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- 1 .  Abstra.ct ' 

DISCLAIMER 

The t h r u s t  of  the research on the  p lanar  CdS/Cu2S c e l l  has been t o  

increase the  sho r t  c i r c u i t  cu r ren ts  t o  the l e v e l s  achieved w i t h  the 9 . 1 5 %  

tex tured c e l l .  I t ' w a s  es tab l ished e a r l y  i n  the c o n t r a c t  t h a t  l i g h t . t r a p p i n g  

i s  essen t i a l  f o r  h igh  cu r ren ts  and a  f r o n t  s u r f a c e . t e x t u r i n g  process.has been 

developed t o  achieve t h i s .  As a r e s u l t , , s h o r t  c i r c u i t  cu r ren ts  have .been . . 

r a i sed  t o  over  2 1 . 0 m ~ / ~ m ~ ;  ~ h e h i g h e s t ' e f f i c i e n c ~  achieved w i t h  the p lanar  . '  

j u n c t i o n  c e l l  du r i ng  the  con t rac t  was 7.81%. C e l l s  heat t rea ted  t o  t h e i r  

h ighest  sho r t  c i r c u i t  cu r ren ts  have shown f S  1 1  f a c t o r s  below the design 

requirement o f  about 74% thus p u t t i n g  a  1 i n i i t  on .achievable e f f i c i e n c y  .: 

~ u r t h e r '  improvement o f  f i l l  f a c t o r  and a  small add i t i ona l  increment o f  cu r ren t  

w i l l  produce c e l l s ' w i t h  e f f i c i e n c i e s  o f  over 10%. Progress has been made on 

improving the performance o f  the ( ~ d ~ n )  S/CU. S again wi t h  t he  .major emphasi s  
2 

being ori .improved shor t  c i r c u i t  cur ren ts .  Mod i fy ing  the CdZn/S .depos i t  ion. 

procedure as d i r e c t e d  by materi ,al  s tud ies  has resu l ted  i n  considerably i m -  

proved sho r t  c i r c u i t  cu r ren ts  du r ing  the  course of  t h i s  con t rac t .  The h ighes t  

2 sho r t  c i r c u i t  cu r ren ts  have. now ra i sed  t o  over 21 mA/Cm, and a  c e l l  . e f f i c i e n c y  

of  8.19% has been recorded. Fundamental s tud ies  have focused on the  i n f l uence  

o f  subs t ra te  composit ion and heat treatment on j u n c t i o n ' f i e l d  and. c o l l e c t i o n  
. . 

e f f i c i e n c y .  These s tud ies  have,'been conducted i n  p a r a l l e l  with ' .experiments. . 

on photo1,uminescence i n  an a t teTp t  t o  r e l a t e  depos i t i on  cond i t i ons  t o  optimur? 

subs t ra te  parameters. . Q u a n t i t a t i v e ' a n a l y s i s  has been c a r r i e d  ou t  o f  the op t ima l  

ma te r i a l  parameters requ i red t o  maximi ze energy convers ion e f f i c i e n c y .  , ' l t has 

I been shown t h a t  a  r e l a t i v e l y  narrow range o f  p r o p e r t i e s  iil the CdS and Cu2S I s  

, necessiiry t o  achieve the  h ighest  e f f i c i e n c i e s .  ~ h e e n c a p s u l a ' t i o n  task  has fo-  

cused on t r i a l  depos i t ions  of g lass  app l i ed  by e l e c t r o n  beam evaporat ion.  A 

1 i m i  ted  number 'o f  c e l l  s  have been encapsu la ted  behind sheet g lass  and. exposed 

t o  s u n l i g h t  f o r  a  number o f  months. 

- 1  - 
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3 .  I n t r o d u c t i o n .  

The d.evelopment of a  low cos t  t h i n - f i l m  s o l a r  c e l l  based on the  

. CdS/Cu2S h e t e r o j u n c t i o n  has been cont inued under the  same f o u r  tasks estab- 

l i s h e d  under DOE c o n t r a c t  number EG-77-C-03-1576. During t h a t  program i t  

became c l e a r  t h a t  t he  convers ion e f f i c i e n c y  o f  t he  convent ional tex tured 

, CdS/Cu2S c e l l -  was l i m i t e d  t o  between 9 and 10%. The p r i m a r y , l i m i t i n g  fat- 

. . . tor  .'is the  open c i r c u i t  vo l t age  and i t  was concluded t h a t  i t  would be un - .  

1 i k e l y  t o  exceed 0.52 v because o f  t he  vo l tage  pena l ty  caused by a  l a rge  

. j u n c t i o n  area. . ~ u r t h e r '  advances i n  convcrs ion  c f f  i c i cney  wcrc concluded 

t o  be poss ib le  i f  t h e  j u n c t i o n  could be made more p lanar  w i t h  an area more 

n e a r l y  equal t o  t he  p r d j e c t e d  area o f  ' the c e l l .  Work du r ing  t h i s  year has 

' .  . 
focused' on the p lanar  CdS/Cu2S c e l l  and subs tan t i a l  improvements i n  conver- 

s i o n  e f f i c i e n c y  from t h e  i n i t i a l  va lues have been r e a l i z e d .  The goal e f f i -  

c iency 'of  10% has n o t  been reached main ly  because sho r t  c i  t c u i  t cu r ren ts  have 

n o t  y e t  been r a i s e d  t o  l e v e l s  achieved w i t h  the  tex tu red  c e l l .  It i s  co'ncluded 

t h a t  t h i s  w i l l  r e q u i r e  f u r t h e r  technology d e v e l ~ ~ m e n t ' a n d  does no t  represent  

an u l t i m a t e  l i m i t a t i o n  on the  behavior o f  t he  c e l l .  Junc t ion  fo rmat ion  by.a 

so l ' i d  ' s t a t e  r e a c t  ion  process has been developed and subs tan t i a l  gains made i n  

photon economy w i t h  a  mod i f ied  f r o n t  sur face t e x t u r i n g  procedure. 

Development o f  (CdZn)s/cu2S c e l l s  has been guided by the prev ious 

exper ience w i t h  CdS/CuqS c e l l s .  S t r u c t u r a l  s tud ies  revealed t h a t  the mixed 

s u l f i d e s  being deposi ted had subs tan t i a l  l y  d i f f e r e n t  g r a i n  morphological 

I s t r u c t u r e s  t o  those o f  the CdS which gave h igh  e f f i c i e n c y  c e l l s .  M o d i f i -  

c a t i o n s  t o  the depos i t i on  procedures have now succeeded i n  producing mixed 
! 

, s u l f i d e s  w i t h  p r o p e r t i e s  much more c i o s e l y  a k i n  t o  the  CdS m a t e r i a l .  Con- 

j s i d e r a b l e  improvements i n  s h o r t  c i  r c u  i t c u r r e n t  and. f i 1 1  f a c t o r  have been 
I 

achieved w i t h  the  mixed s u l f i d e  c e l l ,  and conversion e f f i c i e n c i e s  over 8.1% 

: ' 

have now been r e a l  i zed. 



A l l  c e l l  developnlent e f f o r t s  i n  the CdS programs a t  the I n s t i t u t e .  . 

o f  Energy Conversion have been d i r e c t e d  by the  ou tput  o f  t h e  va r ious  ana- 

l y t i c a l  s tud ies  c a r r i e d  ou t .  During t h i s  year a  d e t a i l e d  q u a n t i t a t i v e . s t u d y  

has. been.made of  optimum c e l l .  performance and the  acceptab'le ranges o f  compo- 

'nent ma te r i a l  p rope r t i es  def ined.  I t  i s  found t h a t  these a re  r e l a t i v e l y  

narrow i n  order  t o  achieve the h ighes t  poss ib le  e f f i c i e n c y  i n  t he  CdS/CuZS 
. . 

c e l l .  . I n  a d d i t i o n ,  photocapaci .ty, spec t ra l  response and photo.luminescence 

measurements have been made i n  an a t tempt , , to  i d e n t i f y  t h e ' t r a p  popu la t ion  

essen t i a l  f o r  h igh  e f f i c i encyenergy  conversion and t o  r e l a t e  .the t r a p  popu- . 

l a t i o n  t o  the  o r i g i n a l  CdS depos i t i on  cond i t ions .  Some progress has been 

made i n  t h i s  research but, cons iderab ly  more work is ,necessary  be fore  the. 

f u l l  p i c t u r e  i s  avai l 'ab le.  A major d i f f  i cu l . t y  w i t h  b a t t h  type c e l l  .produc- 

t i o n  i s  ma in ta in ing ' con -s i s ten t  ma te r i a l  p rope r t i es  from ru.n t o  run. . A l though.  

considerable progress has been made i n  i d e n t i f y i n g  and ma in ta in ing  optimum 

depos i t i on  condi . t ions,  i t  was s t i  1 1  found t h i t  there  was an unacceptable 

degree o f  v a r i a b i  1 i t y  between subst ra te  and subs t ra te .  I n  a d d i t i o n  t o  a  

sequence o f  parameter measurements t o  a s s i s t  i n  s e l e c t i n g  subs t ra tes  capable: . . .  

of producing h igh  e f f i c i e n c y  ce1l.s a  f u r t h e r  selectLon procedure was' found' 

t o  be necessary. This  procedure i s  to make a  t r l a l  s e t  o f  f o u r  c e l l s  us ing  

the  convent ional .  s'olut i on  reac t  ion  proccss. r o l  lowing a I I I ~  II i~~iurrl number' o f  
. .. 

heat treatments an accept - re jec t  dec i s ion  i s  made on the  bas is  o f  t h e  achieved 

1 i ght  generated cu r ren t  and the  d iode pre-exponent i a l  f a c t o r .  . Th i s '  "s.ubstr.ate 

eva lua t ' ion  procedure" (SEP)  has been very  succes~sful  . j n  p revent ing  c e l l  p ro-  

ducti 'on e f f o r t s  o n ' m a t e r i a l  which is  i n t r i n s i c a l l y . u n l i k e l y  t o  reach the 

h i g h e s t . e f f i c i e n c i e s . .  It should be noted however t h a t  the s e l e c t i o n  c r i t e r i a  

i s  aimed towards ach iev ing  the  h ighes t  poss ib le  e f f i c i e n c i e s .  A l l  the CrJS 

m a t e r i a l  produced would be capable o f  reaching e f f - i c i e n c i e s  i n  the 7 t o . 8 %  range. 



A ' l  im i ted  l e v e l  o f  e f f o r t  has been maintained aimed a t  developing 

an i n t e g r a l  encapsu la t ion  t o  p r o t e c t  the  Cu S l a y e r  from the  atmosphere. 
2 .  . 

Some success has been achieved w i  t h  e l e c t  r'on beam depos i ted  g lass  w i  t h  . , 

th icknesses up' t o  5 pm. A few c e l l s  have been pro tec ted  from the atmos- 

phere behind sheet g lass ,  exposed t o  s u n l i g h t  and t h e i r  degradat ion be- 

h a v i o r  moni, tored. C e l l  s  i n  a  reduced e f f i c i e n c y  s t a t e  were res tored . . 

t o  pre-exposure performance. l e v e l s  by appropr ia te  reducing heat treatments. 



4.1 Task 1 Development o f  CdS/Cu2S Solar  Ce l l s  

The pr imary goal o f  t h i s  phase o f  the  research has been t o  develop 

a  c e l l  w i t h  conversion e f f i c i e n c y  o f  over 10%. Previous e f f  ic i 'ency .goals ' 

w i r e  met by ihcreas ing  the f i l l  f a c t o r  and sho r t  c i r c u i t  . c u r r e n t  . o f  a  tex-  

t u r e d  c e l l  t h a t  was l i m i t e d  i n  c i r c u i t  vo l t age  t o  Q, 0.5.V. The.poten- 

t i a l  f o r  improving e i t h e r  the - f i l l  f a c t o r . o r  cu r ren t  l e v e l s  achieved i n  the 

9.15% c e l l  was.judged t o  be' l imi - ted.  and acco rd ing l y  a [najor c e l l  design 
! . .  . 

change was made t o  a  p lanar  j u n c t i o n  c e l l .  I n  t h i s d e s i g n  the Cu2S i s .  ' 

-formed by a  s o l i d  s t a t e  reaction between CdS and Cu2C12 which very  l a r g e l y  

e l  i y i  nates the  deep g r a i n  boundary i n t r u s i o n s  o f  Cu2S formed by the  more 

t r a d i t i o n a l  s o l u t i o n  "barr i .er ingI1 process. C e l l s  made e a r l y  i n  t h i s ' c o n -  

t r a c t  per iod  were formed.on asdepo 's i ted  CdS but  o p t i c a l  measurements 

es tab l  i shed tha t '  t h i s  resu l  ted i n  very  poor. photon ,economy. ~ u b s e ~ u e n t ' l  y  
. . 

i t  was 'establ ished tha t .  some sur face t e x t u r i n g  o f ,  the CdS was possibl 'e w i thou t  

. s i g n i f i c a n t  l oss  o f  open c i r c u i t  vo l tage.  

During the  course o f  the  con t rac t  the sho r t  c i r c u i t  cu r ren ts  f o r  

h igh  open c i r c u i t .  "01 tage c e l l s  have been ra i sed  from Q, 18 mA/cm2 to  over 

2  
21 mA/cm w h i l e  main ta in ing  Voc a t  >. 0.54 V.  The best c e l l  e f f i c i e n c y  

achieved under 94 mw/cm2ELH s imu la t i on  i s 7 . 8 1 % w i t h  Voc = 0.54 \ I ,  FF = 

2  74.29, JSC = 1 '8 .1 ,m~ /cm~ ( 1 9 . 2 m ~ / c m ~  a t  100 mW/cm ) .  Overall, & c u r a c y ' i s  : ' . . 

. . 
est imated t o  be 2 ' 2 % .  

4 1 1 Phase 1 P l a n a r  Junc t ion  w.i t h  Good Open C i  r c u i  t Vol tage. and F i  1 1    actor 

. . 
The achievable open c i r c u i t ,  vo l t age  i s  reduced by the  area o f  t h e  

ac tua l  he tero junc t ion , 'AJ ,  according t o  the  f o l l o w i n g  r e l a t i o n ,  



where (A ) i s  the  p r o j e c t e d  area o f  t he  c e l l .  A t  l e a s t  two f a c t o r s  i n -  
1 

f l uence  t h e  j u n c t i o n  area, namely the  morphology o f  the f r o n t  .surface 

o f  t h o  CdS and the  product  i o n  o f  Cu2S down the  CdS g ra in '  boundaries. The 

morphology o f ' t h e  CdS on a gross sca le  r e f l e c t s  the  sur face o f  the me . ta l l i c  

subs t ra te  and on a  f i n e . s c a l e  i t  i's affected. by the  hyd roch lo r i c  a c i d  e t ch  

no rma l l y  used t o  t e x t u r e  the  sur face before reac t i on  t o  CU'  S. The g r o s s ,  , 2  

morphology o f  t he  CdS sur face can the re fo re  be in f luenced by s e l e c t i n g  
. . 

. e i t h e r  the-..matte o r  smooth s ide  o f  the  copper subs t ra te .  I n i t i a l l y  c e l l s  

w i t h  V,, i . n ' t h e  range of 560-570 mV were produced on tho  smooth o idc  o f  the . 

, subs t ra te .  However, r e f l e c t a n c e  measurements coupled w i t h  t h e o r e t i c a l  

a n a l y s i s  showed t h a t  increased photon losses would even tua l l y  o f f s e t  any 

g a i n  achieved i n  t h i s  way as long as no p rov i s ions  for. . improved l i g h t  
voc 

' .  t r app ing  were made. Th i s  coupled t o  a  decreased c e l l  y i e l d  due t o  .CdS 

adhesion problems., r e s u l t e d  i n  the  abandonment o f ' t h i s  c e l l  design. 

The f i n e  lllorphology o f ,  the  CdS was found t o  be key t o  improved 

photon e f f i c i e n c y ,  as' .shown i n  Task 1 1 1 , Phase 7, .and a, 1 i g h t  H C I  e tch  

. ( L E ) '  was developed' so as n o t  t o  a f f e c t  V whi l e  a l s o  ach iev ing  the  d c -  
oc 

s i r e d  1 i g h t  t rapp ing  (see Phase 3 ) .  I t  was found t h a t  as long as g r a i n  
I 

.boundary pene t ra t i on  was avoided by .using the sol  i d - s t a t e  fdrmat i on  tech-  . , 

was no t  a f fec ted .  Tablc I shows t y p i c a l  Voc va lues n ique f o r  Cu2S, Voc 

. achieved w i t h  the ,  va r i ous  CdS and Cu2S growth processes. Since the  photon 

economy' and 1 ight-generated cu r ren t  J depended on the  Cu2S niorphology 
. L  

2 
values have been a d j u s t e d  t o  constant  JL i 21 mA/cm t o  permi t  c'omparison. 

voc 



Table I ' . 

. . 
Maximum Voc as recordedt and norma 1  i zed t o  JL=2 1  m ~ / c m ? ,  f o r  va r  ious . c e l l  

C e l l  Subs t ra te  . - Cu2S Format ion CdS e t c h  ' V ' ( m ~ )  Comments 
QC- 

?: 
E t ch  - 

Smooth .Sol i d  S t a t e  None 

Ro.ugh,, . Sol i d  S t a t e  . ,12 sec. . , 

. . 

Rough Solu't i o n  10 sec. 
. . 

Rough . Sol i d  S t a t e  10 sec. . . .  

