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1 .  ABSTRACT 

Deve4opment o f  t he  CdS/CuzS c e l l  has focused on the  p lanar  j u n c t i o n  

design w i t h  an enhanced open c i r c u i t  vo l tage .  Var ious techniques have been 

t r i e d  i n  an at tempt  t o  improve t he  sho r t  c i r c u i t  c u r r e n t .  The maximum achieved 

. - . - - - - 
i s  % 22 m ~ / c m ~  compared t o  % '25 .m~/cm2 f o r  t he  t r a d i t i o n a l  s o l u t i o n  reac t  i on  

c e l l .  The h ighes t  e f f i c i e n c y  achieved t o  data a t  open c i r c u i t  vo l tages  above 

0.54 V i s  8.26%. The cond i t i ons  have been es tab l i shed  f o r  (CdZn)S depos i t i on  

and composit ion t o  g i v e  open c i r c u i t  vo l tages  o f  0.62 V. The i n f l u e n c e  o f  

t e x t u r i n g  on r e f l e c t i v i t y  has been es tab l i shed  and some progress made i n  r e -  

ducing the  excessive i n t r u s i o n s  p r e v i o u s l y  noted i n  t h i s  m a t e r i a l .  The best 

e f f i c i e n c y  achieved du r i ng  t he  qua r te r  i n  ac tua l  s u n l i g h t  t e s t i n g  was 8.04% 

a t  an open c i r c u i t  vo l t age  o f  0.59 V. A  paper ana lyz ing  t he  r e l a t i o n  between 

Cu2S s to ich iomet ry  and 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  i s  be ing prepared 

f o r  t he  Pho tovo l t a i c  S p e c i a l i s t s  Conference. Fu r the r  measurements on capaci -  

tance and photocapaci tance a r e  ' reported. T r i a l  encapsulat ions us ing  E lec t ron  

Beam deposi ted g l ass  and the  r e s u l t s  o f  a t tempts t o  depos i t  de fec t  f r e e  
I 

coa t ings  a r e  described. 
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3 .  l NTRODUCT l O N  

The goal o f  t he  CdS/Cu2S development e f f o r t s  i s  t o  improve the  

shor t  c i r c u i t  cur ren t  o f  p lanar  j unc t i on ,  h igh  vo l tage c e l l s  t o  the l e v e l s  

achieved w i t h  the convent ional s o l u t i o n  reac t ion- tex tured c e l l .  A number 

o f  techniques have been attempted dur ing  t h i s  quar te r  but  as ye t  p a r i t y  

has no t  been achieved. I n  general the cur ren ts  i n  c e l l s  produced by 

e i t h e r  the s o l i d  s t a t e  reac t i on  aione o r  the s o l i d  s t a t e  reac t i on  i n  com- 

b i n a t i o n  w i t h  a  shor t  s o l u t i o n  reac t ion ,  a re  about 10% below t h e - l e v e l s  

achievable by s o l u t i o n  reac t i on  on ly .  U t i l i z i n g  the shor t  s o l u t i o n  

reac t i on  f o l l o w i n g  a  standard s o l i d  s t a t e  Cu2S formation an e f f i c i e n c y  o f  

8.26% has been.achieved a t  an open c i r c u i t  vo l tage o f  0.54 V and a  shor t  

c i r c u i t  cur ren t  a t  100 mw/cm2 o f  j u s t  over 21 m~/cm2. D i rec t  evidence f o r  

the  e f f e c t s  o f  the s o l u t i o n  reac t i on  have been obtained using e lec t ron  beam 

induced cu r ren t  imaging. The E B l C  images show tha t  the s o l i d  s t a t e  reac t i on  

leaves regions of  low response a t  the CdS g r a i n  boundaries, these are  con- 

ver ted  t o  regions o f  enhanced response by the s o l u t i o n  ' react ion.  

The z i n c  content and depos i t ion  cond i t ions  necessary t o  achieve 

0.62 V open c i r c u i t  vo l t age  w i t h  (cdZn)S have been establ ished.  A study 

o f  t he  r a t e  o f  reac t i on  o f  t h i s  mater ia l  i n  the d i l u t e  H C l  t e x t u r i n g  s o l u t i o n  1 
has shown t h a t  a  reac t i on  t ime o f  10 seconds i s  s u f f i c i e n t  t o  reduce the re -  

f l e c t i v i t y  t o  the minimum achievable. Producing the Cu2S layer  by s o l i d  s t a t e  

reac t i on  has been shown t o  e l im ina te  the grosser i n t r u s i o n  features and as a  

resul  t some improvement i n  open c i r c u i t  vo l tage s tab i  1 i t y  has been shown. 

Macroscopic de fec ts  such as c r a c k i n g * i n  the mixed s u l f i d e  seem t o  be more 



p reva len t  than i n  CdS and exper iments have been designed t o  determine whether 

an expansion matching subs t ra te  w i l l  h e l p  reduce these f laws.  

F u l l y  automated data a c q u i s i t i o n  and a n a l y s i s  i s  be ing used t o  pro-  

v i d e  performance feedback t o  t he  c e l l  development e f f o r t s .  A l l  ' c u r r e n t  

v o l t a g e  curves o f  over  55% f i l l  f a c t o r  a r e  f i t t e d  t o  a  d iode  equa t ion  and 

t h e  lumped s e r i e s  and shunt r es i s t ance  computed. . For e f f i c i e n t  s to rage  

and r e t r i e v a l  o f  t e s t  da ta  t he  parameters o f  t he  d iode f i t  a r e  s t o red  on 

magnet ic tape. An i n t e r d i g i t a t e d  g r i d  has been designed and masks ob ta ined  

t o  a1 low unequ i voca l  measurements o f  t he  Cu2S sheet r es  i stance. A rev iew o f  

a l l  a v a i l a b l e  exper imenta l  data  on t h e  i n f l u e n c e  o f  Cu2S s to i ch i ome t r y  on 

abso rp t i on  and o t h e r  parameters has been c a r r i e d  ou t .  The r e s u l t s  a r e  be ing 

prepared f o r  p resen ta t i on  a t  t he  nex t  P h o t o v o l t a i c  S p e c i a l i s t s  Meeting. 

Fu r t he r  s t ud ies  have been made.of capac i tance o f  va r i ous  c e l l s  and' the  i n f l u e n c e  

o f  heat t rea tmen t . 

