l i n d r i c a l  g r a p h i t e  source 
b o t t l e  h e a t e d  by  a t a n t a l u m  I w ~ t c r .  The source 
temperature i s  m o n i t o r c d  by a  thermocouple l o c a t e d  
i n  a  c a v i t y  w h i c h  p r o t r u d e s  i n t o  t h e  c c n t c r  o f  the  
powder. A  c o n c e n t r i c  twn chamber source b o t t l e  i s  
used f o r  (CdZn) s ( 4 ) .  

The c o n t r o l l a b l e  g rowth  parameters a r e  t h e  
s u b s t r a t e  and t l ~ c  source m a t e r i a l  temperatures. 
The range o f  s u b s t r a t e  temperatures t h a t  y i e l d  
CdS and (CdZn)S f i l m s  l e a d i n g  t o  good s o l a r  c e l l s  
ex tends  f rom a p p r o x i m a t e l y  200 t o  2 6 0 0 ~ .  A  de- 
c r e a s i n g  s t i c k i n g  c o e f f i c i e n t  (5) and h i g h  CdS 
r c s i s t i v i t y  p r e c l u d e s  employ ing s u b s t r a t e  tempera- 
t u r c s  g r e a t e r  t h a n  2600C, and a t  temperatures much 
be!ow 1800C x - r a y  d i f f r a c t i o n  r c v c a l s  l a r g e  smounts 
o f  m e t a l l i c  cadmium i n  the  f i l m s .  The range o f  
sourcc  t c m p c r a t u r c s  u t i l i z e d  c x t c n d s . f r o m  850 - 
1 1  50°C. Over t t i i  s  t  c:mpcrature range and f o r  t h e  
systcm r j r o n ~ c t  r y  cmploycd, t l ~ c  avcragc r a t e  of f i l m  
g r o w t h  ( d c f  i n c d  as avcragc t  I l icArurss of C d S  clcpo- 
s i t e d  o n  t h e  substrate d i v i d c d  by thc t o t a l  t imc  



for fllm growth) cxtcnds from 0.2 to 4.5 !lm/min. 

Small sectlons from c?ch of thc as-grown CdS 
and ( c d ~ n ) ~  films are used fur the mcasuremcnt of 
fllm,resistlvity, photoluminescence and grain size. 
In addition, solar cell dcvicas are fabricated (6) 
uslng the textured surface, solution grown Cu2S 
cell design (2). The CdS was considcrcd acceptable 
If a light generated current, JL,  of 20 rnA/cm2 
(at 100 m~/cm2) and an open ci rcui t voltage ,of 510 
mV (norma.lized to JL of 20 rn~/cm~) could be ob- 
tained on any test device fabricated from the 
substrate. 

The transverse film rcsistiviry is determined 
from the resistance between the copper substrate 
and a pressure contact made by a 4 x 10-3 un2 
indium dot on the film surface. The resistivity 
is recorded only if the current-voltage curve is 
lincar; the average resistance from two indium 
dots i< used. qiving typically a measurements pre- 
cision of ? 20%. The pho~ulumincscence el~li\siun 
gpectra from 450 to 850 nm Is trlcasurod in Psrkin 
Elmer HPF-44 A Fluores~encc Spe~t~apkatomoter a t  

7 7 " ~  using J ~ u  rim cxci1a~;on light. 

She analysls uf film grain S ~ ? P  is made using 
scanning electron microscopy. I'he graiti Loundorics 
are revealed by forming Cu2S on the surface of the 
CdS or (CdZn)s film using a CuCl solution, then . 
stripping the Cu2S with KCN ( 7 ) .  Preferential Cu2S 
formation in the grain bour~daries rcsults in the 
formation o f  readily visible crevices in the 
boundaries. Standard quantitative metallographic 
techniques were used to determine the average 
lincar interce.pt grain size in the plane para.llel 
to the substrate (8.9). 

DISCUSSION 

P . a l a t  innshi~ ~f CdS HaterLal properties to  el 1 
Parameters 

1. Resistivity. Thc optimum 1 ImlLs VII CdS re- 
sistivity which have heen der.ived (3) ~ssum.in~) a 
CdS mobi 1 i ty of 100 un2v-lsec-1 are 1 < p s 10 ohm- 
cm. The upper resistivity limit is established to 
minimize reduct ion in short circuit current. The 
lower resis'tivity 1 imi t is establ ished to minimize 
losses in Voc by cnsuring that the major portion 
of the diffusion voltage occurs in the CdS and 
assumes a Cu2S acceptor concentration of approxi- 
mately 1018 un-3. In practice, it has been found 
tha.1 evewwith measured resistivities 'as low as 
0.3 ohm-cm the open circuit voltage can exceed 
0.510 volts. According to the model (3). this 
implies that either the CdS mohility is larger 
(% 300 cm2v-ls.e~-~), or the Cu S acceptor concen- 3 .  trator is in excess of 10IBcnl' . 

2. Photoluminescence. Photoluminescence has 
bcen found to be a i a m l e  evaluator of CdS f i lms. 
Its particular advantage, as co:npsred ,to resisti- 
v i t y ,  is that it probes thc top 100 nm of the film, 
in which the subsequent junction witli Cu2S is 
formed. Figure 2 sl~ows the 77OK pl~otolu~nincsccnce 
spectrum of a good quality as-grown CdS film. The 
two pcaks observed in the vicinity of 438 and 522 
nnl in'thc CdS, havc bcen cxtcnsively invcstigatcd 

in CdS single crystals (10). Tllc higher energy 
pcak is an cxcitonic transltiot~. Thc lower cncrgy 
band, the green edge emission, is attributed to 
the recombination of a free clcctron with a hole 

' bound to a native dcfect, partic~lar'ly the cadmiurr 
vacancy, or an impurity acceptor. 