Rough S o l u t i o n  None 

t Best Value Us ing  
562 L i gh t . e . t ch  ., 

1. 

, . 
Rough Sol i,d S t a t e  None 

20% HCl.  a t  60°C f o r  s t a t e d  t imes 

F i l l  fac . tor  va lues  a r e  s t r o n g l y  a f f e c t e d  .by s e r i e s  res i s tance ,  which 

i s . l a r g e l y  determined by l a t e r a l  c u r r e n t  f l o w  i n  t he  Cu2S l a y e r ,  which i n  t u r n  
. . 

. . 
depends c r i t i c a l ' l y  on t h e  Cu2S morphology. Whi le  FF > 0.72 were achieved 

i 
u s i n g  t he  unetched CdS/sol i d  s t a t e  C ~ ~ S  c e l l  des ign,  c e l l s  made u s i n g  the  

. . 
's0.1 i d  s t a t e  r e a c t i b n  process showed unusual l y  l a r g e  v a r i a t i o n s  i n  s e r i e s  

r e s i s t a n c e  upon H heat  t rea tment  l e a d i n g  t o  maximum JSc. The maximum con- 
2  

v e r s i o n  e f f i c i e n c y  w a s a c h i e v e d  a t  va lues  o f  JSc below maximum as i 1  l u s t r a t e d  

i n  l able I I .  Th is  i s  i n t e r p r e t e d  as due t o  t h i n  CuiS reg ions  caused bv t he  

l a c k  o f  u n i f o r m i t y  o f  the  evaporated CuCl l a y e r  on the,CdS sur face ,  l ead ing  . :  
:. 

t o  h i g h  Rs when t he  Cu2S s t o i c h i o m e t r y  i s  h igh .  T h i s  o b s t a c l e  t o  i n t e g r a l  

c e l l  op t im i za t i . on  i s .  f u r t h e r  analyzed i n  Phase 5. 
. . . . 

Tab le  l l 

C e l l  Parameter& a t  Maximum JSc and E f f i c i e n c y  f o r  1939 ~ k r  i e s  . ' 

0 .  

C e l l  S t a t e .  ' 

20939.122 Maximum e f f i c i e n c y  . 555' . 17.4 72.2 '7.51 . 2.56 ' : 

Maximum. c u r r e n t  540. 18.5 64.1 6.89 . 4,42 



A.study o f  the  i n f l uence  o f  heat treatment temperature on f i l l  , 

f a c t o r  revealed t h a t  a t  200 '~  a  non-recoverable loss  o f  f i l l  took p lace.  

~ i ' g u r e  1 shows t h a t  subs tan t i a l  heat treatment a t  1 5 0 ~ ~ '  can be c a r r i e d  

o u t  - w i t h  o n l y  a  small d e c l i n e  i n  f ill f a c t o r .  

, . 

' .  4..1..2 'Phase 2  Achievement o f  Low Photon Losses 

The low photon l oss  i n  t he  t r a d i t i o n a l  tex tured . c e l l  i s  i n  p a r t  
, . 

. .  due t o  the a n t i - r e f l e c t i o n  e f f e c t s  o f  the  tex tured surfaces. The h igh  

index nf r h f r a c t i o n  of  Cu,S w i l l  produce major , f i r s f  sur face r e f l e e t i o n  

losses w i t h  a  smooth sur face and i t  has been c l e a r  f o r  some t ime t h a t  

t he  p lanar  c e l l  w i l l  r e q u i r e  development o f  a  good a n t i - r e f l e c t i o n  tech- 

nology. A s i n g l e  l a y e r ' a n t i - r e f l e c t i o n  coa t i ng  can i n  p r i n c i p a l  achieve ' 

zero r q f l e c t i o n  a t  one s p e c i f i c  wavelength bu t  i n  the  absence o f  t e x t u r i n g  

i t  would no t  be expected t o  achieve the low photon losses requ i red  f o r  

h i g h  e f f i c i e n c y  c e l l s .  By us ing  two l aye rs  i t  i s  poss ib le  i n  p r i n c i p a l  

t o  achieve i e r o  r e f  l e c t i n c e  a t .  two wavelengths. By a p p r o p r i a t e l y  posi - 

t i o n i n g  these i n  t h e  a c t i v e  photon range o f  the s o l a r  c e l l  one can ant ' i -  

c i p a t e  having a  low o v e r a l l  f r o n t  sur face re f l cc tancc  o f  . less than 5%. 

Measurements w i t h  an i n t e g l - a L ' l ~ ~ y  splrere showed ' that  f o r  c e l  I s  w i t h  Cu S . 2 

thickness,d, l ess  than about h a l f  t he  e l e c t r o n  d i f f u s i o n  d is tance ( ~ 1 5 0 0  8) 
. as requ i red  f o r  h igh  c a r r i e r  co l lect ion e f f i c i e n c y ,  photon losses due t o  

. I  

(1,2) reemi t ted  l i g h t  were l i m i t i n g  J even i n  double l aye r  A-R p lanar  c e l l s .  
L 

Experimental rnr l  a n a l y t i c a l  work!2) showrrl t h a t  mod i f ~ L , L  iun o f  r h c  sub- 

. . 
s t r a t e  t e x t u r e  t o  increase l i g h t  t rapp ing  was a  low b e n e f i t  op t i on .  O f  

the o the r  two op t i ons ,  t e x t u r i n g  the  f r o n t  Cu2S sur face o r  t ex tu r . i ng . the .  

f r o n t  sur face o f  an a n t i - r e f l e c t i o n  cover a p p l i c d  t o  a  smooth Cu2S laye r ,  

t h e . f i r s t  proved f r u i t f u l .  Based on the ana lys i s   a ask I l l ,  phase 7) the 

f r d n t  sur face o f  the  Cu2S could be expected to  be amenable t o  t e x t u r e  w i t h  

minimum V loss .  
OC 



. 0 '  

Figur.e 1 l n f  1 uence o f  Hea t  Treatment on F i  1 l Fac to r  . .  . . . 



A l i g h t  e t i h  (20-25% H C l ,  60°c, 10-40 seconds) was developed, 

. t h a t  achieved a  decrease i n  re f l ec tance  w i t h  no s i g n i f i c a n t  decrease 

i n  V . and a  s u b s t a n t i a l  g a i n  i n  JL. The best cu r ren t  achieved i n  
OC 

2  an un tex tured (unetched) CdS/Cu2S c e l l  was 19.8 mA/cm2 (100' mW/cm ) : 

As shown by the  r e s u l t 3  i n  t he  f o l l o w i n g  sec t i on  the 1 i g h t  e t ch  gave 

: ,  1 i b h t  genera ted  cu r ren ts  . . up t o  21.8 mA/cm2 w h i l e  main fa in ing  V oc 5 0.5'4 V .  

' 4.1:.3 Phase 3 Combine Technologies t o  Give JsC 2 27 mA/cm 2  
. . 

The. mnst q i g n i f i c a n t  improvement i n  sho r t  c ' i r c u i t  c u r r c n t  was 

achieved w i t h  the  i n t r o d u c t i o n  o f  the l i g h t  t e x t u r i n g  H C l  e tch.  A 

sequence ' o f  t h ree  experiments were c a r r i e d  du t  t o  determine the  optimum 

combinat ion o f  e t ch ing  t ime andCu2S th ickness.  T h e . e x p e r i m e n t a l c o n d i -  

' t i o n s  f o r  these experiments w e r e . i s  f o l  lows. 

. . 

.Experiment # 2 '  Substrate #20939 ~ e s ' i s t i v i t ~  1.2 R-cm 

40 seconds. Cu2S th ickness 1500, 
1000, 1900 

Experiment #3' Substrate #20960 Res is t  i v i . t y  2.0' a-cm 

' E t c h  t lme 25 seconds (20% H C l ,  60%). Cu2S th ickness 
930, 1 0 0 0 ,  300U 8 . . 

Experiment #4  Substrate #20952 . R e s i s t i v i t y  3.0 R-cm 

Etch t ime 25 seconds (20% HCl , 60 '~) .  Cu2S th ickness 
1200, 1700, 2300 8 

. . . . 

F igures 2 through 7 i 1 l u s t r a t e  the v a r i o u s  c e l l  a s  a  func f  ion  
, ' 

of the process vcar iablgs,  ~ i ~ u r e s  8 through 10 rcvcpl 5nrnc. af the in terdcpcn 

'dence between the  ope ra t i ng  parameters. 

' ' ,From these data thc  f o l  lowing conclusi 'ans can -be drawn. 

, The optimum C U ~ S  th ickness under the present c e l l  p roduct ion  cond i t i ons  .. 
i s  between 1500 and. 1700 8. 1 n 

I 
. . I -'I. 4 - 

! 

I 
I . . . , 

i . . 



The s h o r t  c i r c u i t  c u r r e n t  ( o r  J .) . i s ' r e l a t i v e l y  i n s e n s i t i v e  t o  
L 

e t c h  t imes between 10 and 60 seconds. 

The open c i r c u i t  v o l t a g e  t r ends  s l o w l y  down.w i th  t he  e t c h i n g  
t i me 

The e f f i c i ,ency  p'robably maximizes a t  2, 25 second e t c h  t ime.  . 
. . 

The s h o r t  c i r c u i t  c u r r e n t  ( o r  JL) dominates t h e  ach ievab le  . 

e f f i c i e n c y  under t h e  c o n d i t i o n s  o f .  these exper iments.  

. . . . 

Fu r t he r  development,work i s  planned t o  improve t he  s h o r t  c i r c ' u i ' t '  . . 

c u r r e n t .  A f u r t h e r  inc rease  o f  about I?%' i's n.ecessa.ry t o  ach'ieve 10% . ' 

convers ion  e f f i c i e n c y  a t  0.54 V.  ' . . ' 

. .  . 4.1.4 , T rans fe r  I n t e g r a l  Encapsulant f rom  ask 4 

Progress on the.  i n t e g r a l  encapsulant.  i s  desc r i bed  i n  s e c t i o n  4,4. . . 

The tec.hnology has n o t  advanced t o  an a p p r o p r i a t e  s-tage t o  i n t r oduce  i n t o  
' '  

t he  .ce.l l  development e f f o r t s  o f  Task. 1. 

4.1.5 ' s t a t i s t i c a l  Sample o f  H igh  E f f i c i e n c y  C e l l s .  . : 

A t o t a l  o f  36 c e l l s  were made as p a r t  o f  exper iments 2,3 and 4 des- ' .  

c r i b e d  i n  s e c t i o n  4 . 1 1 3  The d i s t r i b v t i o n  o f  JL, Voc and e f f i c i e n c y  is.: g i ven  

i n  ~ i g u r e s  11 through 13. l t  should be noted t h a t  the c e l l  p roduc t i on  cond i -  

t i o n s  cover a broad range o f  b o t h  e t c h i n g  t ime and CuZS th ickness .  ~ h e ' r e s u l t s  

f o r  c e i l s  made "s ipb  t h e  apparent optimum va lues  f o r  these v a r i a b l e s  (25 secbnds, 
. . 

1800 8) a r e  i d e n t i f i e d  on t he  f i g u r e s .  
. . 

. . 

o f  t he  36 c e l l s ,  5 (14%) were shor ted.  Twenty-six c e l l s  (72%) ex- ' 

ceeded 5% e f f i c i e n c y .  A l l  t he  l i v e  c e l l s  (86%) exceeded 0;54 V open c i r c u i t  

vo l t age .  
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No. of Cells 

F igu re  1 1 -  D i s t r i b u t i o n  o f  L i g h t  Generated Current  f o r  a  Sample o f  36 c e l l s . .  Cross 
hatching, i n d i c + t e s  c e l l s f r o m  subs t ra te  #20960, 25 sec. H C l  e t c h .  1800 8 . 

cu2s. 

. . 

. . 



:' (r No. of Cells 7 
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Figure 12 Distribu~ion of Open Circuit ~olta.~e for  a Sarnplzof 
36 Cells . 

. . 
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Eff ic iency 7) 
. . . . 

F i gu re  13 ~ i s t r i b u t i o n  o f  ~ f f i c i e n t ~  f o r  30 C e l l s .  Cross-hatch ing i n d i c a t e s  
c e l  i s  f rom s u b s t r a t e  #20960. . , 



4.2 Task 2 Development o f  ( C ~ Z ~ ) S / C U ~ S  Solar  C e l l s  
-. 

There has been no d i f f i c u l t y  h i s t o r i c a l l y  w i t h  ach iev ing  h igh  open 

c i  r c u i  t v o l  tages w i t h  ( c ~ z ~ ) s / c u ~ s .  j unc t i ons .  The ana lys i s  t h a t  the  improved 

e l e c t r o n  a f f i n i t y  match r e s u l t s  i n  a h igher  b a r r i e r  t o  forward e l e c t r o n  f l o w  

appea,rs t o  be w e l l  founded and supported by the a v a i l a b l e  evidence. The main 

.focus o f  t he  research e f f o r t  has the re fo re  been d i r e c t e d  t o  increas ing  sho r t  
. . 

. c i r c u i t  cu r ren ts  w i t h  the  goal  being se t  by the  achievements w i t h  the CdS/ 

I n  a d d i t i o n  t o  s e t t i n g  an "achievable" cu r ren t  l e v e l  the CdS/Cu2S 

exper ience has a l s o  prov ided d e t a i l e d  guidance f o r  c e l l  p roduct ion  m o d i t i -  

ca t i ons ;  S p e c i f i c a l l y  the  des i red  ( ~ d ~ n ) ~ ' m o r p h o l o g y ,  g r a i n  s t r u c t u r e  

r e s i s t i v i t y  and photoluminescence and the j u n c t i o n  morphology have been 

judg'ed f rom the  CdS/Cu2S experience. 

'4.2.1 .Phase 1 O~t imum (CdZn)s Fi lms 

~ i ' l m  Growth 

t ions.' i n  the range o f  10-20% w i t h  r e s i s t i v i t y .  values l e s s '  than 20 ohm-cm i s  

now rout i 'ne. F i lms e x h i b i t i n g  these p rope r t i es ,  and which a re  compos i t iona l ly  

. homogeneous over an e i g h t  cent imeter  square subs t ra te ,  a r e  achieved us ing  a 
. . 

concen t r i c  evaporat ion source. ~ u r i n g  the f i r s t . p a i t  o f  t h i s  past year,  a 

! ' 
companion CdS f i l m  t o  each (CdZn)S f i l m  was grown us ing  i d e n t i c a l  cond i t i ons  

o f  source temperature, su'bstrate temperature and o r i f i c e  geometry and s i z e  

w i t h i n  the source..  So lar  c e l l s  were simultaneously fab r i ca ted  on the companion 

f i l m s  thus a l l ow ing  f o r  the r e l a t i v e  comparison o f  V 
o c y  j s c  

and FF. 

Table 3 shows ( ~ d z n ) ~  and CdS c e l l  data f o r  t he  best c e l l  s (no A-R) 

. f a b r i c a t e d  us ing companion substrates.  ' For comparable f i 1 1  f a c t o r s  th,e shor t  
I 

j 
. . -28- . 

I 



Tab le  3 

 el 1 Performance f o r  ( c d ~ n ) , ~  and ,CdS C e l l  s made i n  Para1 1 e l  . ' 
' 

. . 
2 

. . ELH s i m u l a t i o n  a t  87 m ~ / c m  

~ e f o r e   e eat T r e a t m e n t  . , A f t e r  16 h r s .  i n  co @ 1 7 0 ' ~  

.2 ' .  2 
C e l l  # Z i n c  - p(ohrn-cm) , R (  rn/min) V (v )  ~ ~ = ( m ~ / c r n  ) FF(%) . T I )  V . ( V )  sc (mA/cm ) FF(%) ( 2 )  

-0C- - - -0C- -- 
. . 

. . . . 

I -2i.h-111 . .14 1 5 . .  2.8 .590 .I 4.36 . ' 73 .2  . 7.1 ; 579 15.56 71.9. 7 . 4 '  



c i r c u i t  cu r ren ts  i n  t h e  ( c d ~ n ) ~  devices a r e  t y p i c a l l y  o n l y  4-6% less  than 

i n  the  companion CdS devices. The d i f f e r e n c e , i n  V between companion 
OC 

pieces. remains approximate ly  the same w i t h  heat treatment.  Although the  ' 

. two.subs t ra te  se ts  show t h a t  the V va lue i s  less  i n  the ( c d ~ n ) ~  f i l m  
OC 

w i t h ,  g rea te r  zinc. 'content,  the V d i f f e rence  f o r  the  two sets o f  companion 
OC 

' .  p ieces. ' increase w i t h  z i n c  concent ra t ion .  Th is  companion subst i-ate approach 

. ind ica ted  t h a t  t he  concen t r i c  source design could prod.uce good c e l l  p e r f o r -  

mance qrade CdS, bu t  t h a t  the requ i red '  growth parameters ' f o r  opt imal  ( c d Z n ) ~  

was d i f f e r e n t  than f o r  opt.imal CdS. 'I'heretore, t h i s  companion subs t ra te  ' 

approach was d iscont inued.  

, P resent ly ,  the  mod i f i ed  concent r ic  source b o t t l e  shown i n  F igure  1 4  

i s  employed f o r  the"growth o f  (CdZn)S f i l m s .  This  design has e l im ina ted  'the 

d i f f i c u l t i e s  assoc ia ted  w i t h  the condensation o f  ma te r i a l  i n  the b o t t l e  

threads, which prevents cap removal. The tantalum heater  used i s  cons t ruc ted  

t o  assure t h a t  the  temperature i n  the mix ing  chamber exceeds the  temperature 

' i n  the  charge chambers. 
, . 