A number o f  c e l l s  have been coated w i t h  g l ass  us ing  e l e c t r o n  beam 

depos i t i on  techniques and t h e i r  behav ior  upon exposure t o  a i r  moni tored f o r  

up t o  two months. An i n i t i a l  r a p i d  drop i n  e f f i c i e n c y  i s  f o l l owed  by a  ve r y  

s low dec l i ne .  Microscopy has shown a number o f  de fec t s  i n  these g l ass  l a y e r s  

and var iou3  tec l i~ r iqueb  a r e  belnej a t tempted t o  produce more d e f e c t  f r e e  m a t e r i a l .  



4.1 Task 1 Development o f  CdS/Cu7S Solar  C e l l s  

At t h e  end o f  t h e  prev ious c o n t r a c t  i t  had been es tab l i shed  

t h a t  t h e  f r o n t  su r f ace  o f  t h e  p lanar  j u n c t i o n  c e l l  cou ld  be l i g h t l y  

t e x t u r e d  w i t h o u t  degrading the  ach ievab le  open c i r c u i t  vo l tage .  (1 

The h ighes t  e f f i c i e n c y  c e l l  o f  t h i s  type w i t h  t he  Cu2S made by a  s o l i d  

s t a t e  r e a c t i o n  was 7.81% under ELH s imu la t i on .  Work has cont inued on 

t h e  l i g h t l y  e tched c e l l  w i t h  va r i ous  approaches being t r i e d  t o  improve 

t h e  c u r r e n t  w t i i l e  m a i n t a i n i n g  t h e  open c i r c u i t  v o l t a g e  and f i l l  f a c t o r .  

4 ; l . l  Phase 1  Improved L i g h t  Trapping i n  Cu2S - 

The e x t e n t  o f  l i g h t  t r app ing  w i t h  Cu2S depends on the AR 

coat ing,.  the  f r o n t  su r f ace  t e x t u r i n g  and subs t ra te  r e f l e c t i v i t y .  Tex- 

t u r i n g  us ing  25% H C l  a t  600C appears t o  produce a  c l ose  to optimum f r o n t  

su r f ace  s t r u c t u r e  and good a n t i - r e f l e c t i o n  has been achieved w i t h  a  two 

l a y e r  coa r l ng  o f  PIOX a ~ ~ d  ' i i02. The p r a c c d u ~ c  f o r  doposi t i n g  these f l lrns 

i s  as f o l l o w s :  

T iox.  Th i s  i s  deposi ted by BC Magnetron s p u t t e r i n g  from an 8" 

ti t a r g e t .  The background pressure i s  2.0 m ~ o r r  . o f  62 oxygen i n  Argon and 

0 
t he  power consumption i s  840 Watts. Under these cond i t i ons  a  f i l m  o f  570 A  

th ickness  and r e f r a c t i v e  idea o f  2.35 i s  deposi ted i n  % 5  minutes. 

Si02.  T l i i s  i s  depos i ted  by RF Magncrron s p u ~ l i r > i n g  from an 8" 

S i02 t a r g e t  i n  Argon a t  2.0 mTorr. The RF power i n  700 wat ts .  F i lms o f  

980 8 th i ckness  w i t h  a  r e f r a c t i v e  index o f  1.47 grown i n  2 t 'm i r iu tes .  



The two l aye rs  a r e  depos i ted s e q u e n t i a l l y  w i t h o u t  b reak ing  

vacuum. 

The amount o f  l i g h t  t h a t  i s  a v a i l a b l e  f o r  t r app ing  on t he  

second pass through t he  Cu2S i s  co .n t r o l l ed  by the  r e f l e c t i v i t y  o f  t h e  

subs t ra te .  Prev ious work had shown t h a t  a  t h i n  l a y e r  o f  z i n c ' p r o v i d e d  

good adhesion and ohmic con tac t  t o  the  CdS and a f t e r  heat t reatment  

i n t e r - d i f f u s i o n - w i t h  t h e  copper g i v e s  an a-brass r e s u l t i n g  i n  h i g h  

r e f l e c t i v i t y  above % 500 nrn. ( 2 )  The r e f l e c t i v i t y  o f  copper i n  t h i s  

r eg ion  i s  h i ghe r  than brass and s i l v e r  shows almost 100% r e f l e c t i v i t y .  

Two mod i f i ed  subs t ra te  c o n f i g u r a t i o n s  were t h e r e f o r e  exp lored namely 

an IT0 l a y e r  on copper and s i l v e r  p l a t e d  copper. 

F i gu re  1 shows t h a t  t he  s i l v e r  p l a t e d  copper r e s u l t e d  i n  

reduced r e f l e c t i v i t y  immedia,tel y  a f t e r  CdS d e p o s i t i o n  presumably be- 

cause o f  s i l v e r  s u l f i d e  fo rmat ion  d u r i n g  t he  i n i t i a l  stages o f  CdS 

depos i t i on .  Experiments w i t h  IT0 , r e s u l t e d ' i n  some increase i n  J L  bu t  

a  s u b s t a n t i a l  r educ t i on  i n  y i e l d  o f  usable  s u b s t i t u t e s  was noted. 

.- _ _ _ _ _  _ __ - -- . . - - . . . - . -. - - . .- - - . - .- - . - - . . . -- - - -- - -. 
The major  . . - . . problem . -. - . .. . . encoun_te_red was shpr t jng ,  which would i n d i c a t e  t h a t  
. . . . -. - . . - - .. .-. . - . . - . - . - - . . . -.- - - ..- -. - - - _ .... _ _ _ 
. t he re  were p inholes.  and d e f e c t s .  i n  the.  C.dS f i l m s .  .. Tab.1.e. l .summarizes . - 
-. . - - - - - -. - . . - - . . . - - . . . - - - - - - - - - - -- -- - 
t h e  .ITO exper iments.  Standard sub5tra.t.e p r a c t i c e  has t h e r e f o r e  been 

mainta ined w i t h  an 8 second z i n c  p l a t i n g  t ime y i e l d i n g  a  Zn th ickness  



Figure 1 Total reflectivity from CdS substrates deposited on zinc 
or silver-plated copper. 



Y i e l d  and c u r r e n t  genera t ing  capac i t y  o f  CdS/Cu2S 
c e l l s  deposi ted on standard z i n c  p l a t e d  copper and 
IT0 coated copper. 

Z inc P la ted  Copper 

Piece ~ u m b k r *  ~ a x i m l r n  JL (% 100 mw/cm2) Comments 

21044.11 24.2 mA/cm2 Best o f  4  ce l ' l  s  

22.2 mA/cm2 Best o f  .4 c e l l s  

2  1 .9 mA/cm2 Best o f  4  c e l l s  

21 .8 mA/crn2 Best o f  4  c e l l s  

IT0 Coated Copper . . 