. - . . .. . 
In gencral it is found that when tl~e edge 

cmissior~ peak Is absent from tf~r Cd5 pl~otolum;nes- 
cencc spectrum, the resulting \Ioc is lower than 
0.510 volts. For example, Figure 3 shows a typical 
photoluminescence spectrum with only .the exciron 
peak. present. The best Voc(at JL = 20 m ~ / c m ~ )  for 
cells produced from this material was 0.489 volts. 
According to the model (3) a reduct ion in Voc is 
expected w11e11 the junction harrier height is re- 
duced as a consequence of a dccrease in the ratio 
of E I A / N ~ ,  where NA is the Cu2S acceptor' density ' . 

and ND is the CdS donor density. If the edge 
cmission does involve a cadmium vacancy, then its 
absence could suggest an.excess of cadmium, pre- 
sumably J K  int~rqtitial donors which wo,uld reduce 
V,, by increasing ND. Vhen there is no cdge cmls- 
?inn nbseryed, the-fill11 resistivity is in gcneral 
less than 1 ohm-cm, 

The prcscnce of the long wavelength band in 
the CdS phatnl~rmin~s~efi~e spr~tro is accompanied 
by a spectrally dependent fill factor. Table I 
presents the fill factor data for cells made on 
CdS which exhibited the long wavelength emission 
band as shown in Figure 4. 

Table I 

Influence of Spectral Content on Fill Factor at 
A Fixed JL 

Voc (vol t s )  
JL (d/cm2) e20 d/cm2 FT (%) I l luminat ion 

17;o ,5111. 67.9 AHI 

17.0 -502 68.1 Blue rich 

17.6 .515 51.2 'Orange rlcl~ 

17.6 .514 45.5 Red rich 

,These data were obtained using suitable cut-off 
filters to have either blue rich, orange rich or 
red rich 1 i.ght incidcnt on the cell at an intensity 
to give a fixed light generated current. It is 
apparent that the defect or defects, responsible , 

for the long wavelcng,th emission influences the 
space charge in the CdS depletion region in the 
light (2). An actual identification-of the cenLers 
responsib'le has not yct bcen made. 

k'h~t~lumit~cscetice spectra I~auc been uspd to  
identify systematic difficulties in the CdS growth 
system. For example, the use of certain grades of 
graphite for the source bottle yielded CdS films 
of the desired resistivities but unarceptable 
photoluninescencc. Tile cclls produccd using these 
f i \Ins I~ad gencrall y pJor pcrformanrp charactcr is- 
tics. It is belicvcd that impurities arc incorpo- 
rated in tlie films wl~ictl result in impurity states 
in the CdS as well as altcrcd growth 



c h a r a c t e r i s t i c s  o f  t h e  f i l m s .  An a c c c p t a b l c  grade 
g r a p l i i  t c  Iias I ~ c c n  i d c n t  i f  i c d  as Union Carb i r lc  ACSX 

3. ~ t _ ~ ! r _ ~ ~ ~ ~ ~ A f i a ~ l ~ y s - i ~ .  T y p i c a l  I) r a  1 n  s t  r u c -  
l u r e s  i n  vapor dcpositc:d CdS f i l m s  g i v i n g  good 
s o l a r  c e l l s  a re  shown i n  F i g u r e  5a. I n  g e n e r a l ,  
the  average g r a i n  s i z e  o f  such f i l m s  i s  1  t o  3  um. 
P r e l i m i n a r y  r e s u l t s  i n d i c a t e  t h a t  c e l l  parameters 
.are I n s e n s i t i v e  t o  g r a i n  s i z e  w i t h i n  t h i s  range. 
However, under c e r t a i n  c o n d i t i o n s  a  b imodal  g r a i n  
s i z e  d i s t r i b u t i o n  such as  t h a t  shown i n  F i g u r e  5 b  
has been observed, and c e l l s  p repared  on  t h i s  
m a t e r i a l  a r e  found t o  b e  o f  l o w  q u a l i t y .  I n  a d d i -  
t i o n ,  t l iese f i l m s  g e n e r a l l y  do n o t  meet the  pho to -  
luminescence and r e s i s t i v i t y  c r i t e r i a  d i s c u s s e d  i n  
t h e  f o l l o w i n g  sec t ion .  The b imodal  g r a i n  d i s t r i b u -  
t i o n  i s  r a r e l y  observed i n  CdS f i l m s ,  b u t  has been 
a ?. ignif icant problem w i t h  t h e  ( c d Z n ) ~  f i l m s .  

4.  S e l e c t i o n  C r i t e r i a . .  F i g u r e  6 shows a  
schematic r e p r e s e n t a t i o n  o f . t h e  c r i t e r i a  w h i c h  a r e  
app l  i e d  t o  f i lms  o f  CdS grown a t  IEC. The f i r s t  
box l i s t s  the range o f  g r o w t h  para.meters p r e s e n t l y  
employed t o  prcpare m a t e r i a l  h a v i n g  a  h i g h  proba-  
b i l i t y  o f  s a t i s f y i n g  t h e  s e l e c t i o n  c r i t e r i a .  A  
h i g h  y i e l d  o f  C d S . f i l m s  has been ach ieved  t h a t  . 
s a t i s f y  a l l  c r i t e r i a  and  g i v e  t e s t  c e 1 l s . w i t h  s h o r t  
t i r c u i t  c u r r e n t s  i n  excess  o f  20 mA/cm2 and open 
c i r c u i t  vo l tages  i n  e x c e s s . o f  0.510 v o l t s .  

5. A p p l i c a t i o n  t o  ( c d z n ) ~ . .  The s e t  o f  c r i -  
t e r i a  shown i n  ~ i o u r e x  has ~ l s o  ~ r o v i d c d  u s e f u l  
g u i d c l  i n c s  f o r  t t ie e v a l u a t i o n  o f  ' ( c d ~ n ) ~  f i lms. 
By a d j u s t i n g  grmdth paramete rs  i t  has been p o s s i b l e  
t o  ach ieve  low r e s ' i s t i v i  t y  f i  lms, l e s s  than  20 ohn- 
cm, hav ing  z i n c  compos i t i ons  u p  t o  20%. I n  a d d i t i m  
i t  has been found t h a t  p o s t  d e p o s i t i o n  h e a t  t r e a t -  
ments i n  a  H2 atmosphere reduced t h e  r e s i s t i v i t y  
(11) o f  those f i l m s  w h i c h  i n i t i a l l y  f a i l  t h a t  c r i -  
t e r i o n ,  I n  genera l ,  t h e  average  ( c ~ z ~ ) s  g r a i n  
s i z e s  have been somewhat lower  t h a n  i n  CdS; and 
as a l r e a d y  ment.ioned, t h e  b imodal  d i s t r i b u t i o n  i s  
found f r e q u e n t l y .  Work i s  i n  p r o g r e s s  t o  i d e n t i f y  . 
c0nd.i t i o n s  necessary t o  g row ( c d ~ n ) ~  f i l m s  w i t h  
average g r a i n  s i z e  i n  excess  o f  1 um, and w i t h o u t  
t h e  bimodal d i s t r i b u t i o n .  Pho to luminescence  i s  
a l s o  b r i n g  developed a s  an  e v a l u a t i v e  p robe  f o r  . 
t he  ( c d Z n ) ~ .  To da te  i t  . i s  n o t  c l e a r  what a r e  t h e  
necessary photoluminescence c h a r a c t e r i s t i c s  b u t  . 
t he  s h i f t  i n  the  p o s i t i o n  o f  t h e  e x c i t b n  peak has 
beer, u t i l i z e d  as a means t o  d e t e r m i n e  t h e  z i n c  
concen t ra t ion .  