F i l m  Charac te r i za t i on  
. . 

Three techniques a r e  used t o  character1 ze as grown ( C d 2 n ) ~  P i  lms: 

' ,  ~ l e c t r i c a l  r e s i s t i v i t y ,  scanning e l e c t r o n  microscopy, and photolumi'nescence. 

The th rough- the - f i lm  e l e c t r i c a l  r e s i s t i v i t y  i s  determined us ing  an Indium 

'dot a s  one contac t  and t h e  copper. subs t ra te ,  as the o the r ;  a  r e s i s t i v i t y  va lue  

i s  ca l cu la ted  o n l y  f o r  those samples which e x h i b i t  l i n e a r  I-V c h a r a c t e r i s t i c s .  

When - t h e  r e s i s t i v i t y  i s  g r e a t e r  than 20 ohm-cm, i t  may be reduced by heat . 

, t i-eatment i n  a  f l ow ing  bydrogeh ambient a t  temperatures above 2 0 0 ~ ~  f o r  severa l  
, . 

l iours. F igure  1 5  shows two representa t ive  p l o t s  o f  t h e  quant i t y  p/po, which 

i s . t h e  r a t i o  o f  the reduced r e s i s t i v i t y  t o  the'as-grown r e s i s t i v i t y ,  versus 

hydrogen heat treatment t ime a t  2 5 0 ~ ~ .  ~ h e i e  pre l ' iminary da ta  i n d i c a t e  t h a t  



Exit nozzle 

Baffle 

Mixing Chamber 

CdS Orifice 

Z n S  Chamber 

CdS Chamber 

Thermocouple. ' 

Cavi ty .. . . ..  

' ~ i ~ u r e  14 Concentr ic source' f o r  Deposi t ion o f  ( C d z n ) ~  
Fi lms. , , 
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( C d z n ) ~  r e s i s t i v i t y  can be reduced t o  approximate1.y one - th i rd  f o r  as-grown 

values i n  the 20-100 ohm-cm range. 

F igure  16 shows the scanning e l e c t r o n  micrograph o f  the  top  sur-  

face  ' o f  a  (cdzn) s f i l m  which has had the g r a i n  boundaries decorated by 

Cu2S. Th is  boundary decora t ion  i s  accomplished by f i r s t  forming Cu2S ' . 

f r o m  the  sur face o f  the  ( c d z n ) ' ~  f i l m  by the s o l u t i o n  then, , 
. . 

s t r i p p i n g ' t h e  Cu2S w i t h  KCN; the  removal of Cu2S t h a t  has formed down the 

g r a i n s  revea ls  the  boundaries. : A technique has been d e ~ e l o p e d ' ~ )  t o '  ' . 
' ' 

ana'l yze the  average g r a i n  ,s ize i n  the  p.1 an.e 6 f  the f i 1111 u s i  114 these 
. . 

micrographs; F igu re  17 shows a p l o t  o f  the der ived g r a i n  s i z e  versus 
. . 

t he  .average (CdZn)S f i l m  growth ra te .  . .The data represent two .se ts  o f  . 

approximate ly  i socompos i t iona l  (Q 15% z inc )  ( C d z n ) ~  f i lms, one se t  p re-  

pared a t  subs t ra te  temperature 0 f 1 9 5 ~ ~ ,  the o the r  a t 2 3 0 O ~ .  SinceCu2S 

i n t r u s i o n s  a re  most 1 i ke l ' y  t o  occur down g r a i n  boundaries', .,and t o  the  

' ex ten t  t h a t  deep i n t r u s i o n s  are  d e l e t e r i o u s  t o  c e l l  opera t ion ,  f i l m s  w i t h  

t h e . l a r g e s t  average g r a i n . s i z e  a r e  p re te r red .  A c c o r d i n g l y ~ f i l m s  a r e  pre-  

s e n t l y  prepared a t  . a  g rowth  . r a t e  bf  approximately 2 . 0 ~ r n / m i n  on a 225O~ 

! subs t ra te . '  These i n i t i a l  r e s u l t s  o f  g r a i n  .boundary ana lys i s  have ~ r o v e n  
. . 

va luab le ,  and f u r t h e r  a p p l i c a t i o n  o f  the, technique i s  intended. 

F igure  19 shows , a  p l .o t  o f  the .enerye t i c  pus i t ion  o f  the  f r e e  exc i  ton ' 

t 

I 

I ' . .  peak f o r  ( c d z n ) ~  fi,lm as a func t i on  o f  z i n c  concent ra t ion .  The z inc  concen- 

t r a t l d n  was i n f e r r e d  from the  l a t t i c e  constant  versus z i n c  composit ion r e l a -  
. . 

' . ( 6 )  
t i o n s h i p  which had been 'establ ished f o r  e a r l  i e r  f i l m s .  Thus, from a measure- 

ment o f  the  e.xci ton peak energy a value o f  the  z i n c  concent ra t ion  may be i n f e r r e d .  

I n  a d d i t i o n  a q u a l i t a t i v e  eva lua t i on  o f  the ( c d ~ n ) ~  f i l m  can. be made us ing  the  

re1a.t i v e  peak hei!ghts .o f  the  th ree  major bands. Speci f  i c a l  l y  , the"absence o f  



H.T. Time (hrs.) in H2 at  250°C 
Figure 15 Influence o f  Heat Treatment on the R e s i s t i v i t y  

o f  (CdZn)S Films. 



Figure 16 Scanning Electron Micrograph of the Surface of a 
(CdZn)S F i  l m  After Format ion and Removal o f  a CulS 
Layer x 5,000. I 



. . 

. . Average Deposition Rate ' (prnlmin) : 
F i g u r e  17 lnf luence of ~ e ~ o s i  tion Rate o n  CdS and ( C d z n ) ~  Grain, Size. 

' 

. . 
. . . . 



Figure  18 Photoluninescence at 7 7 ' ~  c f  ( c ~ z ~ ) s  Film. 



. . 
~ i ~ u ; e  19 Energy of t h e  Exci ton Peak as a F u n c t i o n  o f  Zinc content  f o r  (cdZn)S 

' 

F i  l m s .  , . . .  . . . . 
. . I '  

. . '  



the.  free-to-bound t r a n s i t i o n  r e s u l t s  i n  devices having lower V than would 
0 C 

. ' be a n t i c i p a t e d  from a g iven z i n c  composit ion. The long wavelength band i s  
I 

general 1 y observed i n  a 1 1 (Cdzn) s f i lms ; when t h i  s band has been observed . . 

i n  CdS, i t  i s  found t h a t  the 1 i g h t  generated cu r ren t  o f  Cu2S c e l l s  f a b r i -  

cated on i t  a re  i 'nf luenced by a wavelength dependent co l l ec to r - conve r te r  
! 

j u n c t i o n  f i e l d .  Work cont inues toward the i d e n t i f i c a t i o n  o f  t he  l a t t i c e  
. . 

d e f e c t  respons ib le  f o r  t h i s  emission. . . 

. . 

.4.2.2 Phase 2 Development o f  Junc t ion  Formation 

. . 
- .  Re la t ionsh ips  o f  C e l l  Charac te r i s t i cs  and Cu S Formation 

2 

. The chemical and m o r p h o l o g ! c a l , d e t a ~ l s  o f  the format ion,  and the 

e l e c t , r i c a l  and o p t i c a l  consequences on the  ope ra t i on  o f  .the .Cu S - ( C d z n ) ~  
2 

j u n c t i o n ,  have been i nves t i ga ted  du r ing  the  past year.  Table 4 shows 

re levan t  component p roper ty ,  c e l l  format ion and c e l l  p roper ty  data f o r  f 

two se ts  o f  companion subs t ra te .  samples. On one se t  the Cu2S was p r e p a v d  
. . 
by the  standard so lU t i on  process,(7) on,  the o ther  b y  the  s o l i d  s t a t e  reac- 

t i o n  process. The performance o f  these c e l l s  has no t  been f u l l y  opt imized 

n o r ' d o  they have a n t i - r e f l e c t i o n  coat ings,  which'has a p a r t i c u l a r l y  s t rong 

e f f e c t  on the cu r ren ts  and hence .on measured e f f i c i e n c i e s  . I 

The l i s t e d  parameters i n d i c a t e  s i g n i f i c a n t  d i f f e r e n c e s  i n  the j u n c t i o n  I 

.st;ucture f o r  the, ( c ~ z " ) s  as .compared t o  the  CdS.   he d a r k  capaci tances f o r  

.' t he  ( ~ d ' z n ) s / C u ~ S  c e l l  s are  approximately tw ice  those ' f o r  the  C~S/CU;S having 
. . 

t he  same treatment sequence. This  cou ld  be e i t h e r . a  major d i f f e r e n c e  i n  the  

j u n c t i o n  area, o r  a consequence o f  slower d i f f u s i o n  o f  compensating copper' 

i n t o  the  ( ~ d z n ) ~ ,  The degree o f  change o f  the open c i r c ~ . ~ i t  vo l t age  i n  t h e  

, . ( ~ d z n ) ~  i s  q u i t e  dramatic i n d i c a t i n g  t h a t  the  morphology o f  the  - junct ion i s  

qens i.t i v e  t o  the Cups format ion procedure. A1  though the  a-c shunt conductance 



Time Dependent Voc in (CdZn)S/Cu2S 
Solar Cells 

Smooth ~ u b s t r a t e / ~ o l i d  State Cu2S 
' , . 

Q A 
PC 

4 A ' -  

v w 

Time a t  Open  Circuit Voltage (minutes) 
. . 

~ i ~ " r e  20 T ime  DCpenden't V o  f o r  (~d2.2:)  S / C ' U ~ S  Cel 1 s o f  Vat- i ous  
. . Designs.  



Table 4 

CdS/Cu2S and ( ~ d ~ n )  S / C U ~ S  Ce l l  - Data 

- C e l l  Formation 

CdS Surface 

Cu S .  Forma t ion  
2 

Smooth 

S o l i d  S ta te  So lu t i on  

Z i n c  Content - .  0 .  19% 0 19% 

Subst ra te  'Piece * ' : 
Number , .  1 -155-11 . 1-154-11 ' . 1 -1  55-21 1-154-21 

'Component P r o p e r t i e s .  

R e s i s t i v i  ty(O-cm) 
6 CdS or ( c d ~ n ) ~  6 15 15 

Cu2S Thickness (8) 

. . 
Cel'l Proper t  i es . . 

. . 



i s  lower fo r  Cu2S formed on the ( ~ d z n ) ~  by the sol i d  s tate process, both 

conductances are higher than observed i n  the CdS companion prices. Previous 

experience w i th  the CdS c e l l  has shown that high shunt conductances are 

related t o  defects i n  the Cu25 layer, i n  par t i cu la r  the in t rus ion i n t o  the 

CdS by the Cu2S. 

As has a1 ready been reported ( ~ d ~ n )  s c e l l  s o f  ten have open c i rc" i t 

voltages which decay w i th  time. Experiments conducled w i th  c e l l s  manufactured 

by the solut ion and so l i d  s tate reaction show qu i te  substantial dif ferences 

i n  behavior. Figure 20 shows the open c i r c u i t  voltage decay f o r  a number o f  

c e l l s  that  have s ign i f i can t ly  d i f f e ren t  junct ion morphology, owing t o  the 

manner o f  Cu2S preparation. It i s  seen that  the more stable c e l l s  are those 

expected t o  have the most planar junct ion suggesting the temporal i n s t a b i l i t y  

i s  related t o  the morphology o f  the junction. 

Cu2S Morphology 

Optical cross sections were employed t o  i l l u s t r a t e  differences i n  

Cu2S morphology accompanying d i f f e ren t  formation processes. Data were gathered 

for a range o f  ( c ~ z ~ ) s  compositions f o r  which the junc i ion w i th  Cu2S was f o r d  

by the solut ion process. These data indicated that  the 1 inear density o f  i n t ru -  

sions and the i r  average penetration depth increased w i th  increasing zinc compo- 

s i t ion .  This op t ica l  technique d id  not reveal evidence o f  Cu2S intrusions f o r  

( C ~ Z ~ ) S / C U ~ S  junctions formed by the sol i d  s tate process, although the time 

dependence o f  Voc decay persisted t o  some extent. 

the Gu2S morphology i s  revealed i n  considerable de ta i l  by using an SEM 

t o  view f ree standing Cu2S fran which the CdS f i l m  has been dissolved away. (8) 

The SEN micrographs o f  the f ree  standing CuZS reveal the existence o f  6-8 Dm 

long cone-like Cu-S structures (1.e. I1intrudingl1 i n to  the ( ~ d z n ) ~ .  Cu2S 



Fig .21  Scanning Electron Micrographs o f  Cu2S removed from CdS 
and (CdZn)S c e l l s .  

a) CdS c e l l  778 .El4 
b) (CdZn)S c e l l  M154.Bll (19% Zn) 

Both micrograplls x 10,000 



i n t r u s i o n s  a re  a1 so present a t  .CdS/Cu S ' j unc t i on ,  however, they appear . . 
2  

as "wal ls"  around the CdS columnar boundaries, a n d , t y p i c a l l y  extend o n l y  

1-2 urn i n t o  the CdS. F igure  2l.shows representa t ive  views o f  t.hese two 

types. These i n t r u s i o n s  a re  expected t o  s t r o n g l y  i n f l uence  the so la r  

c e l l  device c h a r a c t e r i s t i c s ,  and the  Voc va lue o f  devices e x h i b i t i n g  long 

cone- l i ke  i n t r u s i o n s  i s , f o u n d  . t o  decrease when. the'devi.de i s  he ld  i n  the  

open c i : rcu i t .cond i t ion ' .  The fo rmat ion  of . the5.e i n t r b s i o n s  i s  expected t o  

depend on the !CdZn)S mic. rost ructure,  and w i l l  a l s o  be. in f luenced by the. 

manner i n  which the  Cu2S i s  ' formed. 

I 

. Th is  new i n f o h a t  ion  about t h e  ( c ~ z ~ ) s - c ~ ~ s  morp.h,ology r e i u i  res a  
I 

m o d i f i c a t i o n t o  the  e a r l i e r  model(7) " s e d t o  e x p l a i n  V decay, andsuggests 
0 c  

an a1 t e r n a t  i v e  mechan'ism.' l n i  t i a l . l y ,  i t  was proposed . t h a t  the  decay occurs 

as a  consequence.of charging e f f e c t s  ( i . e .  t r aps ,  . t h e i r  d i s t r i b u t i o n  and 
. . 

. . 

dens i t y )  i.n the  dep le t i on  reg ion  o f  the  ( c d z n ) ~ . '  . I t  i s  th . is  e f f e c t .  which 

i s  employed t o  i n t e r p r e t  t ime dependent dark I - V  c h a r a c t e r i s t i c s  f o r  CdS/ 

Cu2S ce l ' l  s. For the ( ~ d ~ n )  S / C U ~ S  c e l l  s  i t was proposed (7) t h a t  even 
, : 

w i t h  1 i g h t  there  were no t  the  necessary popu la t ion  o f  ho le  t raps ,  and./or . 

. . 

the  ho le  t raps  were no t  being charged' i n  the  c r i t i c a l  j u n c t i o n  region.  The . 

" , ex is tence o f  cone - l i  ke CU. s i n t r u s i o n s  suggests t h a t  tunnel i ng  becomes a  
2. 

f ac to r  i n  the j u n c t i o n  opera t ion .  S'ince the app rop r ia te  wavelength l i g h t  . 

does no t  reach these deep cone i n t rus ions ,  the  reduct ' ion i n  the  space charge'" 

.region, and hence the h igher  , c o l l e c t i o n  f , i e l ds ,  occurs o n l y  a f t e r  s u f f i c i e n t  , 

t ime has passed . t o . t r a p  holes.. As holes .become trapped,. the  f i e l d s  become 
' 

. . 

l a r g e r  as a  consequence o f  the poFnt geometry o f  the cones and tunnel. ing i s  

promoted i n  these regions. The t ime dependence i s  associated. w'i t h  the' 

narrowing o f  the space charge reg ion  a t  p o i n t s  which a r e  a t  d i f f e r e n t - d e p t h s  

below the j unc t i on .  As a consequence of these. va ry ing  depths the amount o f '  . 

l i g h t  reaching.them and the speed a t  which the  tunne l i ng  takes p1,ace w i l ' l  



vary.  The decrease i n  V i s  due t o  the  f a c t  t h a t  once tunne l ing  i s  
OC 

es tab l i shed , , t hese  reg ions  c a r r y  a  h igher  cu r ren t  than the p lanar  regions 

o f  the  j u n c t i o n  and i n  e f f e c t  have a  lower b a r r i e r  he igh t .  

An a l t e r n a t i v e  model which r e l a t e s  these Cu2S cone i n t r u s i o n s  

t o  the  Voc t ime  decay invo lves  the  mot ion o f  copper. At .Voc i n  the l i g h t ,  

a  p o t e n t i a l  d i f f e r e n c e  e x i s t s  across the  length  o f  the cone i n t r u s i o n s  

. .  . which'  . .  tends . ' to  promote the  mot ion  o f  copper i n  the  Cu S toward the  back 
2  

. . 
e lec t rode,  A t  the cone p o i n t s  the copper can p r e c l p l t a t e ' i t  g r a i n  boun- 

da r ies  l e a d i n g ' t o  a  j u n c t i b n  shunt. The rnagnltude o f  the  shunt, and hence . 

t he  reduct ion  i n  V w i l l  depend on the amount o f  p r e c i p i t a t e d  copper, which 
0 C 

i n . t u r n  depends on time. When the l i g h t  i s  removed, the  copper d isso lves  . 