21046.11 21.7 3 c e l l s  shor ted 

.. . 

* Each p iece  should produce 4  c e l l s  



4.1.2 Phase 2 Maximize Jsc  by Cu7S Control  

The s o l i d  s t a t e  reac t i on  to 'produce Cu2S on tex tured CdS has 

f a i l e d  t o . r e s u l t  i n  cu r ren ts  which equal those achieved w i t h  the s o l u t i o n  

reac t ion .  Table 2 shows the  maximum cur ren ts  achieved w i t h  'the two pro- 

cesses dur ing  the r e p o r t i n g  per iod and a d i r e c t  comparison o f  c e l l s  

produced on a s i n g l e  subs t ra te  i s  g iven i n  Table 3. I t  i s  seen t h a t  a 

d i f f e r e n c e  of 10-12% i n  JL e x i s t s  between the two processes. 

Table 2 

Maximum L i g h t  Generated Currents a t  100 rnw/cm2 

September 1 -. November 30, 1979 

Ce l l  # (mn/cm2) 

S o l i d  S ta te  Process 

So lu t ion  Proces3 



Table 3 

D i r e c t  comparison o f  s o l i d  s t a t e  & s o l u t i o n  process c e l l s  on 
subs t ra te  #20948. L i g h t  generated c u r r e n t  a t  100 rnw/cm2 w i t h o u t  
an a n t i - r e f l e c t i v e  coa t ing .  

C e l l  # - JL (m~/cm2) 

Sol i d  S ta te  Process 

22 1 ' 18.9 

222' 17.9 

S o l u t i o n  Process 



4.1.3 Phase 3 Optimize Voc, FF f o r  JSc > 26 m ~ / c m ~  

A  procedure has been developed which promises t o  r e s u l t  i n  enhanced 
\ 

cu r ren ts  w h i l e  main ta in ing  the h igher  vo l tages o f  the s o l i d  s t a t e  Cu2S process. 

The technique i s  t o  f o l l o w  the  s o l i d  s t a t e  reac t ion  w i t h  a  shor t  reac t ion  i n  

t he  cuprous c h l o r i d e  so lu t i on .  Pre l im inary  E B l C  imaging, F igure  2, shows t h a t  

t he  i n i t i a l  Cu2S has ' reg ions  o f  very low response a t  the  CdS g r a i n  boundaries. . , 

Subsequent s o l u t i o n  reac t i on  r e s u l t s  i n  enhanced E B l C  response i n  the boundary 

reg ions. 

The b e s t  c e l l s  made dur ing  ' t h i s  repo r t i nq  per igd  by the  s i n g l e  and t w n  

stage process respec t i ve l y  have achieved e f f i c i e n c i e s  o f  8.01 and 8.26%. Com- , , 

p l e t e  product ion  and performance d e t a i l s  a re  g iven i n  Table 4. The 51 i ~ l h t l ~  
. .. - . -- .. -. .- . . 

l owc r ' vo l t agcs  f o r  the ; d i d  s t a t e  resc t i on  c c l l  g i v l n g  the hfghest efflctency 

probably r e f l e c t s  the ra the r  low r e s i s t i v i t y  o f  t ha t  p a r t i c u l a r  CdS substrate.  



Table 4 

Performance and p roduc t ion  data f o r  CdS/Cu2S c e l l s  produced by s o l i d  

s t a t e  r e a c t i o n  w i t h  CuCl o n l y  o r  w i t h  an a d d i t i o n a l  r e a c t i o n  i n  a CuCl 

s o l u t i o n  
C e l l s  20968.12X 

S o l i d  s t a t e  r e a c t i o n  o n l y  
. . 

CdS - R e s i s t i v i t y  0.9 p c m .  Thickness 30.8 pm. Source temperature 
1 040°C. Subst r a t e  temperature 240°c. Etched f o r  25 seconds 
i n  20% H C I  a t  600C. 

. . . - - - - - - . 

U S  ~ h i c k n e s s  1611 8 
Heat t reatment  t o  optimum performance f o r  c e l l  20968.121 

16 hours a t  1700C i n  CO p r i o r  t o  g r i d d i n g  
84. hours a t  150°C i n  H2 p r i o r  t o  double l a y e r  AR 
32 hours a t  130°C i n  vacuo 
94 hours a t  130 '~ i n  H2 

ELH S imu la t ion  a t  96 mw/cm2 

C e l l  # Voc (V) Jsc ( m ~ / c m ~ )  FF (%) ri (%I  JL ( a t  100 rnw/cm2) 

. . .  . . . . - . .. 

Cel ls 21007.22X 

S o l i d  s t a t e  and s o l u t i o n  r e a c t i o n  

CdS - R e s i s t i v i t y  2.9 R-cm. Thickness 21.8 pm. Source 
temperature 98Q0C. Subst ra te temperature'210°C. 
Etched f o r  20 seconds i n  20% H C l  a t  600C. 

C u e  Sol i d  s t a t e  th ickness  1519 8.  - 
So lu t i on  r e a c t i o n  10 seconds. 

Heat t reatment  t o  optimum performance f o r  c e l l  21 00;7.221 

5 hours a r  1700C i n  CO p r i o r  t o  g r i d d i n g .  
121 hours a t  1 5 0 ~ ~  i n  H2 p r i o r  t o  double l a y e r  AR 
16 hours a t  1500C i n  H2 

ELH ' S  imu.1 a t  i on  a t  87.5 rnw/cm2 

Ce l l  # Voc ( V )  J,, ( r n ~ / c m ~ )  FF % rl ( % I  JL ( a t  100 mw/cm2) 



Solid State Reaction 

Solid State + Solution Reaction 
r.5. - 5 

' - <*>:L, 2 la, 3, <z-..;- 
"*\ -, Figure 2 Electron Beam Induced Current Images from Sol i d  State  Reaction 

g~~+;;?*-~p: o n l y a n d w i t h  solut ion r e a c t i o n x 2 5 0 0 .  
I'L, ' 



4.2 Task 2 ( ~ d z n ) ~  Ma te r ia l  and Ce l l  Development 

4.2.1 Phase 1 Develop Non-Intrusive Cu2S Morphology 

Several samples were prepared t o  reveal the  morphology o f  Cu2S 

formed on ( ~ d z n ) ~  by the  s o l u t i o n  process (wet),  and by the sol i d  s t a t e  

reac t i on  process (d ry ) .  The i n i t i a l  r e s u l t s  f o r  the wet process i n d i c a t e  

t h a t  the morphological features o f  the Cu2S formed on ( c d z n ) ~  were qua1 i- 

t a t i v e l y  d i f f e r e n t  than observed on good q u a l i t y  grade CdS. I n  p a r t i c u l a r  

a predominance o f  sp ike i n t rus ions  which extend 4-8 pm i n t o  the  (cdZn)S, 

and the  pers is tence o f  i n t rus ions  formed around ma te r ia l  "sp i ts "  deposited 

dur ing  f i l m  growth a re  evident.  A d d i t i o n a l l y ,  l o c a l i z e d  regions i n  which 

there e x i s t  a  host o f  sub-micron, semi-spherical i n t rus ions  a re  observed. 