CONCLUSION 

S p e c i f i c  mater . ia l  p r o p e r t i e s  o f  CdS and 
( t d ~ n ) ~  f i l m ,  p rov ide  u s e f u l  g u i d e l i n e s  i n  eva lua-  
t i n g  t h e i r  s u i t e b i l i t y  ful- t h e  p r o d u c t i o n  o f  h i g h  
e f f i c i e n c y  s o l a r  c e l l s .  F i l m  r e s i s t i v i t y ,  phn tn -  
luminescence and g r a i n  s i z e . h a v e  been i n v e s t i g a t e d  
t o  date.  

CdS as w e l l  as ( f . t l ~ n ) ~ .  A c l t ~ ; ~ n t i t ~ t i v c  model . ( 3 )  
has bcc:r~ used t o  i n t c r p r c t  t l l c  r c l a t i o n s l ~ i , p s  L C -  
twccn t l i c  n i c ~ s u r c d  r l ia lcr  i a l  ~ ~ r o l . ) c r l  i.cs arid 1' 
parwnetcrs .  I t  i s  ; i n t i c i p a t c d  t l i a t  f u t u r e  work 
r r l l l  e s t a b l i s h  a  rnodcl t o  d c t c r m i n e  the r c l a ! i o n -  
s h i p s  bctwccn s p e c i f i c  m a t e r i a l  c h a r a c t e r i s t i c s  
and t h e  g r o w t h  p ~ r a m c t c r s .  
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l d c n t i f i a b l e  c l i a r a c t c r i s t i c s  h ~ v c  bccn  d e t e r -  
mined wh ich  d i s c r ' i m i n a t e  bc twccn  f i l m s  t h a t  w i l l  
pr'oducc poor c c l l s  f rom t h o s c  w h i c h  have the  po- 
t e n t i a l  t o  y i e l d  c e l l s  w i t h  conve.rs ion c f f  i c i e n -  
c i e s  i n  excess o f  8%. I t  i s  c x p c c t e d  t h a t  the  
development o f  a d d i t i o n a l  m a t e r i a l  measurenients 
w i l l  f u r t h e r  r e f i n e  t h e  a b i l i t y  t o  s e l e c t  optimum 
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Flgure 1 Schematic of relationships between' 

growth paramoterr, mat.orla1 properties 
and cell parameters. 
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Figure 3 Photoluminescence spectrum of CdS film 
khich yielded c c l l s  with luw Vo,. The 
spectrllm w a s  obtdiried with the, sample 
a ~ .  770K.  
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Figure 4 Photolumincsc~nce spectrum of CdS film 
which yielded cclls having a spectrally. 
dependent fill factor. The spcctrum w a s .  
obtained wit11 the sample a t  770K. 

Figure 2 Photoluminescence spectrum of a typical, 
CdS film used to prcpsre high efficiency . . 
CdS/Cu2S solar cells. lhe specfr'um was 
~1Lttdiii1.1l iii t h  LIIC ~ g m p l e ~  a t  770y ~lnder 
340 n~n cxci tat ion. . . 
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Figure 5 SEH of CdS f i l m  showing grain structure 
of (a) f l l m  used to prepare high efficiency 
CdS/Cu2S c e l l s ,  and (b) f i l m  exhibiting 
bimodal groin structure found to y i e l d  
poor cells. 
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t h e  Cause of S h o r t  Ci rc 'u i t  .Curren t  C1.1angcs i n  Cu s / C ~ S  . S o l a r  c e l l s '  
. 

2 

ASl.en Ro t l l \~a~- f  
I n s t i t u t e  . o f  Encrgy Co~?vc?rsjon 

U n i v e r s i t y  of Delaware 
302-738-54'82 , , . 

and , 

Hassan Windawi 
~ e ~ a r t m e n t i o f  Chemical ~ n ~ i n e e r i n ~  

U n i v e r s i t y  of Delaware 
,302-738-8056 .-. 

Nel~ark,  DE 19711 

I t  i s  wel.1 ,es tab l . i shed  t h a t  t h e  s h o r t  c i r c u i t  c u r r e n t  i n  Cu S/  2 

CdS c e l l s  changes d rama t i . ca l ly  w i t h  t h e  s h e e t  r e s i s t a n c e  of t h e  Cu S 2  .. . 

l a y e r ,  and th ,a t  j and p/d can  Be cyc led  up and down wi th  h e a t  t rea tmer i t s  
SC 

I i n ' o x i d i z i n g  and r educ ing  atmospheres .  High p / d  y i e l d s  h i g h e r  j 
SC ' 

The 

format ion  of a copper  ox ide  on t h e  s u r f a c e  and i t s  removal d u r i n g  t h e  

h e a t i n g  c y c l e s  w i t h  an a t t e n d a n t  change i n  t h e  s to ic l i iomet ry  of t h e  Cu S  
X 

l a y e r  has  been e s t a b l i s h e d  by d i r e c t  elccti-ocliemi c a l  measurements. I t  is  

a l s o  w e l l  known t h a t  o p t i c a l  a b s o r p t i o n  i n  Cu S changes du r ing  t h e  h e a t  
X 

t r ea tmen t s  i n  p a r a l l e l  w i t h  t h e  s to i ch iome t ry .  Nhat h a s n ' t  been e s t a b l i s h e d  

q u a n t i t a t i v e l y  i s  t h e  e x a c t  p h y s i c a l  phenomena c o n t r o l l i n g  j 
SC ' 

The 

fo l lowing  mechanisms have been proposed a t  v a r i o u s  t imes .  . . 