: back i n t o  the C U ~ S  cone i n t r u s i o n ,  thus removing the  shunt and a l l ow ing  the 

observed Voc recovery be fo re  the 1 i g h t  i s  next  a p p l  i ed. 

4.2.3 , Phase 3 Appl i c a t  i on  o f  ' C ~ S  Ce l l  Fab r i ca t i on  Technology .to ( c d z n ) ~  

During the  ' p i s t  f u l l  i n t e g r a t i o n  o f  ( C d z n ) ~  f i l m s  i n t o  the  CdS 

c e l l '  f a b r i c a t i o n  process has been accomplished. Several process var iab les .  

had t o  be ad jus ted  Lu ensure ' c e l l  y ie ' ld .  For ex-ample, i n  o rder  t o  a v o i d ,  

sho r t s  s ince  t h e  ( ~ d z n ) ~  f i l m s  were t y p i c a l l y  l e s s .  than 20 i m  t h i c k ,  i t .  

was necessary t o  reduce the  HCI' e t ch  t ime f o r  f i l m  t e x t u r i n g .  During the 

coming year a1 t e r n a t  i v e  t e x t ~ ! r l n g  etches w i  1 1  he . ' i nves~ iyc i t ed  I n  o rder  t o  

exe rc i se  greater  c o n t r o l  on the c e l l  t ex t l l r e .  
' 

. . 

The u t i l i z a t i o n  the  standard CuCl ~ o l u t i o n ' ~ )  For the j u n c t i o n  , 

format i on  y ie lded  C U ~ S  o f  su i tab1 e th ickness ( e q u i v a l e n t  th ickness 300-400 nm) 

w i t h  s t o i c h i o m e t i i e s  t h a t  cou ld  be dpt imized b y  subsequent reducing heat 

t reatments.  P r i o r  t o ' t h i s  year the  heat treatments resu l ted  i'n a  general 

degradat ion o f  a l l  c e l l  p rope r t i es  ( i  ;e. Voc,  jS= and FF) . However w i t h  
. . 



t he  imprbvement o f  ( c d ~ n ) ~  f i l m  qua1 i t y ,  ( C ~ Z ~ ) S / C U ~ S  c e l l s  a r e  now , . ' . I 

responding t o  c e l l  heat  t reatments  i n  a  s i m i l a r  manner to-CdS/Cu2S 

c e l l s ;  . 

  he technology f o r  the  e v a p o r a t i o n . o f  32.5 l i ne /cm g o l d  g r i d s  

and the  a p p l i c a t i o n  o f  d o u b l e . l a y e r  A-R coat i 'ngs, which have been 

developed f o r  t he  CdS/Cu2S c e l l ,  have been. success fu l  1 y  t r a n s f e r r e d  t o .  
I . . 

( ~ d ~ n )  S/cu2S ce 1 1 s  . 
I 

4.2.4 Phase 4  S t a t i s t i c a l  Sample . . I 

F i g u r e  22 shows t he  d i s t r i b u t i o n  o f  t he  bes t  convers ion  e f f i c , ie .ncy  

a n d t h e  bes t  c u r r e n t  densit; a t  100 mw/cm2 i l l u m i n a t i o n  f o r  n i r l e c e 1 1 5  which 

have a  double A-R c o a t i n g  ( T ~ o ~ / s ~ o ~ ) .  The n i n e  c e l l  were se lec ted  f rom an 

. i n i t i a l  see o f  s ' i x t e e n - c e l l s  f rom t h r e e  d i f f e r e n t  subs t ra tes .  P r i o r  t o '  t he  

se l 'ec t  i o n  o f  c e l l  s  t o  r ece i ve  t he  A-R l a y e r  and subseq'uent o p t  i m i z a t  i'on of  

Cu2S s t o i c h i o m e t r y  f ou r t een  o f  t h e s i x t e e n  c e l l s  were over  6% e f f i c i e n c y ;  two 

kT JL  - 
were sho.rted. The bes t  Voc va lues ,  c a l c u l a t e d  from Voc = - I n  ?-- a t  j~ - 

9 J o  

20 m ~ / c m ~ ,  were i n  t h e  range o f  580-600 . . mV; t he  z i n c  concen t ra t i on  for the .  
. . 

t h r e e  subs t ra tes  was approx imate ly  10%: . . 

F i gu re  23 shows the  c u r r e n t  . v o l t a g e  cu rvs  o f  the  most'. t?.ff  i c i e n t . : c e l l  

(8.19%) f rom ' the above sample s e t  measured under an ELH s imu la to r  i n t e n s i t y '  . . . 
. . 

2  
o f  92 mW/cm . The 68% f i l l  f a c t o r  i s  t y p i c a l  o f  t h i s  s e t  of- c e l l s  which , . .  

genera 1 1 y had f i 1 1  f a c t o r s  between 60 and 70%. The va 1 ues o f  1 umped s e r i e s  

res. is tance and shunt conductance c a l c u l a t e d  f rom t h e  I - V  cu rve  ' f o r  t h e . c e l 1  

- 1  -2 
i n  F igu re  23 a r e  2.9ohm-cm2 and 3.22 x ohm cm . r e s p e c t i v e l y .  The . 

shunt conductance i s  t h e  major  c o n t r i b u t o r  t o  t he  f i l l  f a c t o r  l o s s ,  and i s  

p robab ly  i n d i c a t i v e  o f  i n t r u s i v e  Cu Smorphology.  A1  though l e s s  o f  a  f a c t o r ,  ' 

2  



- 
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~ i ~ u r e  22 D i  s ' t r i  bu t  i on .  o f  E f f i c i e n c y  and L igh t    en crated C u r r e n t  f o r  a Saniple 
o f  n i n e  ( ~ d ~ n )  S / C U ~ S  Cel 1 s .  
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F i g u r e  23 Cur ren t -Vo l tage  Curve f o r  ( C ~ Z ~ ) S / C U ~ S  C e l l  Con ta i n i ng  9% Z inc .  



t h e  s e r i e s  r e s i s t a n c e  i s  s t i l l  somewhat h igh ,  and i s  p robab ly  a'consequence 
. . 

o f  t h e  r k l e t i v e l y  h i g h  r e s i s t i v ' i ' t y  (100.ohm-cm) o f  t he  (cdZn)S f i l m .  I t  i s  

a n t i c i p a t e d  t h a t  t he  development o f  n o n - i n t r u s i v e  Cu2S w i l l  reduce shunt 

losses  i k ' - f i l . 1 '  f a c t o r ,  and t h a t  t h e  achievement o f  lower  ( C d t n ) ~  f i l m  r e s i s -  

t i v i t i e s . w i t h  con t i nued  development o f  pos t -depos i t i on  h e a t ' t r e a t m e n t s  wi.11 

r e d u c e . t h e  s e r i e s  losses .  

. . 
. .  4 . 3 .  Task 3 E l e c t r o - O p t i c  Ana l ys i s  a n d ' ~ o d e l i n ~  . . 

. . 

T h e ' t e s t i n g  c e l l  s  ' f o r  bas i c  c u r r e n t - v o l  tage performance con t inues  

t o  p r o v i d e  the  day t o  day d i ~ e c t i o n  f o r  t he  c e l l  development tasks.  Longer 

term d i r e c t i o n  f o r  programs i's p rov ided  by t h e  in -dep th  s t u d i e s  OF v a r l o u s  

a s p e c t i  o f  c e l l  s t r u c t u r e  and ope ra t i on ;  P a r t i c u l a r .  a t t e n t i o n  has been 

' g i v e n  t o  t he  j u n c t i o n  f i e l d  i n  t h e  CdS and ( c ~ z ~ ) s  and t o  t he  i d e n t i t y  and 

. . 
r o l e  o f  h o l e  t r aps .  . . 

4.3.1 Phase 1  ~ e e d b a c k  Ana l ys i s  

The s u b s t r a t e  e v a l u a t i o n  process (SEP) was dev ised i n  o rde r  t o  a1 low 

I 

I 
a r e l a t i v e l y  f a s t  method o f  q u a l l f y l n g  m a t e r i a l  111ade by t he  s tandard proce;s. 

I 

nn a pass/fail bas is .  I n  genera l ,  one p iece  ( 4  c e l l s )  was taken f rom a  sub- 

\ . s t r a t e '  a'nd sent  th rough  t h e  e v a l u a t i o n  process; t h e  s u b s t r a t e  was then passed I 
1 o r  f a  i l e d  accord ing  t o  t h e  pertormance o f  t h a t  plece. .Irr~~~lecl i a ~ e 1 y  a f t e r  manu- 
I 

. . 
I .  
! f a c t u r e  and each hea t  t rea tment ,  t he  c e l l s  we re ' t es ted .  I f  a  f i l l  f a c t o r  

! 
i 
I g r e a t e r  than 55% was achieved,  t he  va lues  f o r  R ,  G ,  J and J  were computed. b Q 
i .  

A s e t  o f  standard, ized c r i t e r i a ,  based on t he  va lues  o f  FF,. JLland Jo were then 

employed t o  de te rmine  the  nex t  heat t reatment  f o r  each o f  th,e c e l l s .  The SEQ 

con t i nued  u n t i l  p i e c e  had a t  l e a s t  one c e l l  w i t h  JL z 18 m ~ / c m ~  and a '  

I 

I Jo " 5  x m ~ / c m ~  (no t  n e c e s s a r l l y  d u r i n g   he same t e s t ) .  A p iece  f a i l e d . .  

1 
! i f  J o r  J d i d  n o t  s a t i s f y  these requ i re l l~en ts ,  and i f  t he  c e l l s  on t h a t  p i ece  
I L  0 



d i d  n o t  respond t o  the  a p p r o p r i a t e  hea t . t r ea tmen ts .  

A s t a t i s t i c a l  a n a l y s i s . o f  t he  da ta  f rom t h e  SEP was ca r ' r i ed  o u t  

t o  determine i f  .we cou ld  d i s c r i m i n a t e  between passed and f a i l e d  ma ' te r ia l  

a t  an e a r l i e r  stage, and t o  at tempt.  t o  i d e n t i f y  any parameters t h a t  m igh t  

,account f o r  t he  poor performance o f  t he  f a i l e d  m a t e r i a l .  The process con- 

d i t i o n s . a n d  t h e  i n i t i a l  I - V  parameters were t r e a t e d  as cont inuous random 
. . 

v a r i a b l e s .  For each parameter, . . t h e  sample f rom the  m a t e r i a l  t h a t  f a i l e d  

was compared t o  t h e  sample f rom the  m a t e r i a l  t h a t  passed (p ieces  t h a t  

t e c h r i i c a l l y  f a i l e d ,  b u t w h i c h  came c l o s e , . t o  pass ing .were  c l a s s i f i e d  as 

border1 i n e  and 'not inc luded  i n  t h e  s t a t i s t i c a l  ' t e s t s ) .  The comparisons ' . 

were made' us i ng  t he  Wi'lcoxon ( l o )  two-sample t e s t  ( IMSL sudrout i ne-NFWRST) 

and t he  sample d i s t r i b u t i o n s  were d i sp layed  us ing  an a v a i l a b l e  g raph ics  

program. A f u l l  d e s c r i p t i o n  o f  t h e  s t a t i s t i c a l  .ana lys is  and t he  g raph i ' ca i  

. . 
d i s p l a y s  a r e  gi.ven i n  Appendix A. 

.The conc lus ions  drawn f rom t h i s  a n a l y s i s  a r e  as f o l l o w s :  

1'. Several  o f  t he  i n i t i a l  I - V  parameters a1 1owed.d isc r im ina t io 'n  : . 

. . 
between passed an'd f a i ' l e d  ,mater ia. l .  

, 'a) The maximum i n i t i a l  f i 1'1 f a c t o r  d i s c r i n ~ i n a t e s  s t r o n g l y .  Thc 
Wilcoxon t e s t  shows a h i g h l y  s i g n i f i c a n t  d i f f e r e n c e  between 
the passed d i d  f d i  l e d  samples. (see psgc A-3)  Th i s  r e s u l t . '  , . 
can be seen g r a p h i c a l l y  (F i g .  A-1 ) .  A h o r i z o n t a l  l i n e  drawn 
t h r o u g h , t h e  66% f a i l  f a c t o r  mark d i v i d e s  most o f  t h e  passed 

' 

from most o f  t h e  f a i l e d  mater ia l . .  . . 

b) Abi 1 i t y  t o  di .scr iminat:e was a l s o  observed i n  t he  v a r i a b l e s  
R, G and Jo 

2.. JL and t he  parameters measured a f t e r  evapora t ion  ( C ~ S  th ickness-  

THEDS, R i s i s t i v i  ty p ,  Photoluminescence PL) showed no ab i  1 i t y  t o  d i s c r i m i n a t e . .  
. . 

For example, PL - the  ra,t i ,on o f  the  r e l a t i v e  peak h e i g h t  o f  t he  green edge 

emiss ion ( 520 n m ) ' t o  t he  r e l a t i v e  peak h e i g h t  o f  f r e e  c x c i t o n  ( 488 nm) - 
was t e s t e d  w i t h  t h e  Wilcoxon 'and showed no s i g n i f i c a n t  d i f f e r e n c e  between t he '  



passed and f a i l e d  popu la t ions .  See pages A16 and A17 .  'It must however be 

remembered t h a t  a1 1 t h e  'mater ia l  submitted f o r  SEP was grown under the con- 

d i  t ions es tab l  i shed f o r  acceptable CdS. Prev.ious use o f  photoluminescence 

t o  as'sess the q u a l i t y  of  t he  CdS covered luminescent behavior w e l l  ou ts ide  

, 
. t he  range d e a l t  w i t h  here. 

. . 
3. About h a l f  o f  the ma te r ia l  f a i l e d  due t o  one parameter alone - 
, . 

, J0. . I n  o ther  words, about h a l f  the ma te r ia l  met the JL requirement o f  

, 
18 ~ ~ / c m ~ ,  b u t  n o t  t he  Jo requirement o f  5 x m ~ / c m ~ .  One possi b l e  

exp lanat ion  o f  t h i s -  'is a morphology problem, s ince J i s  r e l a t e d  t o  the  
0 

. . e f f e c t i v e  j u n c t i o n  area. 

4.3.2 .Phase 2 Junc t idn  F i e l d  i n  CdS , 

I n  a d d i t i o n  tomeasur ing  v a r i a t i o n s  i n  j u n c t i o n  f i e l d  by means o f  . 
. . 

t he  spec t ra l  response technique, the  f i e l d  can a l s o  be obta ined f rom, the  

,; capaci.tance o f  CdS/Cu2S c e l l s ,  measured on the set-up described i n  an e a r l i e r  

r e p o r t  . (I I )  Recent modif  i c a t i o " s  t o  the method a re  described below under 

As descr i l e d  i n  a recent  paper ( I 2 )  the  j u n c t i o n  f i e l d  F2 i n  the  uni form- 

space-charge approximat i on  i s  p ropo r t i ona l  t o  the capacitance C accord ing t o  

the  equat ion .  

. whe rew i s  t h e w i d t h o f . t h e  dep le t i on  l aye r ,  Vn the d i f f u s i o n  vo l tage,  V the 

app l i ed  b i a s  vo l tage,  and A the area o f  t h e  j unc t i on .  Changes i n  V and i n  . 

w h i t e - l i g h t  i n t e n s i t y  @ s t r o n g l y  a f f e c t  C .  



Cel l  725 81-2 d 

Bias Voltage 
Figure 24 Variation o f . I n v e r s e  Capacitance with Bias Voltage and . 

Illumination for a' CdS/Cu2S Cell. ' .  



. ' Bias' Voitage 

~ i ~ ' u r e .  25 V a r i a i i o n  o f  Inverse  Capaci tance w i t h  B ias Vo l tage  .and 
I l l u m i n a t i o n  , f o r  a  CdS/Cu2S C e l l .  



The s p e c t r a l  con ten t  o f  t h e  1 i g h t  s t r i k i n g  the  c e l  1 a l s o  has a  

s t r ong  e f f e c t  on capaci tance because o f  t h e  load ing  and un load ing  o f  

h o l e  t raps .  P r e l i m i n a r y  da ta  on C versus V v a r i a t i o n  i n  two c e l l s - e x -  

c i t e d  by e i t h e r  a  b l u e  beam a lone  o r  by b l u e  and red  beams s imu l taneous ly  

appear i n  F igures  24 and 25. The b l u e  beam i s  produced by pass ing 1 i:ght 

f rom a  .50-wat t  tungs ten- iod ine  lamp t h r u  c o l o r  g l a s s  'f i 1 t e r s  so t h a t  

'350 nm < A < 580 nm approx imate ly .  The red  beam i s  produced by passi.ng . 
. 

. . 
1 i g h t  f rom a  650 w a t t  t ungs ten - i od ine  lamp t h r u  a  f i l t e r  w i t h  short-wave- 

l e n g t h  c u t  0 f f ' a . t  abou t .660  nm. . I n t e n s i t i e s  were. ad jus ted  repea ted l y  t o  

m a i n t a i n  t h e  cu.rrent o u t p u t  o f  a  mon i t o r  S i  c e l l  cons tan t  a t  i t s  AM1 va lue.  