F igure 3 shows the  SEM o f  the top surface o f  a t y p i c a l  (cdZn)S f i l m  w i t h  

i t s  g r a i n  boundaries revealed. The revea l ing  o f  the g r a i n  boundaries i s  

accompl ished by forming Cu2S (by wet process) on the surface o f  the (CdZn)S, 

then s t r i p p i n g  the Cu2S w i t h  KCN (3 ) .  The p i c t u r e  reveals the ex is tence 

o f  a bimodal d i s t r i b u t i o n  o f  g r a i n  sizes. On the one hand, there  a re  

regions which e x h i b i t  g r a i n  s izes  i n  the 2-4 pm range, w h i l e  on the o ther  

there are  regions which are  dominated by sub-micron g r a i n  sizes. I t  appears 

t h a t  i t  i s  these l a t t e r  sub-micron g ra in  s i ze  regions which r e s u l t  i n  the 

sub-micron s i z e  semi-spherical Cu2S i n t r u s i o n  morphology. I n  general the  

g r a i n  s t ruc tu re  o f  CdS f i l m  does not  e x h i b i t  these small g r a i n  regions, nor 

the semi-spherical in t rus ions .  The expected consequences o f  these small 

grained regions on (Cdzn) S/Cu2S device character  i s t  i cs inc lude the reduct ion 

i n  open c i r c u i t  vo l tage owing t o  the increased area o f  the  junc t ion ,  and the 

reduct ion i n  cur ren t  c o l l e c t i o n  e f f i c i e n c y  because o f  g r a i n  boundary losses. 



Figure 3 Scanning Electron Micrograph of  (CdZn)s Substrate #I0304 
a f t e r  removal o f  a Cu2S layer.  x 2000 



The i n i t i a l  resu l t s  on the morphology o f  Cu2S formed by the dry  

process indicate that  the wa l l - l i ke  in t rus ions s t i l l  pe rs is t ,  but tha t  the 

spike and s p i t  int rusions are absent. Despite the reductions i n  the va r ie ty  

and penetrat ion depth o f  Cu2S intrusions,  a decay i n  Voc w i t h  time i s  ob- 

served. There i s  addi t ional  evidence o f  microscopic cracks i n  the (CdZn)S 

f i lms,  which appear t o  occur e i t he r  as the resu l t  o f  handling during pro- 

cessing, o r  as a consequence o f  mechanical st ress present owing t o  the mis- 

match i n  thermal expans ion between the ( ~ d ~ n )  S~ and the copper subst rate. 

Phase 2 Material Fabr icat ion 

It was necessary t o  es tab l ish  the appropriate deposit ion condit ions 

t o  achieve the Voc value required (620 m ~ )  f o r  the present c e l l  design. To 

minimize the number o f  var iables a f fec t ing  f i l m  composition, s t ruc ture  and 

e l ec t r i ca l  propert ies, i t  was decided t o  determine and then keep constant, 

the set o f  source b o t t l e  parameters which would ensure an average f i l m  growth 

ra te  between 1.6 and 2.0 um/min. and a z inc concentrat ion between 12 and 15%. 

These condit ions were achieved w i t h  the concentr ic source b o t t l e  temperature 

held a t  1060°C; the t o t a l  o r i f  i ce  area o f  the ZnS chamber was 0.2 cm2, the 

CdS chamber o r i f i c e  was 0.014 cm2, and the e x i t  o r i f i c e  was 0.32 cm2. With 

the source b o t t l e  condit ions set, the substrate temperature remained as the 

var iab le  used t o  a f f ec t  average g ra in  size, composition and e l e c t r i c a l  

conduct iv i ty .  

Table 4 shows the Voc data f o r  two sets o f  c e l l s  prepared from 

the same ( c ~ z ~ ) s  substrate. The 21 pm th i ck  (Cdzn)~ substrate has a z inc 

concentration o f  12% and r e s i s t i v i t y  3.7 ohm-cm. Pr io r  t o  Cu2S formation 



the (cdZn)~ substrate was textured i n  25% HCl  a t  600C f o r  20 and 25 seconds 

f o r  the dry and wet formed C U ~ S ,  respectively. The c e l l s  had between 50 

t o  70 hours o f  heat treatment a t  170°C i n  an hydrogen envi ronment and a 

f i n a l  hydrogen heat treatment a t  2000C fo r  16 hours. The difference i n  . 

observed open c i r c u i t  voltage would require the difference i n  junction area 

t o  be a factor o f  seven between the wet and dry formed Cu2S. 

Figure 4 shows the p l o t  o f  thickness removed as a function o f  

the (CdZn)S textur ing time Jn the 25% HCI etch held a t  60%. The (cdzn )~  

ii l m  

Table 4 

Open Ci rcu i t  Voltage Achieved on (~dzn)S Substrate #I0298 by 
Solution and Solid State Cu2S Formation 

Cell # 

111 

113 

114 

22 I 

222 

223 

Fo,ma t ion Thickness (R) 
Wet 

Wet 

Wet 

Dry 

Dry 

Dry 

(10295) was grown on a substrate held a t  225%. The thickness removed i s  the 

equivalent planar thickness assuming 100% dense (CdZn)S. The average 

textur ing rate i s  0.021 vm/sec which i s  about ha l f  the ra te  observed f o r  

CdS f i lms. For comparison a data point  f o r  the o ld  55% HCl f o r  two seconds 

textur ing etch i s  presented. The reduced HCl  concentration gives better 

repreducibi 1 i t y  and reducgs the amount nf matefiol removed t o  g ive the 

necessary re f lec t ion  reduction. The ef fects  o f  t h i s  texture as a function 

of textur ing time w i l l  be presented i n  the fol lowing Section. 