1. Changes i n  ~ c r y s t a l l o g r a p l i i c .  phase from c h a l c o c i t e  f o r  h i g h  x and p / d  

t o  a  c h a l c o c i t e - d j u r l e i t e  mixture  f o r  lower x, and p /d ,  w i t h  lower 

( 1.1 a b s o r p t i o n  coef f i . c j  e n t  and l ~ c n c e  1.ower j . . . SC 

2 .  Changck i n  t h e  magnitude of. t h e  d i f f u s i o n  l e n g t h  of Cu S d u e , c o  changes 
x .  

.: in tlie ~no l> . i l i t y  of tile e l ed t ro l i s  o r  due t o  cl~ai iges  i n  'tlie minor i ty  
. . 



i n  wo~rking c e l l s .  The c s p r c s s j o n  a:;su~nt.d f o r  a i n  dcgr!nc~-i11.e Cu S \\ins 
X 

1,lhbre a ( h v )  i s  t h e  wavelength o r  pl.loton energy dependent n1)sorption c o e f f i c i e n t  

A(hv) a  wavelength  dependent  f a c t o r ,  11v t h e  energy of t h e  i n c i d e n t  photon,  

E t h e  band gap of  t h e  abso rb ing  semic'onductor, EF' t he  p u s i t i o n  of t h e  Fermi 
g 

l e v e l  above t h e  con'duct i on' band lnininium i n  n-type 1nateri .al  o r  be'low the '  va lence  

band maximum i n  p- type m a t e r i a l ,  B a  c o n s t a n t  which depends upon t h e  e f f e c t i v e  
S 

masses (10) and s, an  exponent  which i s  112 f o r  d i r e c t  ;gap mate.r:i.sl. anrl 2 f o r  

"'h 
i ~ ~ d i r e c t  g a p ,  B i s  1 f o r  i n d i r e c t  gap m a t e r i a l  and B = ( 1  4- '-) f o r  d i r e c t  

s s me 
t 

g a p , m a t e r i a l .  F i g .  1 shows t h e  d i r e c t  t r a n s i t i o n  c a s e  and why B >. 1. ' 
s . 

Fig  2 shows t h e  e x p e r i m e n t a l  d a t a  f o r  a ,  and p /d  and a l s o  t h e  c a l c u l a t e d , ' v a i u e s  

f o r  s = 112,  B = 1, 1 . 5 ,  2;0 and s = 2 ' c a s e s  a t  a  wavelength of 0 .65 pm. 
S 

Agreement w i t h  t h e  d i r e c t  gap c a s e  s = 1 / 2 ,  B = 2  i s  b e t t e r  t han  

f o r  t h e  i n d i r e c t  g a p  c a s e  both  f r o m  Fig .  2  and from t h e  v a r i a t i o n  of a 2  w i t h  

hu . However. t h e  inhomogeneous n a t u r e  of t h e  sample e . g .  t h e  thic 'kness  

v a r i a t i o i ~ s  j.n .Cu S due t o  for~nat i .on  of Cu. S i n  g r a i n  boundar ies  makes t h e  
X X 

c o ~ ~ c l u s i o n  o i  d i r e c t  . n a t u r e  .somewhat t e n t a t ~ v e .  

C a l c u l a t i o n  of t h e  change i n  s h o r t  c i r c u i t  c u r r e n t  t h a t  would 

accompany t h e  changes  i n  a b s o r p t i o n  seen  expe r imen ta l ly  were ca r . r i ed  out  

t a k i n g  i n t o ,  accoun t  t h e  80-90% r e f l e c t i o n  from t h e  back c o n t a c t  and a 

s i g n i f i c a n t  l i g h t  t r a p ' ~ i n g  a t  t h e  f r o n ' t . s u r f a c e  t h a t  is c o n s i s t e n t  w i t h , t h e  . '  

measured r e f l e c t i v i t y  of a c t u a l  ce1.l.i. The c a l c u l a t e d  ch.anged i n  j t o r  an 
S C 

A M 1  spcc.trtim range  11p t o  20-30% f u r  v:~.r: iat i .ons :in a of 20% a t  s l ior t  \ \ l ave l .cn~ths  

t o  502 a t  l o n ~  i ~ ; ~ v c l . e n ~ : r l ~ s .  .These vn1.1lcs ag ree  very  well wi th  t l ~ e  changes 

i n  jsc seen i n  a c t u a l  c e l l s .  



i.n ,qbr,o~-l) t j .oi~ i n  s;qlnplcs p r e p a r e d  by t l ~ e  same t e c l ~ n i q u e s  a s  t l ~ e  c&l..ls a r e :  

( 1 )  T h a t  t l ie  ch,?nges i n  a a r e  , suf  f i c i ' e n t  t o  a c c o u n t  . f o r  t l ie  o b s e r v e d  , . 

' 
' 

s h o r t  c i r c u i t  c u r r e n t  b e h a v i o r  i n  c e l l s  w i t h o u t  invokin 'g  o t h e r  p o s s i b l e  

mechanisms; ( 2 )  T l i e ' . c l ~ n n ~ e s  .in a o l>sc .~ - \~cd  are co,ls.i .stc.nt wit11 ' t h e  Cu S 

b e i n g  d e g e n e r a t e  2nd. d o  n o t  re,quj .re i.n\iok.ing n'nlixcd' 1)l insc-of c h n l c o c j L c  ;111d 
. . 

d j u r l e i t e ;  ( 3 )  The Cu S a b s o r p t i o n  d a t a  and i t s . v a r i a t i o n  w i t h  s h e e t  
X . . . . 