-2 . , 

' .  . The curves s t rong1  y  depa r t  f rom a  1 i nea r  increase. o f  C wi  th'. r e -  

ve rse  b i as ,  except f o r  ' 1  imi  ted-  ranges under b l u e  1  i g h t  , a l one  and near zero  

bias. '  Evensunder t h e  b l u e  beam a lone,  t he  s lope  g r a d u a l l y  increases as the  

b i a s  goes f a r t h e r  i n t o  reverse.  The a d d i t i o n  o f  r ed  1 i g h t  s t r o n g l y  decreases 

C i n c e l l  #725 8'1-2, which had good e f f i c i e n c y .  The e f f e c t  i s  t o  ra i ' se  the  ., 

g e n e r a l . l e v e 1  o f  the  c u r v e . w h i l e  i t s  s l ope  changes t o  t h e  o p p o s i t e  s i g n  near 

zero  b i as .  Th is  e f f e c t  p robab ly  r e f l e c t s  the  i n t r o d u c t i o n  i n t o  the  , dep le t i on  

r e g i o n  of a  h i g h  d e n s i t y  o f  f r e e  e l  e l t r o n s  f rom ' t he  Cu2S. 
. . 

I n  c c l l  727 D l -1 ,  a luwer e f f l c f e n c y  c e l i ,  t h e r e  i s  much l e s s  change 

i n  C a t  smal l  b i a s  u p o n . t u r n i n b  on t he  red beam. A t  l a r g e r  val'ues o f  rever'se 

- 2  
b i as ,  C f o r  e i t h e r . i l l u m i . n a t i o n  d i ve rges  markedly  f rom l i n e a r  w i t h  V,' . ,  . .  

. . 
. . 

Because 0.f' such anomalous behav io r  and because o f  t he  l a r g e  d i f fe re r i ces  

between two c e l l s  whose parameters a r e  n o t  s t r i k i n g l y  d i f f e r e n t ,  i t  

I 

. . was decided t o  o b t a i n  f u r t l i e r  C-versus-V da ta  f o r  v a r y i n g  l e v e l s  o f  w h i t e - l i g h t  
I 

i l l u m i n a t i o n  f o r o t h e r  c e l i s .  I . t w a s c o n s i d e r e d e s p e c i a l l y d e s i r a b l e , t o d e t e r -  . 

2 
mine behavior  a t  ve ry  low, bu t  non-zero, va lues  o f  4 .  These data,  as (A/c)  . 



. v e r s u s  v p l o t s ,  appear i n  F igu res  26 and 27. Table 5 giv'es 0 f o r  t h e  n i n e  

i cu rves  f o r  bo th  c e l l s .  Again a l a r g e  d i f f e r e n c e  between two c e l l s  was seen. 
I ' .  
I .It i s  'bel . ieved t h a t  t h e  r e s u l t s  i n  F i g u r e  26, f o r  c e l ' l  20860.1 1 1 ,  a r e  more 1 1 .  : c h a r a c t e r . i s t i c ' o f  c e l l s  o f . f a i r l y  h i g h  e f f i c i e n c y .  We w i l l  d i scuss  these 
I 
I 

i r e s u l t s  f l r s t .  

Table 5 

Whi te  L i g h t  I n t e n s i t i e s  f o r  t h e  Curves Shown i n  F igures  26 and 27. 

Dark capac i tance  . i s  seen to be a lmost  constar-lr: w l t t ~  .V except a t  

. l a r g e  reyerse  b i a s ,  V s -7 "01 t. Th i s  i s  c o n s i s t e n t  w i t h  t h e  i n t e r i r e -  

t a t  ion nf capac i tance  r e s u l  r i n g  from a'n i n s u l a t i n g  l a y e r  composed 0 .F  the 

=hi rg i -compensated r e g i o n  r a t h e r  than f rom t h e  d e p l e t  i o n  1 ayer  p roper .  

Th.us changes. i n  t he  . reverse  b i a s  which change d e p l & t  i o n  l a y e r  ' th ickn'ess 

w would have l i t t l e  e f f e c t  on capaci tance u n t i l  w reached t h e  l i l .~ l i . t  o f  

t h e  compensated' reg ion ,  Th is  may t;e seen a t  - 7 v o l t ,  where C begins t o  ' 

I decrease. The p o s s i b i l i t y  t h a t  t h i s  behav io r  'a t  l a r g e  reverse  b i a s  i s  ' 

I 

assoc ia ted  w i t h  conduc t ion  e f f e c t s  i s  however n o t  r u l e d  o u t .  
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Figure 26 Reciprocal Capacitance as a Function of B i a s  Voltage f o r  Liph? 
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Bias Voltage 
Figure 27 Reciprocal Capacitance as a Function o f  Bias Voltage o f  Light  

I n t e n s i t i e s  Given i n  Table 5 .  A t  AM1 the CapaCitance i s  
Approaching Zero. 



Each curve  has t h r e k  o r  f o u r  apparen t l y  s t r a i g h t - 1  i n e  reg ions  i n  

reverse  b ias .beyond about - 0 . 5 ' v o l t .  Even though boundaries between t h e s e .  

r eg ions  a r e  n o t  i n  every  case c l e a r ,  a  c o n s i s t e n t l y  l i n e a r  regi.on a t  smal l  

reverse  b i a s  can be seen i n  every  curve,  w i t h  a  c l e a r - c u t  v a r i a t i o n  of  s lope  

w i t h  0. Namely, t he  s lope  o f  these reg ions  g r a d u a l l y  increases from dark 

t o  about @ = .0034 AMl., a f . t e r  which i t  g r a d u a l l y  decreases t o  t h e  h i g h e s t  
. .  . 

. . . . i n t e n s i t y ,  @ = 'AMI . 

We can t ake  t h i s  's lope t o  be i n v e r s e l y  p r o p o r t i o n a l  t o  e f f e c t i v e  . 

-1. 

donor d e n s i t y  N ~ "  = N,, - N accord ing  t o  t h e  equa t i on  
T  . . 

where ND i s  t h e  d o n o r . d e n s i t y  i n  CdS and NT i s  t h e  d e n s i t y  o f  n e g a t i v e l y  
. . 

.'. 
ion i zed  accep to rs  i n  t h e  c.ompensated reg ion . .  F i g u r e  28 shows how ND" v a r i e s  

. 

,The obse rva t i on  t h a t  N  f i r s t  decreases and then increases as the  
D 

i 1  lumi n a t  i o n  b f  c e l l  20860..111 inc reases '  i.s unexpected, bu,t may be t h e  r e -  

s u l  t o f  a  compet i t i o n  between two processes such as .  t h e  fo l . l ow ing :  (.I.) Under 

more ' i n t ense  1  i g h t ,  @ >. .0034 AM1 , h o l e  t r a p p i n g  . -The s h o r t -  

wave1 ength companene' o f  @ pruduces 61 t c t  ran-ho l  c pa i - r s  , a 1 1Qw.i ng the deep 

t r a p s  t o  cap tu re  h o l e s  i n  i nc reas ing  numbers. (2)  A t  lower i n t e n s i t i e s ,  

0  < O s .0034 AM1, e l e c t r o n  trapp, ing predominates.. Free e l e c t r o n s  produced . . 

i n  t h e  Cu S by t h e  'longlwavelength component e n t e r  t he  CdS, where they i n -  " .  2  
-1. 

crease NT and thereby  decrease N '' 
D .  

C e l l  20859.112, which had a  somewhat lower  e f f i c i e n c y ,  showed s i g -  

n i f i c a n t l y  d i f f e r e n t  v a r i a t i o n  o f  C w i t h  V ,  except  t h a t  C aga in  was a lmost  



A Cell 2C859.112 
@ Cell 20860.111 

Figure  28  ~ f ~ e c t i v e  Donor  ensi it-;'as a Funct ion o f  L i g h t  I n t e n s i t y .  



constant  i n  the dark. The. d i f f e r e n c e  between dark capacitance and capaci - .  

t a n c e ' a t  AM1 was much less  i n  t h i s  c e l l ,  so t h a t  the curves f o r  d i f f e r e n t  . 

i .n tens i t . ies  l a r g e l y  over lap.  As i n  the  more e f f i c i e n t  . c e l l ,  a ' l i nea r  reg ion  

2 
i n  the 1 / C  versus V curve a t  low reverse b ias  occurs f a i i l y  consi;tetit ly. 

However, as @  increase,^, the s lope f o r  t h i s  c e l l  cont inues t o  increase, 

' u n t i l ,  near o r  a t  AMI,. a reg ion  w i t h  V < -1.26 v o l t  occurs where C goes 

t o  zero, a l l ow ing  the slope t o  become unbbunded. The'der ived ' .var ia t i .on.  
. . 

.L 

i n  N,," i s  shown i n  F igure  28. . . 

Fur ther  measurements and theo re t i ca l '  ana l ys i s  i s  needed i n  t h i s  

area and experiments w i l l  be done on a se r ies  o f  c e l l s  t o  determine why 

. . 
two such d ivergent  set,s o f  curves can' be obtai'ned. A1 so, Sar iat i .ons . i n  

response w i  t h  changes i n  i n t e n s i t y  o f  red and b lue  1 i g h t  o v e r  a wide' 

range may be i ns ' t ruc t i ve .  This  method may separate the  two competing ' 

mectianisms mentioned. above. 
. . 

4.3.3 Phase.3 Junc t ion  F i e l d  i n  ( c ~ z ~ ) s  

Spectra l  response measurements and photocapacitance"measurements 

have begun on mixed s u l f i d e  samples, .comparing resu l  t s  t o  t hose  obta ined 

w i t h  CdS c e l l s  a s , a  basel ine.  This  has been accompanied by improvements . . 

In the see-up o f  both types o f  experiments, a f f o r d i n g  g rea te r  accuracy. 

and f l e x i b i l i t y  i n  the techniques. A f u l l  d e s c r i p t i o n  o f  the  spec t ra l  

response equipment i s  g iven i n  Appendix B. 

. . 
The genek$l behavior' o f  the  (CdZn) s c e l l  s i s  s i 'mi l a r  t o  CdS c e l l  s . 

w i t h  the a n t i c i p a t e d  s h i f t  i n  the band edge peak. F igures 29 and 30 show 

t h i s  s h i f t  most c l e a r l y  i n  the c o l l e c t i o n  e f f i c i e n c y  curves w i thou t  b ias  

l i g h t .  



F i g u r e  29 Spect ra l  Response o f  CdS/Cu?S C e l l  #MI12 81 .2 .  - 



F i g u r e  30 Spec t ra l  Response o f  ( C d Z n ) ~ l C u 2 ~  C e l l  ' # n i l 1  81 ;4 



ln '  the  pho tocapac i tance  set-up, sample mount ing has been improved, 

so t h a t .  c d l l s  a r e  p r e s e n t l y  mounted on a temperature c o n t r o l l e d  b l o c k  i n  a  

1 i g ' h t - t i g h t  box w i t h  a  window on which f i 1 t e r s  a r e  mounted. E r r o r s  r e s u l t i n g  

. , f r o m . v a r i a t i o n o f  Q a c r o ' s s  t h e c e l l  and i n  the p r o c ' e s ' s . o f ~ s ~ t t i n g  Q have been 

i d e n t i f i e d  and e l i m i n a t e d  by adding a d i f f u s e r ,  so t h a t  t h e r e  i s  no imaging 
. . 

o f  the. source on t h e  sample.' Components r e c e n t l y  added to. the  system' . inc lude 

'a c o n t r o l l a b l e  c r y o s t a t  a b l e  t o  m a i n t a i n  temperature anywher.e f rom 77 t o  300 K, 

a high-speed s h u t t e r  f o r  t r a n s i e n t  capaci tance measurements, and a c h a r t  

4.3.4 ' Phase 4 Q u a n t i f y  J u n c t i o n  Recombination 

' Losses r e s u l t i n g  f rom e l e c t r o n - h o l e  recombinat ion a t  t h e  j u n c t i o n  

1 im i  t t h e  ava i lab1  e c u r r e n t  and v o l  tage. These' losses have been measured 

b o t h  by means o f  t h e  photocapaci tance and s p e c t r a l  response o f  f u n c t i o n i n g  

dev ices:  Resu l ts  o f  ,an  exper iment on the  e f f e c t s  o f  'successive heat  t r e a t -  

ments a r e  descr ibed  be low. .  

Photocapaci tance measurements o f  j u n c t i o n  recombinat ion,  as descri.bed 

i n  e a r l  i e r  r e p o r t s ,  i n v o l v e  measuring t he  capaci tance C and c u r r e n t  I o f .  a  
. . 

c e l l  under whi te -1  i g h t  i n t e n s i t y  'a f rom da rk  t o  AM1 .or s l  i g h t l y  b r i g h t e r ;  The. 

l i g h t  i n t e n s i t y  i s m o n i t o r e d  by t h e c u r r e n t  I o f  a m o n i t o r  s i l i c o n c e l l .  
s  i 

,The c o l  l e c t  ion  e f f i c i e n c y  i s  ob ta ined  from these .  read ings  as. f o l  lows 

2' 
where 35 mA/cm corresponds t o  t h e  maximum c u r r c n t  expected a t  AMI, i . e .  100% I 

e f f i c i e n c y .  A i s  t he  s e l l  area.. 

, The j u n c t i o n  f i e l d ,  F 2 , i s  r e l a t e d  t o  t h e  capac i tance  a t  ze ro  b i a s  by 



where t h e  d i f f u s i o n  vo l t age ,  VD, can be taken t o  equal - 7 5  V .  ,A p l o t  o f  

- 1. - 1 
E .  aga ins t  rl ' should be . l i n e a r  f o r  a l l  b u t  v e r y  low va lues o f  . (.I 2) 

C 

. . 

F i gu re  31 g i v e s  an example. o f  such a  p l o t ,  w i t h  quantum e f f i c i e n c y  rl = 0.49. 
' 

, . Q 
- 1 

f ram t h e  rl . i n t e r c e p t  and S / P  = 13,700 V/cm f rom t h e  F j l  i n t e r c e p t .  
C .  1 2  I 

. . 

i s  t h e  i n t e r f a c e  recombinat ion v e l o c i t y  and p i s  t he  e l e c t r o n  mob i l  i t y  i n  
. 2 .  

2  t h e  ' c ~ s .  I n  s i n g l e  c r y s t a l  CdS, h2 = 300 cm /V-sec, has been repo r ted  g i v i n g  

6 
a va lue  o f  S = 4x10 cm/sec. 

I 

' Four Cd.l-xZn;SICu2S c e l l s  were se lec ted  a s  hav ing f a i r l y  we1 1  o p t i -  

m i z ' ed ' p rope r t i es  f rom e a r l i e r  h e a t ' t r e a t m e n t s .  These 'p rope r t i es ,  

e f f i c i e n c y , h a d ,  however, d e t e r i o r a t e d  somewhat du r i ng  s torage.  Table 6 g i v e s  

t h e  parameters ob ta ined  from t h e i r  I - V  curves and from photocapaci tance measure- 

ments. They were then submi t ted t o  a  s e r i e s  o f  f o u r  heat  t rea tments  c o n s i s t i n g  

usual  l y  of 16 hours a t  150 '~  . . i n  a  H2-Ar a,trnosphere, a n d  the  parameters' were r e -  

measured a f t e r  each heat  t rea tment .  Two CdS/Cu2S c e l l s  underwent s i m i l a r  

measurements f o r  comparison w i t h  ' t h e  above, be fo re  and a f t e r  a  s i n g  i e  heat '  t r e a t -  

ment o f  t he  same nature.  . T h e  r e s u l t s  f o r  these c e l l s  a r e  g i v e n . i n  Table 7. . 

. . 



Cell ?0214.112 
temp =28:O0C 
e f f  = 6.83% 

Reciprocal CoI Iection Efficiency, 9 C-l 
. . 

Figure 31 ~ e c i ~ r o c a l  Electric Field versus Reciprocal. Col lecticn Efficiency for 
a (~din).~/~u;S Cpl 1 Contaiining 13% Zinc.  



. . 

Table 6  

P a r a m e t e r s  c f  c d  Zn S/Cu2S C e l l  s Fol  l o w i  rig   eat Treatments ( H T ' s )  1-x x . 

I E f f i c i e n c y  (%) 5.91 7.00 7.45 7.76 7.51 1 6.69 - - - 6.83 

. . 

Ce l l  M214 A l - 1  x = :17 
. . 

. . 

' 7 .  
. No . . o f  HT's . 0 1 2  3 4. . . . 

' C e l l  M214 A1-2 x = .17 
. . 

0 1 .  2  3 
i . 

4 1 



Tab le  6,  c o n t i n u e d  . . . . 
.. . . 

C e l l  1~1216' . ~ 1 - 4  x = .072 

No. of HT's 1 2 3 4 

"oc .552 .567 .569 .567 .570 

. J  i 0 . 2 9  , 14.06 16.07 . 17.02 15.'85 
[ sc .  
I 
i 
! F i l l  F a z t o r  68.0 6 7 . 8 . .  ,65.0 63.5 65.3 
.! 

I 
1 E f f i c i e n c y  4.66 E . 5 0 .  7.1.7 . .7.39 7.1:. 
! 

. . 

: "Q .35 . . .43- .49 -51 .48 

1 s / u p  (1 03~ /c rn )  26.6 21.3 19.8 16.4 18.2 I L .  

I  dark".' 17.4. 1 . 0  . 16.2 15.3 15.4. 



Table 7 

Parameters of  .CdS/Cu2S C e l l  s Be fo re  and A f t e r  Heat Treatment. 