055% H C ~ } ~ ~ ~ ~ ~ ~  
a25% HCI 

texture time (seconds) 

Figure 4 Thickness of  (CdZn)S removed as a function o f  etching time i n  
HCI.  - 



As was previously reported(2) the as-grown (Cd~n) s r e s i s t i v i t y  

could be lowered by heat treatment a t  250°C i n  hydrogen. However, f o r  the 

recent set o f  substrates the as-grown r e s i s t i v i t i e s  were t y p i c a l l y  less 

than 20 Q-cm and no f u r t he r  heat treatment was f e l t  t o  be necessary. 

4.2.3 Phase 3 Device Design, Fabrication - and Analysis 

The spec i f i c  c e l l  character is t ics  being sought t o  achieve greater 

2 than 9% ef f ic iency arc  JL = 21 &an2 @ 100 mW/m , Voc = 620 mV and ff 2 72%. 

CUPS. produced by fhq sol i d  s ta te  react inn i z  h ~ l n g  used as t h i s  gives higher 

Voc for  the same z inc concentration and resu l ts  i n  less in t rus ive  Cu2S, This 

l a t t e r  feature i s  f e l t  t o  be important w i t h  regard t o  the temporal s t a b i l i t y  

o f  the c e l l  VoC. t he  present device and material modeling l i n k  the temporal 

ins tab i  1 i t y  o f  Voc f o r  (CdZn)S devices w i t h  the Cu2S morphology ( i  .e. intrusions).  (1) 

P r i o r  t o  the formation o f  the Cu2S layer by the dry process, i t  I s  

des i rab le  t o  tex ture the (Cdzn)~ surface i n  order t o  improve the photon economy. 

Figure 5 shows Scanning Electron Micrographs (mag x 10,000) o f  ( c d ~ n ) ~  f i lms  

grown a t  substrate temperatures o f  195OC (A) and 22S°C (8) .  The (CdZn)S sur- 

faces which were textured f o r  0, 10, 30, 50 and 90 seconds, respect ively i n  

25% HCl  a t  600C. Table 5 shows the reduction i n  re f l ec t i on  a t  a wavelength 

o f  0.4 vm f o r  the two sets o f  samples described above. The data indicate that  

the major reduction i n  re f l ec t i on  occurs w i t h i n  10 seconds. Table 6 shows the 

reduction i n  re f l ec t  ion a t  0.4 pm from 1600 2 o f  Cu2S (dry process) as a funs- 

t i o n  of tex tur ing time f o r  a ( c ~ z ~ ) s  f i l m  prepared on substrates held a t  22S°C. 

The data indicate tha t  tex ture times i n  excess of  10 ieconds do not fu r ther  

reduce re f l ec t i on  from the Cu2S surface. 



Etch time (sec) 

Figure 5 Scanning Electron Micrographs of (~dZn) s substrates deposi ted 
at 1950C and 225OC as a function of the indicated etching times 
(seconds). 



Table 5 

l n f l uence  o f  Etch ing Time on. ( c d Z n ) ~  R e f l e c t i v i t y  a t -  0.4 vm 

Texture 
T i  me (seconds) 

Table 6 .. . 

l n f l uence  o f  Etch ing Time o f  (CdZn)S on R e f l e c t i v i t y  a t  
0.4 pm From a Cu2S Surface Layer 

Sample # - T s s- (OC) Texture Time R @ 0.4 um 



Having se lec ted  a  s u i t a b l e  se t  o f  ( C d z n ) ~  d e p o s i t i o n  cond i t i ons ,  

and focused i n  on an app rop r i a te  t e x t u r e  t ime, a  s e t  o f  c e l l s  was prepared. 

As i n  Task 1 a  s u b s t r a t e  eva lua t i on  procedure was employed i n  o rde r  t o  s e l e c t  

p roper  ( C d z n ) ~  f i l m .  The s e l e c t i o n  c r i t e r i a  were t h a t  JL @ 100 mw/cm2 be 

g r e a t e r  than 18 m ~ / c m ~  (no A-R) and Voc 5 560 mV f o r  (CdZn)S/cu2S j u n c t i o n s  

formed by the wet process. 

Table 7 shows t he  c e l l  da ta  f o r  f o u r  se ts  o f  c e l l s  (no A-R) 

prepared on t h e  same (CdZn)S i u b s t r a t e  (102.98). The 21.4 urn t h i c k  (CdZn)S 

f i l m  had a  z i n c  composi t ion o f  12% and as-grown r e s i s t i v i t y  o f  3.7 ohm-cm. - 
The purpose o f  these se t s  was t o  compare wet versus d r y  on the  same ( . c ~ z ~ ) s  

and t o  examine t he  JL and Voc dependence on t e x t u r i n g  t i m e - w i t h i n  t he  t ime 

range d i c t a t e d  by t h e  r e f l e c t i v i t y  data.  The Voc and JL da ta  f o r  the  untex-  

t u r e d  ( C d z n ) ~  w i t h  d r y  Cu2S i n d i c a t e  a  f a i r  amount o f  s c a t t e r  i n  comparison 

w i t h  t h e  o the r  sets .  I t  i s  apparent t h a t ,  i n  a d d i t i o n  t o  p r o v i d i n g  a l i g h t  

t r a p p i n g  j u n c t i o n ,  t h e  t e x t u r e  e t ch  c leans the  ( c ~ z ~ ) s  p r o v i d i n g  a  more 

u n i f o r m  sur face  on to  which t he  Cu2S i s  formed, never the less  the  data f o r  d r y  

CuzS i n d i c a t e s  t h a t  t h e r e  i s  Ao s i g n i f i c a n t  l oss  i n  Voc as a  consequence o f  

t h e  t e x t u r i n g .  The comparison between s o l u t i o n  and s o l i d  s t a t e  r e a c t i o n  

c e l l s  shows an open c i r c u i t  vo l t age  ga in  o f  50-60 mV f o r  the  l a t t e r  technique. 