. . .  . . 
i 

' . r e s i s t a n c e  a g r e e  more c l o s e l y  w i t h  a d i r e c t  b a n d ,  gap m a t e r j . a l  t h a n  ' w i t h  a n  

i n d i r e c t  band gap  m a t e r i a l .  . 
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c ~ u s ~ d  by t h e  r c s i s t i v e  losses o f  the  top  5e111.i- 

The v a r i o u s  h c a t  t r e a t m e n t s  used t o  o p t i m i z e  
t h e  e f f i c i e n c y  o f  t h e  Cu2S/CdS s o l a r  c e l l  cause 
changes i n  the s t o i c h i o m c t r y  o f  t h e  Cu2f. Tlicse 
s t o i c h i o n i c t r y  changes rrodi f y  t h e  r c s i  s t  ~ v i  t y  o f  the 
Cups and Iicnce t h e  s e r i c s  r e s i s t a n c e  losses  due t o  
thc  t.np sr.m.irr,nd~~r.t i n g  l a y e r  of t h e  s o l a r  c c l  I. 
n ~ a r i n g  t l i r s r  I l r a t  t  rca ln lents .  c!j j~'!qcs. 5 r c  a l s o  oc- 
c u r r i n g  i n  thc CdS d e p l e t i o n  r e g i o n .  Bccausc b o t h  
111e Cu S and CdS a r c  b e i n g  ~ n o d i  f i c d  d u r i n g  t h c  op- 
t i m i z a f i o n  process,  i t  i s  d i f f i c u l t  t o  separate the 
causes o f  f i 1  l f a c t o r  and e f f i c i e n c y  cl>angcs i .n the 
Cu S/CdS s o l a r  c e l l s  by e x a m i n a t i o n  o f  o n l y  t h e  

2  
c u r r e n t - v o l  tage c h a r a c t e r i s t i c  under  ,i l lumina t ion .  
A lso ,  t h e  dark cu r ren t - \po l  tage  c h a r a c t e r i s t  i c  can- 
n o t  be used t o  s c p a r a t e  these  c f f c c t s ,  bccadse the 
j u n c t i o n  p r o p e r t i e s  a r e  l i g h t  d e p c n d ~ n t . ~  D i s c r i m i -  
n a t i o n  b c t w e e ~ i  v a r i o u s  c f f  i c i e r ~ c y  c o n t r o l  1 i n g  mech- 
anisms can bc achi,evcd by r c p l a c i n g  t h e  s tandard  
s i n g l c  bus t a r  and p a r a l l e l  w i r e  g r i d  s t r u c t u r e  
w i t h  two SCpJrate bus b a r s  t o  wh ich  a l t c r n a t c  g r i d  
w i r e s  a r e  connected. T h i s  changes t h e  s o l a r  c e l l  
i n t o  a  t h r c e  t c r m i n a l  d e v i c e  w h i c h  can measure 
b o t h  , t h c  shect  r e s i s t a n c e  and t h e  f i l l  f a c t o r  l o s s  
due t o  t h o  Cu2S. . 

1 NTRODUCT l ON 

The techniques f o r  measur ing t h e  f i l l  f a c t o r  
r e d u c t i o n  due t o  t h e  r e s i s t i v e  losses o f  the  t o p  
semiconducting l a y e r  o f  a s o l a r  c e l l  can g e n e r a l l y  
be d i v i d c d  i n t o  two c a t c g o r i c s .  T h c ' f i r s t  category 
c o n s i s t s  o f  rncthods t h a t  c c l y  on  v a r y i n g  o f  the 
l i g h t  f l u x  i n c i d c n t  on the  s o l a r  c e l l  (1 ,2 ,3 ) ,  and 
m o n i t o r i n g  the r e s u l t a n t  changes i n  c l c c t r i c a l  
c h a r a c t e r i s t i c s .  The sccond c a t e g o r y  i s  bascd on 
d c t a i l e d  a n a l y s i s  o f  t h c  c u r r e n t - v o l t a g e  c h a r a c t c r -  
i s t i c  (4.5). 

RotI i  proc.cdures r e l y  o n  assumptions t11at a r e  
u s u a l l y  n o t  v a l i d  i n  t h e  case o f  t h c  C ~ S / C I I ~ S  s o l a r  
c c l l .  The 111ct1roJs t h a t  usc  t h e  v a r i a t  ion: o f  l i g h t  
i n t c n s i  t y  ~:SIIIIIC t l ~ a f  t11i- l i ! l l ~ t  1110di f i c 5  o r l l y  ~I IC 
l i g h t  gcncra tcd  c u r r e n t ,  o f  tile s o l a r  c c l  I. T h i s  i s  
no t  t i le  case i n  CdS/Cu2S c c l  I s ,  bccausc thc  CdS i s  
p l ~ o t o c o ~ ~ ~ l t ~ c t  i v c  and C~I;III~JCS i n  t l l c  l i g h l  i n t e n s i t y  
n n t l i f y  Lot11 t l ~ c  r c s i s t i v e  lo3scs  o f  t11c CdS and 
t l l c  c l ~ : ~ r ; ~ c t c : r i s t  i c s  o f  1111: CCIS/CII S  ' j u n c l  i o n  ( 6 ) .  

2 
T l~osc  t c c l ~ n i c ~ u c s  th;:t usc '  a11 ~:Y.;IIIII n a t  i o n  o l  t 11c 
v o l  t a g c - c u r r e n t  ' c i i ;~~ .ac tc r  i 5 1  i c  ;ls:.lrlnc I 1131 t l ~ c  
tlcvi.at i o n s  f  roln i t lca l  d  iodc  I ~ c l ~ a v i o r  a r c  :.ole1 y  

conduc t ing  l a y e r .  I n  t h e  case o f  t h c  CdS/Cu2S c e l l  
t h i s  i s  n o t  n e c e s s a r i l y  t r u e  and the major  dev ia -  
t i o n s  may be t h e  r e s u l t  o f  f i e l d  dependent i n t c r -  
face recomb i na t i o n  ( 3 )  . 

I n  n r d ~ r  rn q l r a n t i f y  t h e  fill f a c t o r  losses 
duc t o  t h c  Cu S l a y c r  on an o p a r a t i ~ g  rrl5/T11 S L 
s o l a r  c e l l ,  i $  stas nocoscary t o  d a \ r ~ l n p  an r x p r r i -  
rncntal method t h a t  n e i t h e r  v ~ r i c s  the l i g h t  i n t e n -  
s i t y  nor  astu~ncs t h a t  d e v i s t i n n s  frnm i d c a l  d iode  
bchav io r  a r e  due s o l c l y  t o  t h c  Cu2S l a y e r .  I n  
a d d i t i o n .  because the  Cu S  undergoes s i g n i f i c a n t  

2  
char~ges i n  r c s i s t i v i t y  d u r i n g  o p t i m i z a t i o n  (6), 
the  method shou ld  a l s o  be a b l e  t o  p r o v i d e  an un- 
ambiguous nteasu~ encnt  o f  the  i n s t ~ n t a n e n t ~ s  Cu2S 
f i l l  f a c t o r  losses .  