C e l l  949 A2-2 
. . C e l l  949 .A2-3 .  

Before' A f t e r  Be fo re  A f t e r ,  

-523 .52 1 ,. 5 16 -51 1 

F i 1 1 Fac to r  (%) 

~ f f  i c i e n c y  (%) 



i 
The v a r i a t i o n s  in.me'asured parameters f o r  the  ( c d Z n ) ~  c e l l s  

1 
? x h i b i  t the  f o l  l ow ing  f e a t u r e s :  1 )  Cdark decreases, i n  some. cases by 

I 

! a  l a r g e  amount. T h i s  ,behavior was expected because o f  d i f f u s i o n  o f  
! 
i compensating cu ions  i n t o  the C ~ S .  2) cAMl  i nc reases  s l  i g h t l y  f o r  some i 
i 
! 
I , 

o f  t h e  f i r s t  heat  t rea tments  and then l e v e l s  o f f .  Th i s  seems t o  p a r a l l e l  
I 

, t h e  v a r i a t i o n  i n  e f f i c i e n c y .  3)  TIQ increases s t r o n g l y  a t  f i r s t ,  f o l l o w e d  
. . 

, by a, l e v e l  i n g  o f f  o r .  a more gradual increase.  4 )  S /p  shows a lmost  t he  1 2  

i . ' r eve rse  behavior ,  decreas ing  s t r o n g l y  a t , f i r s t ,  a f t e r  which i t  l c v e l s  o f f  
1 

o r  s l i g h t l y  increases.  Thus the op t im, i z ing  q u a l i t y  o f  heat  t rea tment  i s  
! . . . . 

I 
i seen t o  accompany a decrease i n  i n t e r f a c e  recombinat ion;  
i 

I . '  

.. . The more l i m i t e d  da ta  on t h e  CdS c e l l s  show s i m i l a r  behav io r ,  I 

1 : i n s o f a r  as comparison i s  poss ib l e .  I n  c e l l  949 A2-2, which 'had a v e r y  
! . . 

I 
I low e f f i c i e n c y  be fo re  hea t  t rea tment ,  t he  l i n e a r i t y  t h e  F j l  p l o t  was 
i 

I i n s u f f i c i e n t  t o  a 1  low T-I t o  be determined; t h e  va lue  o f  s,/" i n  Table 7 
! Q .  

i s  h i g h l y  u n c e r t a i n .  A f t e r  heat  t rea tment ,  b o t h  o f  these parameters 

assumed reasonable vilues, as d i d  t h e  e f f i c i e n c y ;  Note. t h a t  va lues  o f  

S /r i n  these c e l l  s i s gener;l 1 y much si11.1 l r r  than i n  t he  Cd Zn S/CuiS- 
I ?  . 1-x x 

c e l l s .  . 

Fu r t he r  measurements o f  t he  e f f e c t s  o f  hear t rea tment  a r e  needed, 

' . .along w i t h  . t h e o r e t i c a l .  i n t e r p r e t a t i o n  i n  g r e a t e r  depth.  I t  w i l l  be par- 
. . 

t i c u l a . r l y  v a l u a b l e  t o  s t a r t  such, a s e r i e s  ' o f  measurements w i t h  c e l l s  hav ing  
. . 

. .  m in imal  heat  treatment. . . 

. 4 .3 .5  l d c n t i f y  Degradat ion Mechanisms 

The r e v e r s i  b i  1 i t y  o f  dcgradat  i on  irlduced by exposure ' t o  a i  r has been 

I 

e s t a b l i s h e d  and i s  d iscussed i n  s e c t i o n  4 .4 . .  Some i n s i g h t  i n t o  t he  e f f e c t s  



, . 

of: tl iernial exposure'on c e l l  p rope r t i es  can be deduced from the var ious  

heat treatment s tud ies  used t o  op t im ize  i n i t i a l  c e l l  performance. I n  

, .  p a r t i c u l a r  i t  has been found t h a t  long term exposure t o  a temperature. 

0 
o f  2, 200 C pr 'oduce~ i r r e v e r s i b l e  losses i n  ' f  i 1 1  ' fac tor .  .Treatment up 

t o  100 'hours a t  150'6 causes o n l y  a 1-2% loss  i n  f i 1 1  suggest ing t h a t  

. , whatever. mechani sm i s  ope ra t i ve  ( ~ x c e s s  i v e  CdS compensation). w i  1 1 no t  

be a s i g n i f i c a n t  1 i m i t i n g  f a c t o r  i n  ac tua l  c e l l  deployment. 
' 

4.3.6 . ~ha.se . 6 I d e n t i f y  ' ~ r a ~  Levels 

1mpur.it. i .e~ i n  the  reg ion  o f  CdS a d j o i n i n g  the j u n c t i o n  in.CdS/Cu2S 

c e l l s ,  most probably s u b s t i t u t i o n a l  Cu ions d i f f u s e d  across the, junct. ion, 

. c o n s t i t u t e  ho le  t raps.    he l a rge  v a r i a t i o n s  i n . c o l ' l e c t i o n  e f f i c i e n c y  des- 

c r  i bed above under "Junc.t i on  F ie ld " '  and "Junct ion Recombinat ionii resu l  t . 

from changes i n  the  dens i t y  and i o n i z a t i o n '  o f  these t raps .  
. . 

I n  o r d e r , t o  determine the energy l e v e l s  o f  these i t npu r i t i es  and 

i 
the cross sec t ions  o f  t r a n s i t i o n s  i n v o l v i n g  them, experiments have been 

, s t a r t e d  t o  i n v e s t i g a t e  v a r i a t i o n  i n  photocapacitance and photocurrent  w i t h  
. . 

i 1 l 'uminat ion. Quenching o f  capaci ta.nde'and cu r ren t  as a f fec ted '  by the 

spec t ra l  content  o f  the  l i ' g h t  e x c i t i n g  c e l l s  w i l l  be described here. 

F igure  32, g ives  the r e s u l t s  o f  an experiment us ing a s. ingle beam . , . 

of l i g h t  w i t h  wavelength from the  i n f r a - r e d  regi'on ($2.8 wn) t o  a var i .ab le . . 

c u t o f f  Acutbetween 810 nm and 390 nm. I n  o rder  t o  compensate f o r  the 

v a r y i n g  number bf photons, the i 1 luminat ion i n t e n s i t y  was ad jus ted  a t  e a c h  " '  

ACU t 
so as t o  keep ISi,  the  moni tor  cu r ren t ,  constant  a t  approximately i t s  

AM1 va lue.  A l t h o u g h t h e . c u r r e n t  r i s e s s t e a d i l y w i t h X  between680and 
. . cu t  . . 

480 nm, the capacitance shows a st rong quenching around 600 nm. 



A ' b e t t e r  measure o f  quenching comes f rom the  use o f  two beams: 

Beam 1  i s  "b lue"  and cons tan t l ' y  on, Beam 2  i s  "red" and swi tched on and 

o f f  (llchoppedll) t o  produce changes i'n capaci tance and c u r r e n t .  Thus - 

A C  =  red o f f )  -  red on) 

' C ~ S  
( r e d  o f f )  - ICdS( r&d  on) 

A I S i  = lS i ( red  o f f )  - I s i ( r ed  on) . 

. '  ' The ' l i g h t  sources were h i g h - i n t e n s i t y  tungs ten- iod ine . lamps,  fo l lowed,  

f o r  beam 1, by  c o l o r  g l a s s  f i  1 t e r s  pass ing 560 nm > X > 320 Am and, f o r  

Beam 2 by onelof  a  se r i es '  o f  c o l o r  g l a s s  f i l t e r s  pass ing 2.8 pm > h > hcut.; 

. . 
Fig. 33 shows f r a c t i o n a l  changes o f  C an'd ICdS, normal ized by d i v i d i n g  b y .  

. . 

f r a c t i o n a l  change i n  so as t o  compensate f o r  e f f e c t s  o f  v a r y i n g  i n t e n -  

: s i t y  a t  d i f f e r e n t  wavelengths. 

The p l o t s  a r e  c o n s i s t e n t  w i t h  a  model i n ' w h i c h  b l u e  l i g h t  decreases 

I 

, . NT, t h e  d e n s i t y  o f  e1,ectrons con ta ined .  i n  h o l e  t r a p s ,  so t h a t  C and lCdS 

! b o t h  increase.  Red 1 i g h t . i n t r o d u c e s  e l e c t r o n s  i n t o - t h e  d e p l e t i o n  reg ion , ,  

I caus ing  an inc rease  i n  NT by e l ec t ron , t ap tu t -e .  W= f i n d  a r l r r r ~ a s e  i n  

I 

I capaei tance under .red 1 i g h t  . i n  s p i t e  of  a,, si'reul taneous Increase i n  ' l CdS: 

. . . . 

. We conc lude t h a t  more i n f o r m a t i o n  can be gsiner i  n n ' h o l e  t r a p  proper-. 

I 
i " t i e s  by m o n i t o r i n g  capaci tance r a t h e r  than t he  c e l l  c u r r e n t .  Th i s  i s  pa r -  

. . 
! 

titularly impor tan t  i n  t r a n s i e n t  measurements. , Experiments on t r a n s i e n t  

1 : . capac i ' tance have accord i ng 1 y  been i n  i t i  a  tea.  Some resu 1 t s  have been ob ta  i ned 

! a t  room temperature,  b u t  no conc lus ions  on t r a p  l e v e l s  can be drawn 1 1 n t i l . 1 0 ~  

temperature,measurements have been completed. 

The.photo1uminescence'of as grown CdS f i l m s  has been.measured a t  
I 

7 7 O ~ a n d  the  dominant peaks i n  the  spectrum t e n t a t i v e l y  i d e n t i f i e d .  A  



. . 

Short Wavelength Cutoff' wavelength (nm) 
. . 

F igure 32 Capacitance.and Short C i r c u i t  Current as a Funct ion o f  the Short Navelength . . 

Cu to f f .  
. . . . 



I 

Short Wavelength Cutoff of Filter (nm) 
1 

F i g u r e  33 : F r a c t i o n a l  Change i n  Cur ren t  and Capaci tance a s  a Func t ion  of  
I The Shor t  Wavelength C u t o f f .  
i 



t y p i c a l  emiss ion spectrum f o r  CdS used t o  manufacture h i g h  e f f i c i e n c y  . . 

c e l l s  i s  shown i n  F i g .  34 f o r  a n . e x c i t a t i o n  o f  400 nm. The peak a t  

488 nm i s  a  f r e e  e x c i  ton  t r a n s i t  i o n  and the  complex ' ~ e a k  a t  %520 nm i s  

t h e  CdS. green edge emiss ion which i s  due t o  a  t r a n s i t i o n  'between a  . 

f r e e  e l e c t r o n  a n d ' h o l e  t rapped a t  an accep to r  l e v e l  accompanied by 0, 

1 ,. 2, . . . LO phonons.'. ( I 3 )  The t h i r d  peak a t  %780nm i s  b e l i e v e d  t o  bg 

assoc ia ted  w i t h  an i m p u r i t y  o r  complex d e f e c t  s t a t e .  E f f o r t s .  .to i d e n t i f y  

t h i s  peak a r e  c u r r e n t l y  be ing  pursued. 
. . 

Photoluminescence spec t ra  a r e  be.ing r o u t i n e l y  recorded f o r  a l l  CdS 

subs t ra tes  grown and t h e  r a t i o  o f  t h e  r e l a t i v e  peak h e i g h t s  o f  edge emiss ion 

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

' c e l l  performance i s  be ing  i n v e s t i g a t e d .  P re l  im inary  r e s u l t s  i n d i c a t e  t h a t  

t he  r a t i o  i s . n o t  a  s e n s i t h e  p r e d i c t o r  o f  c e l l  .performance. High e f f i c i e n c y  

c e l l s  (n 3 8%) have been produced on CdS f i l m s  w i t h  peak r a t i o s  f rom 0.5-5;O. 

However, t h e  photoluminescence c h a r a c t e r i s t i c ' a r e  v a l u a b l e  as a  p r e d i c t o r  o f  

c e l l  performance i n  a  broader sense. The CdS used f o r  h i g h . e f f i c i e n c y  c e l l s  

, (.q>8%).. should e x h i b i t  p r i m a r i l y  t h e  e x c i t o n  and green edge emission.. ' I n  some 

f i l m s  a  broad luminescence band i s  observed between 600 and 700 nm.wh'ich i s ,  

. . , be l ieved  t0.b; due t o - m u l t i p l e  ' impu r i t i es ;  I f  t h i s  band i s  p resen t ,  t he  CdS 

i s  n o t  s u i t a b l e  f o r  t h e  p roduc t i on  o f  h i g h  e f f i c i e n c y  c e l l s . '  ( V i r t u a l l y  a l l  

f i l m s  c u r r e n t l y  produced a t  I E C  do n o t  have t h i s  broad band.) 

A  d e t a i l e d  s t u d y ' o f  t h e  r e l a t i o n s h i p  o f  photoluminescence c h a r a c t e r i s t i c s  

t o  growth c o n d i t i o n s  and CdS g r a i n  s i z e  i s  n e a r l y  completed and a  d e t a i l e d  r e p o r t  

w i l l  be w r i t t e n  i n  t he  nex t  q u a r t e r .  A lso ,  p r e l i m i n a r y  exper iments  wi 1 1  be pe r -  

formed t o  eva lua te  t he  use fu lness  o f  photoluminescence techniques as a  t o o l  f o r  

F'; 
i n v e s t i g a t i n g  t h e C d ~ / ~ u ~ S  j u n c t i o n .  . 

-73 - 
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4.3.7. Theo re t i ca l  Model i ng  

Optimal M a t e r i a l  P r o p e r t i e s  

As t h e ' c o n v e r s i o n  e f f i c i e n c y  o f  t he  c e l l s  approach the' l i m i t s  

s'et by t he  op t ima l  m a t e r i a l  p r o p e r t i e s ,  t he  major  performance parameters,  . 

J and FF, beg in  t o  i n t e r a c t  s i g n i f i c a n t l y .  An aria-lysis o f  t h e  
"oc' SC 

o p t i m a l  p r o p e r t i e s  f o r  t h e  CdS and CuZS l a y e r s  has been completed and 
. . 

pub1 ished. ( I 4 )  I t  i s  showl t h a t  t h e  donor d e n s i t y  in . . theCdS must b e  
.. . . 

16 17 3 
i n  t h e  range o f  10 - 10 /cm w i t h  t h e  Cu2S acceptor  d e n s i t y  about two 

. . 

18' 19 3 
o rde rs  o f  magnitude l a r g e r ,  10 - 10 /cm . The CdS donor d e n s i t y  i s  

l a r g e l y c o n t r o l ~ l e d  by t he  growth c o n d i t i o n s  and t h e  Cu2S acceptor  d e n s i t y  

by redu.cing heat  treatments,. . . 

O p t i c a l  ~ e l i a v i o r  o f  P lanar  Junc t i on  Ce1l.s , . ' 

. .  . 

An a n a l y s i s  o f  r e f l e c t a n c e  o f  t h i n - f i  l m  C ~ S / C U ~ S  c e l l s  leads t o  
. . 

t he  f o l l o w i n g  canc lus ions :  

I )  L i g h t  t r a p p i n g  i n  t h e  Cu2S l a y e r  i s  r espons ib l e  f o r  t he  h i g h  

photon e f f i c i e n c y  o f  t h e  t e x t u r e d  Cu2S c e l l .  I t  a r i s e s  f rom t h e  d i f f u s e  

r e f l e c t i o n  o f ' l i g h t  a t  t he  CdS/Brass' . interface' ,  fo l lowed by t o t a l  i n t e r n a l  

r e f l e c t i o n  o f  t he  r e f l e c t e d  rays a t  the  o u t e r  Cu2S boundary. A  q u a n t i t a t i v e  

anal  y s i i  '2) shows t h a t  t h  i s  e f f e c t  accounts f o r  t he  1 ow observed r e f l e c t a n c e  

a t  h>550 nm fo r  CdS/Cu2S c e l l s .  From t h i s  c a l c u l a t i o n ,  i t  i s .  seen t h a t ,  1 i t t l e '  

i s  gai'ned by modi ' fy ing the  angu la r  d i s t r i b u t i o n  o f  i e f l e c t a n c e  beyond a  m i n i -  

mum d i f f useness  (e.g. f rom Cose t o  Sin8 Cos8) F i g u r e  35 ,  

2) 'A f u r t h e r  decrease i.n r e f l e c t a n c e  i s  due t o  t he  f r o n t  su r f ace  . . 

t e x t u r e  o f  t he  Cu2S caused, by the  H C l  e t c h  o f  t he  CdS. I n  t h e  approx imat ion  

i n  which A<< ( t y p i c a l  s i z e  o f  t e x t u r e  f ea tu res )  a  model o f  m u l t i p l e  . r e f l e c t i o n  

of  geomet r i ca l  rays  can be.used.  The r e s u l t s  are 'shown i n  t he  f i g u r e s  35 and ' 



I 
and 36.. As t h e  t e x t u r e  sharpness . increases, more r e f l e c t i o n s  oc.cilr and 

I . . 

t h e  t o t a l  r e f l e c t a n c e  decreases.   his suggests t h a t  an optimum t e x t u r e  

I may e x i s t  f o r  t h e  p roduc t  V x J s i nce  o b v i o u s l y  a f t e r  a c e r t a i n  
I OC L ' 

sharpness has been reached, a f u r t h e r  in'crease would n o t  reduce the  

r e f l e c t a n c e  b u t  would increase A /A . 1 



Texture effects, on CdS/Cu2S Cel  l (no AR) 

curve 
I - 

1 Front surface reflectance 
2 Total reflectance 

plane para l le l  layers . .  