I f  t h i s  Voc d i f f e r e n c e  i s  due t o  a  j u n c t i o n  area e f f e c t ,  then the  j u n c t i o n  

area f o r  ( c d Z n ) ~  Cu2S (wet)  must be seven t imes g rea te r  than f o r  (CdZn)S/Cu2S 

I 

I nspec t i on  o f  t h e  l i g h t  generated c u r r e n t  va lues f o r  t h e  d i f f e r e n t  

d r y  Cu2S c e l l  se t s  shows t h a t  t he re  i s  an improvement i n  c u r r e n t  as a consequence 

o f  t e x t u r i n g .  I n  f a c t  the improvement i n  l i g h t  generated c u r r e n t  g i ven  as 



Table 7 

Ce l l  Performance f o r  S o l u t i o n  and S o l i d  S ta te  React ion 
C e l l s  on ( C d z n ) ~  Subst ra te #I0298 - 

Ce l l  # Texture Cu2S Max. Max. n, (%I  
Time Thickness J,@ 100 m~/cm2 Voc@ 25 mA/cm2 

(set) (nm) (rnA/cmZ) (mv) - 

Solu t i on  React ion 

113 2 5 317.8 17.9 .588 6.9 

114 I I I I 18.2 .586 6.7 

S o l i d  S ta te  React ion 



. 
JL ( tex tured)  - JL (untextured) 15.5 - 12.3 = 26% 
\ 

JL (untextured) 12.3 

i s  i n  approximate agreement w i t h  the increase i n  absorbed l i g h t  due t o  the 

reduct ion  o f  r e f l e c t i o n ,  which i s  

. .  . 
[I - R ( t ex tu red ) ]  - [I - R (untextured) ] -  - .87 - .70 ; 24% 

[ l - R (untextured) ]  .70 
t 

Despite the improvement i n  Vdc and apparent reduct ion i n  Cu2S i n t r u s i o n  

dens i ty ,  these devices s t i l l  e x h i b i t  a  Voc which decay w i t h  t ime (e.g. 

A V o c / A t  = 2.5 mV/min @ 28°C). I t  i s  therefore concluded t h a t  whi l e  Cu2S 

formed by the d ry  process does in f luence the Cu2S morphology, the defects 

responsib le f o r  the Voc temporal i n s t a b i l i t y  a re  no t  being e l iminated.  I t  

has been observed t h a t  the (CdZn)S f i l m s  are  more b r i t t l e  than CdS f i l m s  

and i t  i s  suggested t h a t  cracks i n  the f i l m  a re  being caused by handl ing. 

As a  consequence o f  the  thermal expansion mismatch between ( c ~ z ~ ) s  and 

copper the subs t ra te  assumes a  tubu lar  shape a f t e r  depos i t ion .  During 

subsequent handl ing accompanying device f a b r i c a t i o n ,  the substrate receives 

q u i t e  severe handl ing. Possib le substrate a l t e r n a t i v e s  w i t h  more s u i t a b l e  

thermal expansion matches w i l l  be sought. 

During t h i s  past quar te r  a  (CdZn)s/cu2s c e l l s  w i t h  Cu2S formed 

by the  wet process was tes ted  under outdoor i l l u m i n a t i o n .  The 22 pm t h i c k  

(CdZn)S f i l m  (#10296) w i t h  a r e 5 i q t i v i t y  nf 8 nhm-cm was textured i n  25% 

HCl .a t  60°c f o r  40 seconds p r i o r  t o  the a p p l i c a t i o n  o f  Cu2S. F igure 6 

shows the I - V  'curve f o r  t he  outdoor t e s t .  The open c i r c u i t  vo l tage was 536 mV,  

the  f i 1 1  fac tor  65.7% and cur ren t  under 88.5 mw/cm2 outdoor i n s o l a t  ion was 

18.5 m ~ / c m ~  f o r  a  conversion e f f i c i e n c y  of 8.04%. 
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Figure 6 Current-voltage curve for (cdZn)~/Cu~S cell # 10296.212 under 
natural sunlight. 



4.3 m ask 3 E'lectro-Optic Ana lys is  Modeling 

4.3.1 Phase 1 Feedback Analys is  

, Rapid feedback t o  the so la r  c e l l  development e f f o r t s  i s  achieved 

us ing  d i g i t a l  da ta  a c q u i s i t i o n  and ana lys is  f o r  the basic  cur ren t -vo l tage 

t e s t i n g .  Da i l y  updates o f  c e l l  performance are  maintained and provided t o  

the  c e l l  product ion group. A l l  cur ren t -vo l tage curves.of over 55% f i l l  fac-  

, t o r  a r e  f i t t e d  t o  a  mod i f ied  diode equat ion and the lumped ser ies  and shunt 

res i s tance  c o n t r i b u t i o n s  ca lcu la ted .  The data i s  then stored on a  c e n t r a l  

f i l e  us ing  the parameters from t h i s  diode f i t t l n g  procedure. During the 

qua r te r  t h e  sof tware capab i ' l i t y  was extended t o  handle the i n t e r d i g i t a t e d  

g r i d  devices. 

4.3.2 Phase 2  Quan t i f y  E f f e c t s  o f  2D Current Flow 

Experimental i n v e s t i g a t i o n  o f  the in f luence o f  two dimensional 

cu r ren t  f l o w  i n  the Cu2S laye r  w i l l  be c a r r i e d  ou t  us ing  a~ I n r e r d l g l t a t e d  

g r i d  device. Th is  c e l l  w i l l  have in te r leaved p a r a l l e l  g r i d  wi res i n  two 

se ts  connected t o  a  cu r ren t  c o l l e c t i o n  busbar a t  each end o f  the c e l l .  

Using t h i s  device i t  w i l l  be poss ib le  t o  measure c e l l  behavior u t i l i z i n g  

each g r i d  separate ly  and i n  combination thus g i v i n g  c e l l  performance a t  2 

g r i d  spacings. I n  a d d i t i o n  i t  w i l l  be poss ib le  t o  measure the cu r ren t -  

vo l t age  behavior o f  the  Cu2S alone by measuring the cur ren t  f l o w  from one 

g r i d  t o  the  o ther .  Appropr iate vo l tage b ias ing  w i l l  be used t o  present 

p a r a l l e l  cu r ren t  f l o w  through the he tero junc t ion .  



4.3.3 Phase 3 Theoretical, Modeling and Analysis-Parameter I n te rac t i ons  

A review o f  the a v a i l a b l e  data on the in f luence o f  Cu2S 

sto ich iometry on c a r r i e r  behavior and o p t i c a l  absorpt ion i s  being 

c a r r i e d  out.  A paper descr ib ing  the r e s u l t s  i s  being prepared f o r  the  

14th IEEE Photovol ta ic  S p e c i a l i s t  Conference. 