The neczssary c o n d i t i o n s  f o r  measuring the 
Cu S losses can be met by a p p l y i n g  an i n t e r d i g i -  
ta?ed g r i d  c o n s i s t s  o f  two s e t s  o f  interleaved 
p a r a l l e l  g r i d  r ~ i  r e s  connected t o  a  t?b  o r  bus b a r  
a t  o p p o s i t e  ends o f  the c e l l  ( scc  F i g u r e  1) .  T e s t -  
IIICJ a c e l l  u l  I l l i s  Lypc w i l t 1  each t a b  i n d i v i d u a l  l y  
and w i t h  b o t h  tabs connectcd toge ther ,  g i v e s  a  s e t .  
o f  LUI ~ e ~ ~ ~ - v u l t a g c  i l r a r n c t e r i s t i c ~  t h a t  d i f f e r  o n l y  
i n  e f f e c t i v e  g r i d  s p a r i n g .  T h i s  g r i d  s t r u c t u r e  
a l s o  m o d i f i e s  t h e  s o l a r  c e l l ' , t o  g i v e  a  t h r e e  
t e r m i n a l  dev ice  t h a t  al . lntrs ( w i t h  p roper  precau- 
t i o n s )  t h e  measurement o f  t l i c  c u r r c n t - v o l t a g e  
c h a r a c t e r i s t i c s  o f  t h c  Cu2S dccoupled f rom the 
r e s t  o f  t h e  c e l l .  T h i s  i s  shown schcmal . i ca l l y  i n  
F i g u r e  2 .  

Bccausc t h e  i n t e r d i g i t a t c d  g r i d  c n ~ b l e s  t h c  
c u r r c n t - v o l t a g e  characteristic t o  bc mcasurcd on 
s o l a r  c e l l s  t h a t  a r e  ' i d e n t i c a l  exccp t  f o r  t i le  
spacing between g r i d  w i r e s ,  i t  i s  a  s i ~ n p l c  nistter- 
ta c a l c u l a l c  t t?c c o n t r i b u l  i o n  to f i  l l f a c t o r  1055 

caused by t h e  Cu2S l a y e r  (f irr ') .  The effective 
s c r i c s  ~ . c s i s t a ~ r c c  o f  t11c top  r.cmiconduct ing l a y e r  
i s  p r o l ~ o r t i o n a l  t o  thc  squa~.c o f  tl>c \ I i . ~ c i n ~  bc- 
twecn g r i d  l i n c s  (4.5) (Rs n 1 2, and thc  r c s t ~ l t i n g  
f i l l  f a c t o r  l v s s  i s  p r o p o r t i o n a l  t o  thc  s e r i c s  
s i a n  3 From t l ~ e  f i,l l f a c t o r s  l;lcasurrd a t  
c f f c c t i v c  g r i d  spacinc~s o f  L .lntl 2L  t l w  105% i.11 
f  i l l f ; ~ c t o r  a t  tllc::;~ two ; l~;~cin! ls can bc dt.tlucc:d 
;Is l o 1  10v1s: 



As 'an  c x s ~ l ~ p l e ,  F i g u r c s  3 and 4 show thc  
v o l t a y e - c u r r c n t  c l ~ a r a c t c r i s t i c s  o f  CdS/Cu2S s o l a r  
c c l l  w i t h  the i n t c r d i g i t a r c d  g r i d  b o t h  b c f o r e  and 
a f t c r  a  reduc ing  a t ~ l ~ o s p l r c r c  h e a l  trcatnacnl . 
was used as thc r e d u c i n g  g a s ) .  Tablc  1  s u m n ~ r i z e s  
t h e  r c s u l t s  o f  the mcasurcnlents. A l though t h e  ' 

h c a t  t r c o t m c n t  112s d e t e c t a b l y  i n c r e a s c d . t I 1 ~  
r e s i s t i v e  losses due t o  t h c  CuzS, i t  can bc sccn 
t h a t  these a r e  n o t  the ma jo r  f i l l  f a c t o r  lossec 
i n  t h i s  c c l l .  Some cst i -mate o f  the u n i f o r m i t y  
and i n t e g r i t y  o f  the g r i d  s t r u c t u r t  can,bc ga ined  
by compar ing the  f i l l  f a c t o r  o f  tab  1  t o  t h a t  o f  
t u b  2 . '  

Cu2S Sheet Resistance ' , 

The Cu2S shect r e s i s t a n c e  can bc found by 
measur ing  the c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c  
between the two g r i d s  w i t h  an a p p r o p r i a t e  b i a s  
v o l t a g e  t o  the  back c o n t a c t  t o  b l o c k  leakage 
c u r r c n t s  across the  j u n c t i o n  ( ~ i g u r e  5 ) .  I f  t h e  
measurements a r e  c a r r i e d  o u t  i n  the dark  ~ n d  
under  i l l u m i n a t i o n ,  c u r r e n t  f l o w  through the 
pho toconduc t ing  CdS can be de tec tcd .  Thc Cu2S 
sheet  r e s i s t a n c e  ( R  ) i s  g i v e n  by t h c  s lopc  o f  
the  v o l t a g e - c u r r e n t  cu rve .  