- 3 Total ref lectance 
- . textured substrate'; 
4 Total ref lectance - textured substrate 
5 Front  surface ref lectance 

.textured f ront  
- 

6 Front sur f  ace reflectance' 
textured f ront  .&. diff use 

. . 
. . 

two reflections' 

on 

Wavelength (nm) 
, . 

. . 
F i g u r e  35,  ~ f f e c t s  o f  Tex tu re  on To ta l  Re f lec tance  f rorn a CdS/CuiS Cell 

Without  an A-R Coat.ing. 



. . 
Wavelength (nm) 

Front surface ref lecfance of textured Cu2S.. 
Normal ly incident light (calculated) 

~ i b u r e  36 , c a l c u l a t e d  F r o n t ,  s u r f a c e  Ref l r c t  ion from Planar.  and ~ e x t u r e d  
. . 

Cu2S Sur faces .  . 

90, 

, 80 

. . 

. 70 

- 
ef  f 

R ~ ~ = P ~  +CP"  n R : ~  9 C P ,  = 1  n 
- 

- 

:.---Textured f o r  two bounces 



4.4. Task 4 Encapsulat ion f o r  Improved S tab i  1 i t y  
- 9 '  

A  f i r s t  o r d e r  s e r i e s  o f  exper iments have been made w i t h  t h e  goal  

o f  deve lop ing  an i n t e g r a l  encapsulant.  I n  a d d i t i o n  a . l i m i t e d  number o f  

c e l l s  were exposed ' t o  s u n l i g h t  w h i l e  p r o t e c t e d  by a  non - i n teg ra l . encap -  
. . 

s u l a t  i on .  system. .The l a t t e r '  p'roved i n  f a d t  t o  be inadequate t o  p r o t e c t  . . 

t he  c e l . 1 ~  f rom the  atmosphere. ' 

. . 

. . 

4.4.1 Phase 1 Review LSSA Experience 

. . . . 

The i-eview o f  t h e  r e p o r t s  f r b m  t h e  LSSA pro, ject  have conc l  uded 

t h a t  o n l y  an i no rgan i c  g l a s s  w i l l  combine t o t a l  hermet ic  sealing';hi.gh 

t ransmi  s s i v  i t y  and. r e s i s t a n c e  t o  long  term weather ing .a"d degradat ion.. 

Acco rd ing l y  t h e  development o f  a  g l a s s  b'ased . i n t e g r a l  .encapsulat ion .was 
. . 

i n i t i a t e d .  E l e c t r o n  beam evapora t ion  was ' found t o  be a  p romis ing  tech-  

n i que  f o r  depos i . t i ng  t h e  encapsulant d i r e c t l y  on to  t h e  su r f ace  o f  t h e  c e l l ' . .  . . 

4.4:2 Phase 2 O p t i c a l  Qua1 i t y  ~ n c a ' ~ s u l a n t  1 

Several  g lasses were depos i ted  by e-beam evapora t ion  up t o  a t h i c k -  

ness of severa l  microns - l l ~ .pnz  i t i nn  r a t e s  nf 50 tn 70 !/sic. we.re read.i 1  y 
. . . . 

achieved. O p t i c a l  q u a l i t y  o f  these g l a s s  f i l m s  were eva lua ted  by measuring 

t he  r e f l e c t a n c e  p l u s  t r ansm i t t ance  us ing  an i n t e g r a t i n g  sphere . '  Optimum . 
. . 

r e s u l t s  were ob ta ined  f o r  a  Barium A lum ino -Bo ros i l i ca te  f i l m  depos i ted  f rom 

a  spec ia l  l y  prepa'red' source mater i a l  ( I EC 9658) of . the  f o l  lowing composit ion' :  



s i o 2  49%; B 0 14.5%. A1 0 10:5%,BaO 24.8% and Pb 1.2%. The R+T spec t ra  
2 3 2 3 

o f  a 2 i m  t h i c k  9658 gla'ss depos i ted  on a 7059 g l a s s  p. late and o f  t h e  sub- 

s t r a t e  a lone  a r e  shown i n  ,Figure 37. The r e f r a c t i v e  index and t he  thermal . , . -  

-6 o c - I  expar is ion c o e f f i c i e n t  o f  such a f i l m  were found t o  be 1.49 and 5 x 10 

4.4.3. Phase 3 ~ l e c t r o n ' i c  Compatibi 1 i t y  

I E C  7658 . t ype  g l a s s  o f  5 pm t h i c k  were depos i ted  by e-beam evapo- 

r a t i o n  o n t o  s i x  CdS/Cu2S c e l l s .  The behavior  o f  t h e  c e l l s  be fo re  and a f t e r  

encapsu la t i on   a able 8), showed t h a t  t he  g' lass i s  e l e c t r o n i c a l  l y  conlpa t i b l e  

and has good o p t i c a l  t r ansm iss ion  as expected. 

. . 
Tab le  8 

The performance o f  two t y p i c a l  CdS/Cu2S c e l l s  coated w i t h  5 v m  o f  e-beam 

evapora ted  g1as.s 

Cel ' l  # Date v,, ( v )  
. . .  

C o n d i t i o n  

. . 
799 .A1 3 .1/9/79 .488 16.0 66.5 . 6.26 ba re  

I./ 1 9/79 .4Rg 1 3 . 3  6 g . 8  5.48 g l a s s  coated 

800 A 1 3  1/13/79 .474 15.5 66.9 5.93 . ba re  

1 / I9179 ,473 13.0 . .  66.8 4.93 g l a s s ' c o a t e d  

t lo~revcr ,  i n  i t s  p resen t  form the  g l ass  f i ln d i d '  n o t  p rov ide  complete . h c r n c t i c  

sceling. The d a t a  i n  I ' i .gu~-c  38 sl~uws Llle v a r l a t l o n  o f  e f f l c i e n c . ~ ,  open c i r c u i t  

. v o l t a g e  and s h o r t  c i r c u i t  c u r r e n t  o f  a typica.1 i n t e g r a l l y  encapsulated c e l l  as 

a f u n c t i o n  o f  a g i n g t i m e  i n  l a b o r a t o r y  a i r  a t . 2 5 ' ~ .  The poor p e r m e a b i l i t y  i s  

I due t u  t he  l oss  o f  adheslon a t  t h e  edges o f  t he  g.lass f i l m .  Ph i s  l o s s  o f . a d h e s i o n  
I 



was revea led  by p a i n t i n g  the  edges o'f t he  f i l m  w i t h  b l a c k  i n k  which spread .  

o v e r . t h e  su r f ace  o f  t h e  c e l l  by c a p i l l a r y  a c t i o n .  The ni icrograph o f  f i ' gu re  39 

shows i n k  under t h e  g l a s s  f i l m .  

. . 

L i f e  j e s t i n g  n o t  S p e c i f i e d  i n  Work Statement 

L i f e  t e s t i n g  was per formed,on t h r e e  n o n - i n t e g r a l l y  encapsulated 

ce l l ' s .  ' The t e s t  cons i s ted  o f  mon i t o r  i n g  t he  c e l l  parameters d u r i n g  pro longed 
. . . . 

r b o f  t o p  exposure under shqi-t c i r c u  i t cond i tons.  
. . 

The s t 'a r t  of  t h e  exposure was 11/20/'78 f o r  c e l l s  695.813 and 

688.1411 and 5/9/79 f o r  c e l l  695.A14. The f i r s t  two were encapsulated between 

a g l ass  p l a t e  and a coppe,r b l o c k  us ing  an e l as tomer i c  s i  1 i con  semi-gelymanu- 

f a c t u r e d  by Transene Corp. as t h e  ' p o t t i n g  compound. Cell.  695.A14 wa.s encap- 

su la ted  between 'a' g l a s s  p l a t e  and a Kovar b l ock  w i t h  dow Corning QL 2577 as 

t he  p o t t i n g  compound. The exposure t e s t  o f  c e l l s  695.813 and 688 .A l l  has been 

completed and t h e  r e s u l t s  w i l l  .be d iscussed i n  t he  p resen t  r e p o r t .  S ince c e l l  

,695 .A l4  has n o t  been under exposure f o r  s u f f i c i e n t l y  long  p e r i o d  o f  t ime  t e s t  

. . r e s w l t s  o f  t h i s  c e l l  w i l l  n o t  be .p resen ted  here.  

The ,g lass  p l a t e  used i n  a l l ' t h r e e  cases was Corning 757.: ~ e s t s  'were 

made t o  determine ppss';ble degrada t ion  o f  t h e  g l a s s  and the  p o t t i n g  conipound . . 

under t h e  , i n f l uence  o f  temperature and UV exposure. ' The t ransmi  t t a n c e  bf t h e  

g l a s s / p o t t  i n g  ~ o r n ~ o u n d / ~ l a s s  sandwich s t r u c t u r e  was nieasured b e f o r e  and, a f t e r  

: . hea t i ng  . i n  a i r  a t  1 7 0 ' ~  f o r  72 hours.  No change i n  t ransmi  ss ton  was observed. 

' 2 
The t r ansm i t t ance  was a l s o  unchanged a f t e r  6 hours o f  exposure t o  UV: (43 rnW/cn! ) . 

The. two c e l l ' s ,  695.81 3 and 688.Al l  , were processed i n  June 1978 and 

were 's tored i n  H 2 / A r  atmosphere, i n  t he  dark ,  u n t  i 1 they  were encapsulated i n .  



I ' Wavelength (nm) 
* .  

~ i ~ ~ r e  3 7 .  ' Reflectance Plus. Trinsrii ttance of an Electron Beam ~eposl ted 
2 urn F i l m  af I F C  9658 Glass on.a.7059 Glar,r, Plntc, 



8 
-6, -P- -A 

Efficiency 
A --A--A-------  ---4 

Jsc 
\--o-m-----4 

Time, days 
Figure 38 Aging of an Integral l y  'Encapsulated CdS/CuZ~ Cell #q00/11 J in  A i r  at 25Oc. 



Figure 39 Optical Micrograph of a Glass Coated Cell 
Showing Ink Penetration under the Glass Film 
n 800. 



S t a r t  of Exposure 11 / 2 0 /  78 

. ~ x ~ o s u r e  . ~ i m e  (days) : 
F i gu re  ,40 E f f i c i e n c y  a% a  unction o f  Exposure Time f o r  2 ,CdS/Cu S C e l l  s. subsequent Heat 2 . . 

t rea tment  Restbred t h e  C e l l s  t o  t h e  Pre-Exposure Eff i c  I ency l nd  i c a t  i n g  Inadequate 
' 

Encapsulat ion.  



November 1978. Table 9 g i v e s  the  performance o f  t he  c e l l s  a t  t he  beg inn ing  

and a.t t h e  end o f  t h i s  s to rage  pe r i od .  The da ta  shows t h a t  some degrada t ion  

had occu r red  d u r i n g  t h i s  pe r i od .  

Table 9 

Performance o f  c e l l s  695.813 and 688.Al l  Be fo re  and A f t e r  Storage 
, ' 

Date 

Over a  p e r i o d  o f  9 months o f  exposure these c e l l s  showed .approx imate ly  

60% decrease i n  e f f i c i e n c y  as can be seen i n F i g u r e  M .  l t i s  c l e a r  t h a t  he r -  

' i n e t i c  s e a l i n g  i s  n o t  ach ieved by t h i s  t ype  o f  packaging and t h a t  a  r a p i d .  l o s s  

o f  performance a t  t he  onse t '  o f  warm humid weather ( a f t e r  120 days o f  exposure 

cor respond ing  t o  t h e  end o f  March 1979) i s  observed .' 

C e l l  688 .A l l  was subjected t o  vacuum'and reduc iny  heat t rea tments  
. . 

a f t e r  t h e  r o o f  t o p  exposure. As a consequence t he  e f f i c i e n c y  was r e s t o r e d  . .  

t o  7.72%, v i r t u a l  l y  , i d e n t i c a l  t o  t he  e f f  ic i 'ency be fo re  rnnf t n p  exposure. 
. 

. Cell 695. B13 showed a .  s  im'i l a r  recovery  as a r e s u l t  o f  t h e  post-exposure heat  

' t r ca tmcn t .  

, . 
', T h e r e  i s  a tendency f o r  encapsulated o r  sealed c e l l s  t o  show an 

i n i t i a l  . r i s e  i n  'Voc . ,  T h i s  i s  be1 ieved t o  be r e l a t e d  t o  t he  s e n s i t i v e  

i n t e r p l a y  between Cu2S s t o i c h i o m e t r y  and Voc and Jsc.  ( I 4 )  Fu r the r  i n v e s t i -  . '  

g a t i o n s  w i l l  be c a r r i e d  o u t .  
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S t a t i s t i c a l  'Ana lys is  o f  SEP Data 



S t a t i s t i c a l  Ana l ys i s  o f  SEP Data . . 

K.  V .  Jarva 10/79 . 

I NTRODUCT I ON : . . 

F o r t y  p ieces  ( 4  c e l ' l s  each) were made by t h e  s tandard process. F o l -  
, . 

l ow ing  manufacture and . then  a f t e r  each heat  treatmei. l t ,  t he  c e l l s  were tes ted ,  
. . .  

.and, i f ,  poss ib l e ,  t he  va lues f o r  FF, R,  G,. J  and JO were computed. . (~edause  
' 

L 
. . . ,  . 

o f  approx imat ions used t 6 , s i m p l i f y  c a l c u l a t i o n s ,  R, G ,  J and JO a r e  o n l y  
. L 

v a l  i d  f o r  c e l l s  hav ing  f i 11 f a c t o r s  o f  55% o r .  h i ghe r . )  A s e t  o f  s tandard ized  

c r i t e r i a  based o n ' t h e  va lues  o f  FF,. JL and JO 'we re ' t hen  employed t o  determine 

t he  nex t  heat  t reatment  f o r . e a c h  o f  t he  c e l l s . ,  Th i s  process - the  s u b s t r a t e  

e v a l u a t i o n  process (SEP) - was con t inued  u n t i 1 . a  piece'pas.sed o r  f a i l e d ,  I n  

2 o rde r  t o  pass, a p i ece  had t o  have a t  l e a s t  one c e l l  t h a t  had a JL 2. I8 .mA/cm 

a n d ,  a JO 6 5 x m ~ / c m ~  (no t  necqssar i  l y  d u r i n g  t h e ,  same t e i t )  . A p iece  

f a i l e d  i f  JL or ..JO d i d  n o t  s a t ' i s f y  these requi rements, ,  and if t h e  c e l l s o n  

t h a t  p i e c e  d i d  n o t ,  respond t o  the .  appropr i .a te  heat' t rea tments .  A c t u a l l y '  the  

p ieces  were grouped i n t o  t h r e e  ca tego r i es :  those t h a t  o b v i o u s l y  f a i l e d ,  those 

i 
t h a t  passed and. border .  1 i n e  cases. Th i s  l a s t  c l a s s  was comprised o f  pieces. 

t h a t  had a t  l e a s t  one c e l l  ' s a t i s f y  e i t h e r  t h e  J o r  JO.requireme.nt and came L 
.2 ' w i t t l i l ~  ul-lr u t i i t  o f  s a t i s f y i n g  the o t l l r t - ;  i . e .  cel.1.s hav ing JL 2 18 mA/cin and 

-8  ' 2 2 5 x 1 0'8 m ~ / c m ~  < . JO < 6 x 10 mA/cm o r ,  JO 6 5 x 1 0-8 m~/cm? a n d  17 mA/cm . 

2 .  
< J~ 

< 18. mA/cm were cons i dered border  1 i ne cases. (.see pg . 2 ) . 

GOALS: 

. l ) , D e s c r i m i n a t e  between good'and bad m a t e r i a l  as e a r l y  as p o s s i b l e  i n  t he  

s tandard process by examining i n i t i a l  IV data  (FF,R,G,JL,JO) and. t he  

parameters measured a f t e r  evapora t ion  (THCDS, RHO (p) ,. PL) - CdS th i ckness ,  , ' 

r e s i s t i v i t y  and photoluminescence grade. . 



2) Attempt t o  i d e n t i f y  parameters t h a t  descr im ina te  and t h a t  may be 

r e l a t e d  t o  t he  p h y s i c a l  c o n d i t i o n  o f  t h e ' m a t e r i a l . .  

METHODS : 

1) The p ieces  t h a t  went through t he  process were d i v i d e d  i n t o  t h r e e  

. groups: those t h a t  passed the  SEP c r i t e r . i a ,  those, t h a t  o b v i o u s l y  

. f a i l e d ,  and t h e  border  l i n e  cases. The SEP c r i t e r i a ' w a s  dev ised 

e m p i r i c a l l y ,  and thus  the demands on JL a n d  JO a r e  somewhat a r b i -  

. ' t r a r y ;  a l s o  a few o f  the  p ieces  t h a t  wei-e o r i g i n a l l y  c lassed  as 

bad m a t e r i a l  may have a c t u a l  1 y passed w i t h  more heat t rea tment ;  

honco' t h o  t h i  r d  category. 