4.3.4 Phase 4 Inf luence Defect Levels i n  CdS an-d J ~ ( v )  - 
.- 

A number o f  c e l l s  have been submitted t o  m u l t i p l e  heat t r e a t -  

ments a t  var ious temperatures i n  order  t o  form the j unc t i on ,  t o  ad jus t  

the sto ich iometry o f  the  CuXS, and t o  cause d i f f u s i o n  o f  Cu ions i n t o  

the CdS. As a means o f  i nves t i ga t i ng  these e f f e c t s  i n  more d e t a i l ,  exper i -  

ments have been performed cons i s t i ng  o f  repeated measurements, a t  successive 

stages o f  heat treatment o f  photocapacitance and JL(V), along w i t h  the  usual 

I - V  curves. Here we w i l l  descr ibe the photocapacitance measurements. 

Two groups o f  c e l l s  ( so lu t i on  process) were f o l  lowed through a 

ser ies  o f  heat treatments. I n  both cases, values o f  capacitance C i n  the 

dark and a t  AM1 were f i r s t  measured before the c e l l s  experienced any heat 

treatment. They were subjected to-16-hour heat treatments .in Hz;- .In the 

f i r s t  group, the  heat treatment temperature was 15o0c, and C was measured, 
P 

as a func t i on  o f  DC b ias  V and w h i t e - l i g h t  i l l u m i n a t i o n  i n t e n s i t y  @ a f t e r  

each o f  four  heat treatments. I n  the second group, the heat treatment 

temperature was 200'~ f o r  two c e l l s  and 1 5 0 ~ ~  f o r  the o ther  two, and C and 

c e l l  cur ren t  I. was measured as a func t i on  o f  @ a f t e r  each o f  s i x  heat t r e a t -  

ment's. Results a re  t rea ted  below under f o u r  headings: 
- 



1 .  V a r i a t i o n  o f  ( c / A ) ~ ~ ~ ~  w i t h  heat treatment a t  two temperatures was 

measured i n  o rder  t o  f o l l o w  d i f f u s i o n  o f  Cu i n t o  the CdS. I f  one d isregards 

the  topography o f  the CdS-Cu,S j u n c t i o n  and assumes t h a t  i t  ac ts  l i k e  a  plane 

p a r a l l e l  capac i to r ,  one can est imate the depths t o  which Cu ions d i f f u s e  i n t o  

the  CdS as p l a t e  separat ion \ 

3 According t o  standard d i f f u s i o n  theory, x should increase l i n e a r l y  w i t h  t , 

where t i s  the t ime o f  heat treatment. F igure 7 p l o t s  these var- iables f o r  

c e l l s  subjected t o  150' C i n d  200' C heat treatmqnts. The v a r i a t i o n  i s  

obv ious l y  not l i n e a r  and t h i s  i s  presumably the r e s u l t  o f  g r a i n  boundary - 
e f f e c t s .  We can est imate the  i n i t i ' a l  s lope (near t . =  0) t o  ob ta in  d i f f u s i o n  

c o e f f i c i e n t s  o f  D 1 x 10-'I4 cm2/sec o f  magnitude w i t h  those obtained by 

S u l l i v a n  [Ref: G .  A. Su l l i van ,  Phys. Rev. - 184, 796 (1969)l i n  s inge l - c rys ta l  

CdS. Fur ther  measurements o f  t h i s  type are  t o  be done on p lanar  ~ ~ 1 1 %  t o  

determine the i n f l u e n c e . o f  g r a i n  boundaries. 

2. Va r ia t i on  o f  (C/A)~,, ,~ w i t h  heat treatment a t  two temperatures was 

, measured t o  determine the  e f f e c t  o f  ho le  t rapp ing  and the consequent modu- 

l a t i o n  o f  j u n c t i o n  f i e l d  by l i g h t .  The r e s u l t s  appear i n  F igure 8. I n  

t h i s  p l o t ,  x i s  more reasonably i n te rp re ted  as depth o f  the conduct ive region 

produced by ho le  t rapp ing  behind the dep le t ion  region,. The observat ion t h a t  

x approaches a  l i m i t  o f  Q .18 pm a f t e r  the t h i r d  o r  f o u r t h  heat treatment a t  

150 '~  ind ica tes  tha t ,  i n  the  region o f  s t rong o p t i c a l  absorpt ion and consequent 

ho le  t rapping i n  CdS, ho le  t r a p  concentrat ion becomes saturated a f t e r  65 hr .  

A s i n g l e  heat treatment a t  200'~ i s  enough t o  b r i n g  t h i s  concentrat ion t o  i t s  







l i m i t .  I t  i s  s i g n i f i c a n t  t h a t  t h e  l i m i t i n g  va lue  o f  ( c / A ) ~ ~  (and t h e r e f o r e  

o f  X) i s  apparen t l y  the  same f o r  the  two temperatures, even though j u n c t i o n  

e l e c t r i c  f i e l d  E i s  no t ,  as shown by the J ~ ( v )  measurements. 

3. E f f e c t i v e  donor d e n s i t y  ND* was est imated from slopes o f  ( A / c ) ~  

p l o t s  aga ins t  D C  b i a s  V a t  d i f f e r e n t  @ and t, i n  o rde r  t o  determine whether 

one can see t he  e f f e c t s  o f  compensating Cu ions i n  t h i s  way. I n  t he  c e l l s  

be fo re  heat t reatment ,  C was n e a r l y  constant  w i t h  V a t ' a l l  @ ,  i n d i c a t i n g  

ve ry  l a r g e  ND*, as a n t i c i p a t e d .  Probably the  most s i g n i f i c a n t  f e a t u r e  was 

t he  observa t ion  t h a t  ND* reaches i t s  minimum o f  a 2  n 1016 cm-3 a t  moderate 

va lues o f  @ ,  o f t e n  around 10% AMl, r a t h e r  than a t  AMI, where one would 

a n i t c i p a t e  h o l e  t r app ing  t o  be most e f f e c t i v e  i n  reduc ing ND*. The explana- 

t i o n  presumably r equ i res  cons ide ra t i on  o f  e f f e c t s  o f  inc reas ing  i n j e c t e d  

c u r r e n t  a t  h igher  @.  