A  s c t  o f  measurnents a r e  g i v e n  i n  Table 2  
i n  w h i c h  o v e r  145 v o l t a g e - c u r r e n t  p o i n t s  were 
used f o r  each r e g r e s s i o n  The c u r r e n  $'clcns i t y  
(J )  rangcd  f rom -8 mFUcm2 t o  +8 mA/cm . The 
f o l l o w i n g  formula was f i t t c d  t o  the d a t a  

2  2  
Y = v + ( R ~  /L ) J + C l  J  + Ct J,' (4)  

0 

The o f f s e t  . v o l  tage bet.ween t h e  g r i d s  at. . z e r o  
c u r r e n t .  (Vo) was caused by t h e  c u r r e n t  f rom t h e  
b i a s  v o l t a g e  and the l i g h t  generated c u r r e n t  . 
f l o w i r ~ g  th rough  t h c  CuqS l a y e r .  H igher  o r d c r  
terms i n  J were used t o  de te rmine  i f  t h c r e  was 
any non-ohmic behav io r  bctween the g r i d ' w i r c s  and 
t h e  Cu2S. The measurements do n o t  r e v c a l  scn- 
s i t i v i t y  t o  e i t h e r  b i a s  v o l t a g e  o r  l i g h t ,  n c i t h e r  
do rhcy  show ally i ~ l d i c a t i o n s  on non-1 ir7c.lri t y  i n  
t h e  v o l t a g e - c ~ ~ r r c n t  characteristic. A  mcasure o f  
t h e  l a c k  o f  n o n - l i n e a r i t y  i s  g i v e n  by t l i c  I j i q h  
c o e f f i c i e n t  o f  r 2 ,  J, ~ J i t h  C) and C2 c f f c c -  
t i v e l y  zc ro .  I t  i s  concluded t h a t  t h c  t c c l ~ n i q u e  
i s  measur ing the  t r u e  shcet  resistance o f  1I1c 
Cu2S layet - ,  and i t  f r c c  frorn c r r o r s  ca~rscd  by 
c u r r e n t  f l o w  through the  CdS/CuzS j u n c t i o n .  T h i s  
f o l l o w s  f rom the l a c k  o f  v a r i a t i o n  in. RD a t  
v a r i o u s  j u r i c t i o n  b i a s  v o l t a g c s .  

By replacing the s t a n d ~ r d  s i n g l e  bus b a i  ~ n d  
p a r a l l e l  g r i d  w i r e  s t r u c t u r c  o f  a  s o l a r  c c l l  w i t h  
two s c p a r a t c  bus bars t o  v r t ~ i c h  a1 t e r n a t c  g r i d  
w i r c s  a r c  connccted ( i n t c r d i c j i  t a t e d  g r i d ) .  t l lc  
sheet  r e s i s t  ancc o f  t h c  t o p  semiconduct ill!) l a y e r  
and t h e  f  i 11 f a c t o r  l o s s  csuscd by i , t  calr I)c 
a c c u r ~  t c l y  n~casurcd nn a  r.cl  1 . ~ p c r a t  inr j  LIII~I,:T' . 
s t a n d a r d  i l l u n ~ i n a t l o n  c y t ~ c l i t i o n s .  

T l ~ c  au t l l o r  r:ould l i k c  Lo t l ~ a n k  Dr .  R .  W .  
Ri rkmi - rc  f o r  the p ~ - c p a ~ . ~ t i o n  o f  s;l~nplcs, and 
l. icssrs. 0 .  Plunl..et t  , P .  Lasswe1 1 , and W .  Eucl~anan 
f o r  t h e i r  assistance i n  making t h c  mcasuralnc:nts. 
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ABSTRACT 

A CdS t e x t u r i n g  process and a  Cu2S f o r m a t i o n  
procedure have bcen combined t o  g i v e  CdS/Cu2S 
c e l l s  w i t h  low r c f l e c t a n c e  losses b u t  w i t h  h i g h  
open c i r c u i t  v o l t a g e s  i n  cxc.css o f  0.54 V. As a  
consequence convers ion  e f f i c i e n c i e s  o f  101 a r e  
o ~ ~ t i u i r r o t u d .  

T h i n - f i  lm  p o l  y c r y s t a l l  i n c  j u n c t i o n  
CdS/Cu2S s o l a r  c c l l s  w i t h  o p e n - c i r c u i t  v o l t a g e s  

. (Voc) o f  up t o  570 mV have been p r e v i o u s l y  ob- 
t a i n e d  by s o l i d - s t a t e  r e a c t i o n  q r o r l t h  o f  Cups 
on unctchcd CdS l a y e r s  ( I ) .  However, as t h c  mor- . 
phology o f  the Cu2S l a y e r  i s  made smoothcr (F ig.1) ;  
i nc reased  r c f l c c t i o n  losses l i m i t  t h e  l i g h t - g e n e -  
r a t e d  cur ren t '  J! o f  p lanar  j u n c t i o n  c e l l s  t o  about 
80% o f  t h a t  i n  h i g h  e f f i c i e n c y  t e x t u r e d  c c l l s .  I n  
o r d e r  t o  achieve the  p o t e n t i a l  e f f i c i e n c y  o f  the 
p l a n a r  j u n c t i o n  c c l l  des ign,  c s t i m a t e d  a t  o v e r . l O %  
(2),  i t  i s  necessary t o  reduce the  r e f l e c t i o n  

. losses  t o  the l e v e l s  measured i n  t e x t u r c d  c c l  I s  (3). 
I n  t h i s  work, we r e p o r t  t h e  developnlent o f  a CdS 
t e x t u r i n g  process t h a t  y i c l d s  "p lanar" ,  h i g h  Voc, 
CdS/Cu2S c e l l s  w i t h  the  r e q u i r e d  low r c f l e c t i o n  
losscs .  

2'. Cu2S LAYER ElORPIiOLDGY 

.' lha morphology o t  the' s o l u t i o n  grown Cu2S s u r  
f a c e  i n  a t c x t u r c d  CdS/Cu2S c e l l ,  i s  shown i n  F ig .  
2. The Cu2S forms a long t h c  s u r f a c e  o f  t h e  CdS and 
a l s o  p e n e t r a t e s  down the CdS g r a i n  boundar i cs .  
The low Voc < 520 mV o f  t e x t u r c d ' c e l l s  r e l a t i v e  t o  
p l a n a r  c e l l s  i s  a  consequcnce o f  t h e  s u b s t a n t i a l l y  
l a r g e r  j u n c t i o n  area caused by b o t h  thc  g r a i n  boun- 
d a r y  i n t r u s i o n s  and the f i n e  l i g h t  t r a p p i n g  sur -  
face.  A . q u a n t i t a L i v c  photo11 l o s s  a n a l y s i s  ( I )  s h o a  
t h a t  t h c  CugS t c x t u r e  c o n t r i b u t e s  t o  the photon 
economy o f  h i g h  e f f i c i e n c y  c c l l s  i n  two ma jo r  ways: 
1) H u l t i p l e  r c f l e c t i o n s  O F  incoming l i g h t  rays , 

lower  t h e  f r o n t  su r face  r e f l e c t a n c e  and 2 )  Diffuse ' 

l i g h t  s c a t t e r ~ n g  a t  the Cu2S s u r f a c e  and CdS/sub- 
s t r a t e  i n t e r f a c e  and the a c u t e  ang le  o f  i n c i d c n c c  
o f  r c f l e c l c d  l i g h t  on thc o u t c r  s u r f a c c  o f  t h e ,  
Cu2S layer t1~:crcascs thc r c - c r n i s s i o ~ l  o f  t~nal )sorbcd 
l i g h t  (I ig l i t  t r a p p i n g ) .  