1 2 )  The process parameters and t he  i n i t i a l  I V  parameters were t r e a t e d  

as con t inuous  random v a r i a b l e s .  For each parameter, t h e  sample 
! 
I f rom t h e  m a t e r i a l  t h a t  o b v i o u s l y  f a i l e d  was compared t o  the sample 

i f r o m . t h e  m a t e r i a l  t h a t  passed. The comparisons were made g raph i -  

c a l l y  u s i n g  MINITAB, and v i a  t h e  Wilcoxon' two-sample t e s t  (IMSL . 

subrout  i ne - NRWRST) . * 
3)  A l l  I V  t e s t  da ta  a v a i l a b l e  on t he  m a t e r i a l  t h a t  obv idus l y  f a i l e d  

. .  was examined i n  an a t tempt  t o  i d e n t i f y  parameters t h a t  . r e l a ted  

t o  the  poor  performance o f  t h i s  m a t e r i a l .  . . 

CONCLUSIONS: 

1 2 '  Several  o f  t h e  i n i t i a l  I V  parameters show the  ab i  1 i t y .  t o  desc r im ina te  
. . 

F i l l  Fac to r :  Samples c o n t a i n i n g  t he  h i ghes t  i n i t i a l  f i l l  ' f a c t o r  

! ( i  .e. t h e  one measured a f t e r  manufacture) were compared us ing  t h e  
. . W i  l coxon two-sample t e s t .  A1 1 12 p ieces  were used f rom the  f a i l e d .  

I .. sample. (sample ,1) and a1 1 23 p ieces  f rom t h e  passed sample (sample 2 ) .  

Border 1 i ~ i e  cabeb were not  cons idered,  HO was taken tu be t h a t  t . 1 1 ~  

means o f  t he  two popu la t i ons  were i d e n t i c a l  ( i  .e.  HO: U1 = ~ 2 ) ,  vs.  

H I :  U l  c U2, HO was r e j e c t e d  a t  a lpha g r e a t e r  than 0.24 x l om5 .  
See page 5; , 

The t h r e e  samples ( f a  i led ,  passed, and border  1 ine)  were ordered,  . 

numbered and then  p l o t t e d  aga ins t  t h e i r  number i n  the  respec t i ve  

sample. For s c a l i n g  purposes, o n l y  c e l l s  hav ing  f i l l s  g r e a t e r  than 

48% were cons idered.  (see graph # 1  , page 6 ) .  Note t h a t  a h o r i z o n t a l  



l i n e  drawn a t . t h e  66 o r  67% f i l l  f a c t o r  mark d i s c r i ~ i i i n a t e s  n i c e l y  

between t he  pas'sed and t he  f a i l e d  m a t e r i a l ,  19/23 o f  t he  passed 

m a t e r i a l  f a l l  i ng  above the  1 ine,  and v i r t u a l l y  a1 1 o f  t h e  f a i l e d ,  

m a t e r i a l  f a l l i n g  below i t .  

Ln(J0) :  ' Ana l ys i s  o f  the  minimum l n ( J 0 )  was s i m i l ' a r  t o  t h a t  for . 

f i ' l l  f a c t o r .  The samples were somewhat sma l le r  (8 p ieces  i n  t he  

f a i  l e d  sample and 22 i n  the  passed) because JO c a l c u l a t i o n s  a r e  n o t  

accu ra te  f o r  f i l l .  f a c t o r s  l e s s  than .55%. The hypo thes is  t e s t e d  was 

HO: U1 = U2 aga ins t  H1 : U1 > U2. Again HO was r e j e c t e d ;  t h i s '  t ime,  
' 

. . 
f o r  a lpha g r e a t e r  than 0.37 x , See, page 8 . .  1 
The g raph i ca l  analy 's is  a l s o , i s  s i m i l a r  t o  t h a t  done f o r  f i l l  f a c t o r ,  . 

w i t h  a h o r i z o n t a l  '1 i n e  between 2.0 and 2.2 o f f e r i n g  good di .scr imi.na- 
- 8 t i o n .  [ ~ o t e  JO i s  r e p o r t e d o n u n i t s o f  10 m ~ / c m ~ ,  and t he  v e r t i c a l  

+8 
.. a x i s  i s  In .  (JO x .10 . . ) I .  See graph #2,.pagc 9, 

2 
R and G :  .Both t h e  minimum i n i t i a l  s e r i e s  res i s tance ,  R '  (R-cm ) , .  and 

2 t h e  min.imum i .n i  t i a l  shunt conductance, G(mmho/cm ) , parameters were 

t e s t e d  w i t h  t h e ' ~ i 1 c o x o n .  .Again, t he  hypo thes is  t h a t  t h e  f a i l e d  and . 

passed popu la t i ons  were iden.t ica1 would be . re jec ted .  See pages 11 E 12 

2) The process parameters and maximum i n i t i a l  JL showed no a b i l i t y .  t o  

d i s c r i m i n a t e .  
. , .. 

A: The Wilcoxon t e s t  was used on samples c b n s i s t i n g  o f  t h e  maximum. 
2 

i n i t i a l  JL (m~/cm ) . The p ieces  i n  the  samples were t h e  same as f o r  

InJO, R., and G .  . I n  t h i s  case HO: U1 = U2.cou ld  n o t  be r e j e c t e d  a t  a 

s i g n i f i c a n t  l e v e l  o f '  a lpha. See paye 13.. , '  , ' 

Th i s  r e s u l t  was d isp layed  g r a p h i c a l l y .  See graph # 3 ,  page 14 and note" 

t h a t  p iece '999.11 f rom t h e  passed group was e l i ,minated f o r  s c a l i n g .  . . . .  

purposes. 

PL: Photq l  umi nescence was anal  yzed w i  t h  the.Wi  1 coxon. The samp! As 
, . . -  

cons i s ted  o f  a l l . p i e c e s  from' t h e  f a i l e d  and the  passed groups. Again 

..H0: U1 = U2 cou ld  n o t  be r e j e c t e d .  See,page 16 and graph #4, page 17. 

THCDS and RHO:  h he ' t h i ckness  o f  t he  CdS, THCDS (pm) and t h e  r e s  i s,t i v i  ty , 
~( .&cm) ,  were analyzed . in  t he  .same manner as PL, and produced. a s i m i l a r  



r e s u l t  - HO: U1 = U2 cou ld  n o t  be r e j e c t e d .  See page 19 and 20. 

3)  Problems w i t h  JO accoun ted . f o r  much o f  t he  f a i l e d  m a t e r i a l .  

O f  t h e  o b v i o u s l y  f a i l e d  m a t e r i a l :  

i) 6/12 f a i l e d  due t o  j 0 a l o n e .  That i s ,  a t ' l e a s t  one c e l l  on 

t h e  p i e c e  had a JL 5 18 m ~ / c m ~ ,  b u t  t h a t  ( those)  c e l l ( s )  never  
2  showed a JO < 6 mA/cm . See t a b l e  #5, page . 

i i )  - .  Only 2/12 o f  t he  p ieces  f a i l e d  due t o  JL a lone.  That i s ,  t h e  
2 bes t  JL on t h e  p i ece  was l e s s  than 17 m ~ / c m  w h i l e  t h e  bes t  

' 2  
JO on t h e  corresponding c e l l  was l ess  than 5 x mA/cm .. 

See t a b l e  #5, page . 
i i i )  Thc remaining 4 p ieces f e i l e d ' i ~ ~  L u t l ~  categurles. Ir should 

be no ted  however t h a t  a t  l e a s t  .two o f  these had 1.arge JO va lues  

. and t h a t  t h e  o t h e r  two had f i 11 f a c t o r s  so bad t h a t  JO was r a r e l y  

i f . ever  compu tab  1 e. 
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. . 
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I::##%t .SEE' TABLE $24 . . 
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Table L5 

Pieces t h a t  

P i ece C e l l  

. . 
Pieces t h a t  

P i ece C e l l  

- 

f a i l e d  due t o ,  JO alone 

f a i  l e d  due t o .  JL alone 

. . Best J J 0 
(rnA/crn2\ , (x  rn~ /crn~)  
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THE DESIGN AND UTILIZAT,ION OF A MICROPROCESSOR-CONTROLLED 
ABSOLUTE SPECTRAL RESPONSE SYSTEM 

J 

L.M. Ki lgren,  N.C. Wyeth, and W.E.. ~ e v a n ? ~ "  
I n s t i t u t e  o f  Energy Conversion 

. . U n i v e r s i t y  o f  Delaware 
. Newark, DE 1971 1 . 

1 .  I n t r o d u c t i o n  
. . . . 

. A  f u l l y  automated system has been assembl.ed whi'ch permi ts  the d i r e c t  , 

mon i to r ing  o f  so la r  c e l l  ou tpu t  under vary ing  cond i t i ons  o f  i l l u m i n a t i o n  and 
. . 

b i as  vol tage.  The p r  imar,y system components a're a  chopped monochroniat i c  ' ,  

1 i g h t  source o f  cont inuously  v a r i a b l e  wavelength, a  l o c k - i n  ampl i f . i e r ,  and a  

microprocessor.  ..Analogue-to-dig i ta1 and d i g  i t a l  -to-analogue convers ion 
. . 

. . 

a1 lows the  m ic~oprdcesso r  t o  be used t o  c o n t r o l '  data acqu is i ' t  i on  and t o  per- . 

. . .  
form data cond i t ion ing .  and output .  . . 

. 2 . '  System Desc r ip t i on  . . 
. . 

The system i s  shown schemat i c a l  l y  i n  Figure. 1 .  A  g ra t i ng .  mono- 

chromator i s  d r i ven '  by a  s tepping motor under c o n t r o l  o f .  the micropi-ocessor. 

The monochromatic beam.,is focused on the  sur face o f  a  s i l v e r e d  l i g h t -  

chocping b lade placed a t  4 5 O ,  t o  the  pa th '  o f  the  incoming 1 i g h t  beam.' ..   he 
' , 

, . 

transmi t t e d  beam' i 1 lumiriates the  c e l l  under t e s t  through an :app rop r ia te -  1.ens' 
. . 

- ' system. The beam r e f l e c t e d  from the chopper i s  moni t o red  t o  g i v e  a  dont i'nuous 

r~ieasurenient o f .  the. pr imary beam i ntens i t y .  The 1 ight-chopper c o n t r o l  .pro-  

v ides the reference s igna l  f o r  a  lock-  i n  ampl i f  i e r  which i s  used t o  measure 

, the AC bu tpu t  of the c e l l .  An ELH tungsten- iodide lamp d r i v e n  by a  s t a b i  1 i zed  ' . 

, . 

D.C supp,ly provides the  b ias  1 i g h t .  The c e l l  under. t e s t  is mounted on a  . , 

thermoelec t r i c  temperature-contro l led b lock  w i t h  e l e c t r i c a l  connect ions f o r  

a p p l i x a t i o n  o f  a  b,ias vo l tage and measurement 'of  c e l l  ou tpu t .  A f l a t . p y r o - .  " 
I * Present addfess: SES,  Inc. Newark,.DE 19711 . . 



e l  e c t ' r i c  de tec to r  can 'be  s u b s t i t u t e d  f o r  the c e l l  b lock  and the  i n t e n s i t y -  

wavelength curve  o f  the  monochromatic beam s tored i n  the microprocessor as 

the' monochromator i s  stepped through the  wavelength.range o f  400 nm t o  

1600 nm (a g r a t i n g  change i s  made a t  800. nm). The microprocessor uses 

the  s to red re ference .i ntens i t y  curve t o  compute the co l  l e c t i o n  versus 

wavelen'gth performance o f  the, c e l l  under t e s t  and then e i t h e r  p r i n t s  ou t  

" .  t he  d i g i t a l  data o r  d i s p l a y s  the analogue in fo rmat ion  on a v ideo terminal  
. . 

o r  prov ides hard copy on an x-y p l o t t e r .  

3 .  Appl i.ca t i ons 

A major advantage o f  the  present system i s  the a'bi 1 i t y  t o  measure 

: t he  spec t ra l  response o f  the c e l l  w h i l e  under normal opera t ing  cond i t i ons  

o f  bo th  i l l u m i n a t i o n  and vo l tage bias.. This  f e a t u r e  i s  essen t i a l  f o r  c e l l s  

such as CdS/Cu S i n  which the  t o t a l  i I lum' inat ion st rongl 'y  in f luences the 
2 

c o l l e c t i o n  e f f i c i e n c y  (1) .  

3.1 Spectra l  response under normal opera t ing  cond i t i ons  

The quantum e f f i c i e n c y  of a cell or  the  number o f  c u r r e n t  carr . iers 

c o l l e c t e d  per  i n c i d e n t  photon i s  measured as a f u n c t i o n  o f  wavelength w i t h  

the  c e l l  a t  zero b i a s  (shor t  c i  r c u  i t c u r r e n t ) .  The system can be used 

w i t h  the  chopped monochromatic beam on l j l ,  o r  a l t e r n a t . i v e l y ,  the  spec t ra l  

response can be measured w h i l e  t he  c e l l  i s  i l l u m i n a t e d  w i t h  e i t h e r  a broad 

, . 
band wh i te  l i g h t  o r  w i t h  a second cont inuous ( D C )  'monochromatic b ias  beam. 

. . 

F i gu re  2 shows co l lec ' t . ion  e f f i c ' i ency  as a func t i on  o f  wavelength f o r  a 

CdS/Cu S c e l l  both w i t h  and w i thou t  b ias  l i g h t .  
2 

3.2 I n t e r n a l  p h o t o e l e c t r i c  emission 

When the photon enerqy o f  the  i nc iden t  beam i s  reduced'below t'he 

smal les t  bandgap i n  a j u n c t i o n  device, the  cu r ren t  due t o  i n t e r n a l  photo-. 

e l e c t r i c  emission o f  c a r r i e r s  over j u n c t i o n  b a r r i e r s  less than the.  band 



gap can be detected.  he microprocess@r i s  programmed t o  generate a .  p l o t  

o f  the,square r o o t  o f  t he  normalized' response versus photon energy, which 

by 1 inear  e x t r a p o l a t i o n  t o  the  energy a x i s  g ives the b a r r i e r .  he igh t  (2 ) .  . 

, F igure  3 shows a t y p i c a l  curve o f  the  square roo t  o f  c o l l e c t i o n  e f f i c i e n c y  

vs. .photon energy f o r  a CdS/Cu2S c e l l .  
. . 

'3.3 M i n o r i t y  c a r r i e r  d i f f u s i o n  length  
. . 

For c e r t a i n  rariges o f  absorber/generator . layer th ickness and m i n o r i t y  

c a r r i e r  d i f f u s i o n  1engt.h the  spec t ra l  response o f  a pho tovo l ta i c  c e l l  can,be 

analyzed t o  se t  a slower l i m i t  to' t he  d i f f u s i o n  length  w i thout  needing a 

de ta i  l ed  knowledge o f  the  . ,absorpt ion behavioi- o f  the  a c t  i ve  semiconductor's ( 3 ) .  

. . F igure 4 shows a . c l e a r l y  definable 'peak i n  c o l l e c t i o n  e f f i c i e n c y  vs. . 

wavelength f o r  .a '  c e l l  o f  appropr ia te  Cu S t h i c k n e s s .  The d i f f u s i o n  ' length 
2 

i n  t u r n  can then .be .used t o  determi.ne the  wavelength. dependence o f  the  . 

absorp t ion  c o e f f i c i e n t  from the spec t ra l  response curve. F igure  5 i s  

a comparison w i t h  publ ished data o f  t h e ' c a l c u l a t e d  dependence o f  the  

. .absorpt' ion constant  on wavelen4,th ( 4 ) .  
. . . . 

.3 .4  l n t e i f a c e  recombinat ion and j u n c t i o n  f i e l d  s tud ies  . '. 

. . 
The use o,f phase-sensi t ive de tec t i on  t o  measure the  c e l l  response 

t o  a modulated l i g h t  source superposed on a DC b ias  l i g h t  also.makes i t  

possi,ble t o  measure the  1 ight-generated cu r ren t  as a f u n c t i o n  o f  t he  . . ' 

c e l l  b i a s  vo l tage ( 5 ) .  Measurements on CdSlCu2S c e l l s  show . t h a t  t h e  l i g h t -  
. . 

generated"current . . can vary w i t h  app l i ed  vol tage.  F igure  6 shows the v a r i a -  

t i o n  of  l igh t -genera ted  cu r ren t  as a func t i on  o f  b i a s  vo l tage f o r  two c e l l s  
. . 

o f  .w'idely d i f f e r i n g  performance cha rac te r i s t i cs , .  The s e n s i t i v i t y  to ,  b i a s  

vo l tage i s  found , t o  be s t r o n g l y  in f luenced by the  i 'n tensi  t y  and spectr.al  

content o f  the  app l i ed  b ias  l i g h t  and the  s t r u c t u r e  and h i s t o r y  o f  the  c e l l  , 

. . 

. . 



under t e i t  . F igure  7 shows the  l i ght-generated cu r ren t  f o r  a  CdS/Cu2S 

. . 
c e l l . u n d e r  th ree  d i f f e r e n t  cond i t i ons  o f  spec t ra l  content  o f  the b ias  

i l l u m i n a t i o n .  F igure  8 shows the  same data, but a t  reduced b ias  l i g h t  

I n r e n s i  t y .  Th i s  technique w h i l h  reveals c e l l  cu r ren t  co l  lec t ' ion  p e r f o r -  
. . 

mance a t . t h e  maximum.power p o i n t  has major advanta'ges over more t r a d i t i ' o n a l  

. . 

. .  prbcedures which' a re  conf ined t o  the  v i c i n i t y  o f  the  s h o r t - c i r c u i t  cu r ren t .  
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