4. V a r i a t i o n  o f  t h e  r e l a t i o n  between C and c o l l e c t i o n  e f f i c i e n c y  r~  

- 1 w i t h  heat t reatment  was i nves t i ga ted  by p l o t t i n g  8 - I  versus qC . As 

expla ined i n  e a r l i e r  r epo r t s ,  s t r a i g h t  l i n e s  can be f i t t e d  t o  these p l o t s  

and t he  respec t i ve  i n t e r c e p t s  i n t e r p r e t e d  as the inverses o f  S1/p2 and TJ Q' 
Because o f  the  very  slow v a r i a t i o n  o f  TI, w i t h  @ between a.O1 AM1 and 1.5 

AM1 seen i n  t he  present  experiment, the  s t r a i g h t - l i n e  f i t  was very  poor u n t i l  

t he  c e l l s  had rece ived a t  l e a s t  f o u r  heat t reatments.  Consequently, the  

r e s u l t s  a r e  ma in ly  q u a l i t a t i v e .  The 150°C c e l l s  gave a  f a i r l y  h i gh  S l h 2  

a t  f i r s t  (rough es t ima te  4000 V/cm) , whi l e  the  va lue  drops a f t e r  t h r e e  o r  

f o u r  heat t reatments  t o  a1500 V/crn, a t  which va lue  i t  remains. The 200 '~  

c e l l s ,  i n  con t ras t ,  s t a r t  low i n  Sl/p2 (rough es t imate  500 V/m) and l a t e r  

r i s e ,  reaching values above a3000 V/cm a f t e r  the  s i x t h  heat t reatment ,  and 

no t  showing any tendency t o  approach a  l i m i t .  A f t e r  t he  s i x t h  heat t reatment ,  

t he  1 50°C and 200 '~  c e l l  s  showed, respect  i v s l  y ,  ~ I Q  z .25 and - 5 .  



4.4 Task 4 Develop I n t e g r a l  Encapsulat ion 

During t h i s  p e r i o d  the  e f f o r t s  were concentrated on t h e  

s t r u c t u r a l  c h a r a c t e r i z a t i o n  o f  e-beam evaporated 9658 g lass  f i l m s .  

Four c e l l s  (21014.111, 112; 113, 114) prepared by standard 

wet method and double l a y e r  AR coated were encapsulated by 5 um g lass .  

The d e p o s i t i o n  parameters f o r  the g l ass  f i l m  were: 

Rate = 50 X/second 

subs t ra te  temperature = room temperature 

Three o f  these c e l l s  were then exposed t o  l a b o r a t o r y  a i r ,  under no- load 

c o n d i t i o n  and t h e i r  e f f i c i e n c y  measured p e r i o d i c a l l y .  F igure  9 shows t h e  

average e f f i c i e n c y  vs.  exposure t ime  data.  As can be seen the  g l ass  depo- 

s i t i o n  r e s u l t s  i n  a  13.4% decrease i n  the e f f i c i e n c y .  Over a  pe r i od  o f  16 

days t h e  e f f i c i e n c y  f u r t h e r  drops 18.2% ( f rom the  i n i t i a l  encapsulated va lue)  

w i t h  most o f  t h e  change o c c u r r i n g  i n  the f i r s t  e i g h t  days. I n v e s t i g a t i o n  o f  

t he  c e l l  parameters (Table 8) shows t h a t  t h e  degradat ion i s  ma in l y  the  r e s u l t  

o f  an i n i t i a l  sharp drop i n  Jsc t o l l owed  by a very  s low dec l i ne .  Thls suggests 

t h a t  t he  g l ass  l a y e r  has s t r u c t u r a l  de fec t s  p e r m i t t i n g  t he  o x i d a t i o n  o f  t he  

Cu2S l aye r .  

The f o u r t h  c e l l  (21014.111) which was.not  p a r t  o f  the  exposure 

t e s t  was examined by Scanning E lec t ron  Microscopy t o  determine t he  de fec t s  

caus ing 1093 o f  hcrrnctlclry. The mlerographb i r i  F i y u r u  10 shows t h a t  these 

a r e  o f  two types: 

- Cracks i n  t h e  g l ass  l a y e r  probably  due t o  r es i dua l  s t resses  

(F igu re  10a). 

- Caul i f  lower t ype  o f  overgrowth ( ~ i ~ u r e  l ob )  l o o s e l y  bound t o  

t h e  m a t r i x  which may pop ou t  causing t he  exposure o f  the  
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Figure 9 Effecrs of exposure on e-beam encapsulated CdS/Cu2S cell. 



Figure 10 

(a) o0 t i l t  

(b) 40° t i  1 t 

3ical structural  defects on the glass layer .  Micron bar 3 10 urn. 



under ly ing Cu2S layers. 

This type o f  de fec t  i s  bel ieved t o  be the  r e s u l t  o f  the extremely rough 

surface o f  the  c e l l  which promotes p r e f e r e n t i a l  nuc leat ion  and overgrowth. 

I t  i s  we l l  known t h a t  growth defects o f  the above type can be 

reduced by the  appropr iate choice o f  growth parameters. To determine the 

e f f e c t  o f  the r a t e  o f  deposi t ion,  g lass  layers  were deposited onto the 

copper f o i  1 (used as substrate i n  Cu2S/CdS c e l l s )  a t  a r a t e  o f  6.7 8/sec. 

Micrographs o f  Figures 1 1  (a) and 1 1  (b) show these g lass layers (1.2 pm 

t h i c k )  deposited respect ive ly  on the  rough and smooth s ide o f  the e l e c t r o -  

formed copper f o i l .  Nucleat ion and growth defects are  s t i l l  evident.  How- 

ever over an area o f  l" x l" st ress  cracking was not  observed. Since 1.2 vm 

i s  too t h i c k  f o r  e l a s t i c  accommodation o f  the deposi t ion stresses i t  i s  

bel ieved t h a t  by reducing the deposi t ion r a t e  st ress cracking can be reduced. 

Further e l im ina t ion  on the  growth defects can on ly  be achieved by increasing 

the substrate temperature. To t h i s  end a substrate heater was i n s t a l l e d  

i n t o  the  depos i t ion  system. 

During the  next  quarter  experiments w i l l  be continued t o  determine 

the optimum glass deposi t ion parameters using copper f o i l  substrate. Experi-  

ments on actual  c e l l s  w i l l  s t a r t  a f t e r  s t r u c t u r a l l y  s a t i s f a c t o r y  g lass layers  

are  obtained on copper substrates. 



Figure 1 1  Structure o f  glass layers deposited on electro-formed copper f o i l .  
(a) rough side; (b) smooth side. Micron bar = 10 urn. 



Table 8 

Exposure 
(Days) 

Average Cel l  Parameters of Three Exposed Cel l  s 

Jsc 
( rn~ /cm~)  Comment 

6.35 Before Encapsulat ion 

5.50 A f t e r  Encapsulation 

5.21 

4.68 
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