I n  o r d c r  t o  inc rcasc  Cu2S a b s o r p t i o n  i n  the 
p l i ~ l l a r  cc1 I i t  i s  cssknt  i a l  t o  rcducc  rc -cn l i ss ion  
losscs  .by cn l ianc i r~g  diffuse i n t c r n a l  r c f l c . c t i o n .  
I t  <.an bc shown ( I )  rha t  o n l y  the s ~ ~ i a l l  s c a l c  (0.5- 
1  .CJ 11n1) pyral l l idal s l  r l r c t i l r c  o f  t l ~ c  Cu2S Iayc:r i s  

necessary t o  a c c c a p l i s h  the  above r e d u c t i o n  i n  r e -  
f l e c t i o n  losscs.  By t a i l o r i n g  o f  thc  f i n e  t c x t u r e  
coupled t o  the use o f  thc n o n - i n t r u s i v e  s o l i d -  
s t a t e  Cu2S growth process we have simultaneously 
minimized b o t h  r c f l e c t i o n  and Voc l osscs .  The 
propcr  CdS t c x t u r e  was ob ta ined  by reducing tile HCI 
c o n c c n t r a t i o n  i n  the e t c h i n g  s o l u t i o n  f rom 55% by 
i o ~ l ~ ~ ~ ~ ~ i  n3 ' I I ~ c , ~   fa",^. t hn', ~'t'on'nba'ntl iiaquhl l ~ v = a  I.,,! ? # I  o.yl 1 
. ( I ) ,  t o  2 5 %  and i n c r c d s i n g  the c t c h i n g  t ime from 

t o  20-110 G C C  'at 60'%, e t  silsich p o i n t  thc  dc:ircd 
1oLal r c f l e c t a n c e '  was achicvcd.  The morphology o f  
the Cu7S sur facc  o f  c c l l s  madc by s o l i d - s t a t c  Cu2S 
growth on l i g h t l y , c t c h e d  CdS i s  shown i n  F i g u r e  3 
(compare w i t h  F i g u r e  I ) ,  r ~ h c r c  b o t h  the g r a i n  
boundary and f i n e  s t r u c t u r e  a re  reduced r e l a t i v e  
t o  thc  conven t iona l  t e x t u r c d  c e l l  (F igure  2 ) .  Usc 
o f  the  conven t iona l  554 HCI c t c h  w i t h  the s o l i d  
s t a t e  Cu2S growth proccss y i .c ldcd a  Cu2S l a y c r  w i t h  

. 'excessively t h i n  r c q i o n s ,  I cad inq  t g  c e l l s  tiit11 
h i g h  resistive and JL losses.  

.Rc f lec tancc  spec t ra  o f  g r i d d c d  CdS/Cu2S de- 
v i c e s . w i t h  v a r i o u s  Cu2S l a y e r  morphologies a r c  
shown i n  F i g u r e  4 .  The l i g h t  t c x t u r e  introduced 
by the new process (F igure  3 )  i s  sufficient t o  
reduce r e f l c c t . i o n  losscs t o  thc l c v c l  t y p i c a l  o f  
c o r r v c n t i o n a l l y  t o x t u r o d  ~ o l l s ,  I n  f a c t ,  usc o f  
t h i s  process w l t h  t h e  Cu2S so lu t ion .g ro \ . r th  tech-  
n ique  y i e l d s  c e l l s  w l t h  t h c  same photon econoray 
as thc c o n v e n t i o n a t ' c e l l  bu t  w i t h  a  s u b s t a n t i a l l y  
reduced f rcqucncy o f  shunt and s h o r t - c i r c u i t  paths.  

Values. o f  jL and Voc (normal i zed  t o  JL = 25 
m/I/cm2) achicved w i t h  the v a r i o u s  structures a r e  
show11 i n  T?ble 1 .  The data shows t h a t  an a l l  eva- 
pora tcd  t h i n - f i l m  CdS/Cu2S c c l l  can ach ievc  c f f i -  . 
c i e n c i c s  over  92 i f  a  F i l l  f a c t o r  722 ( t y p i c a l  
o f  h i g h  c f f i c i e n c y  t e x t u r e d  c c l l s )  can be ob ta ined  
w i t h  the Voc and JL va lucs  repor ted  here. The JL 
va lues (? 25 m~/cmZ) n c c c i s a r y  t o  exceed. 102 c f f  i - ., 
c i c n c y  have n o t  y e t  becn schicved,  bu t  t h c  s o l u t i o n  
o f , , t h e  r c f l c c t i o n  loss problcm i s  a majnr  advanre. 
Ihe best  JL achieved t o  d a t  c  i s  2 2 . 2  mMcm2. which 
i s  w i t h i n  1 1 %  o f  the  goal .  .Ongoing dcvelopnient o f  
t h c  optimum c u 2 i  s t o i c h i o n e t r y  arrd th i ckness  and 
i~nprovcd s u b s l r a t c  r e f  l c c t  i v i  l y  a r c  cxpcc tcd  t o  
y i c l d  c e l l s  o f  o\*c:r 10: convcrs ion  c f f i c i c n c y .  
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Reflcctancc spectra o f  gr idded c e l l s  w i t h  var ious 
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SEM v i e w  o f  thc top  s l~r facr?  of a r.nnvcntlnnal l y  
tex tured c e l l  w i t h  s o l u t l o n  g r o w  Cu2S layer  (mag. 2000 X)  




