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ABSTRACT 

The proper t ies  of polycrystalline, thin-film CuInSe2/CdS and Cu1nSe2/ZnxCd -xS so lar  

ce l l s  prepared by vacuum evapora t ion  techniques o n t o  meta l l ized  a lumina  subs t r a t e s  
2 2 a r e  described. An ef f ic iency  of 10.6% for  a 1 c m  a r e a  ce l l  and 8.3% for  a n  8 c m  ce l l  

when t e s t ed  under s imula ted  AM1 illumination is repor ted .  The mixed sulf ide ce l l s  a r e  

described as exhibi t ing increased  open c i rcui t  vol tages,  slightly higher sho r t  . c i r c u i t  

cu r r en t s ,  and improved eff iciencies.  Mixed sulf ide f i lm prepara t ion  by evapora t ion  of 

CdS and ZnS powders f rom a single source  and f rom t w o  sources  is discussed wi th  

p re fe rence  given t o  t h e  l a t e r  technique. Selenide f i lm prepara t ion  in a p lanetary  o r  
2 

. r o t a t i n g  subs t r a t e  vacuum deposition appa ra tus  is described. A 1 c m  a r e a  c e l l  

wi thout  AR-coating produced by t h e  p lanetary  approach is repor ted  t o  demons t r a t e  a 

7.5% eff iciency.  The resul t s  of ce l l  hea t - t r ea tmen t  s tudies  showing a s t rong  

envi ronmenta l  dependence  a r e  presented  and indica te  t h e  desirabi l i ty of a n  oxygen 

containing atmosphere.  An au toma t i c ,  compute r  cont ro l led ,  ce l l  measu remen t  sys t em 

for  I-V, C-V, and  spec t r a l  response analysis is described. The resul t s  of t h e  c e l l  

analysis and ce l l  modeling s tudies  on both t h e  plain CdS and mixed ZnxCdl-xS thin- 

f i lm devices  a r e  presented.  Finally, d a t a  obta ined  f r o m  cons t an t  illumination and 

e l eva ted  t e m p e r a t u r e  l i fe - tes t s  on t h e  thin-film ce l l s  showing l i t t l e  degradat ion  a f t e r  

9300 hours is reported.  
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1.0 SUMMARY 

This is t h e  Final Repor t  of a research  program en t i t l ed  "Cadmium SulfideICopper 

Ternary Heterojunction Ce l l  Research" and cove r s  t h e .  period April 1, 1980 - August 

25, 1982. The work was  supported under SERI C o n t r a c t  XJ-9-8021-1. Primary 

objec t ives  of t h e  program w e r e  t h e  achievement  of a s tab le ,  polycrystalline, thin-film 

photovoltaic  solar c e l l  based upon t h e  CdS/CuInSe2 ma te r i a l  sys tem with a n  ef f ic iency  
2 g r e a t e r  t han  10%. These objec t ives  have  been successful ly met .  A 1 c m  a r e a  ce l l  

has  been produced with a n  ef f ic iency  of 10.6% and a 9300 hour a c c e l e r a t e d  l i fe- test  

has demonst ra ted  exce l l en t  res i s tance  of t h e  CuInSe2 thin-film ce l l s  t o  degradation.  

While t h e  bas ic  c e l l  s t r u c t u r e  was l i t t l e  changed f rom ea r l i e r  devices,  r e f inemen t s  t o  

t h e  design and f i lm deposition processes w e r e  m a d e  during t h e  course  of t h e  program 

and resul ted in a gradual  improvement  in ce l l  per formance .  Included in these  c e l l  

advancements  was  a simpler ,  more  t ransparent  grid s t r u c t u r e  wi th  a n  off-cell c o n t a c t  

pad t o  avoid probe shadowing e r ro r s  during c e l l  test ing.  Due t o  a su r face  con tamina te  

layer ,  problems were  encountered  with t h e  adherence  and stabi l i ty of t h e  aluminum 

grid c o n t a c t  b u t  w e r e  resolved by t h e  applicat ion of a brief spu t t e r  e t c h  and glow 

discharge cleaning process. 

All of t h e  thin-film ce l l s  were  f ab r i ca t ed  with t h e  two-lay.er selenide deposition 

process. Usually, t h e  f i r s t ,  low resis t ivi ty layer  was  deposi ted at 3 5 0 ' ~  while t h e  

second,  high resis t ivi ty layer was  prepared  at a 4 5 0 ' ~  subs t r a t e  t empera tu re .  The 

transi t ion be tween  t h e  t w o  layers  was  accomplished by a 25-30% reduction in t h e  

copper deposition ra te .  The selenide prepara t ion  was moni tored  by post-deposition, 

hot-probe and resis t ivi ty measu remen t s  on t h e  individual and composi te  layers. These 

measurements  indicated extens ive  f i lm interdiffusion, a n  appa ren t  semiconductor  t ype  

conversion (N t o  P), and a n  opt imum resist ivi ty range  for  maximum ce l l  response. 

An e f f e c t i v e  ant i - re f lec t ion  coat ing  was  prepared by vacuum evapora t ion  of SiO in an  

oxygen par t ia l  pressure. These 1000 8, thick SiOx f i lms  resul ted in a - 10% 

improvement  in shor t  c i rcu i t  cu r r en t  and eff iciency.  Very s t a b l e  and adhe ren t  oxide 

layers  were  achieved by cleaning t h e  cel ls  with vapor degreasing and glow discharge 

techniques and adjust ing t h e  SiO vapor source t empera tu re .  



A theoretically predicted voltage increase with t h e  use of mixed ZnxCdl-xS films was 

verified by fabricating cel ls  with vacuum evaporated mixed sulfide layers. An open 

c i rcui t  voltage in excess  of 430 mV was achieved for a Zn content  of 20%(x = 0.2). 

Two methods were  used for t h e  mixed sulfide preparation, i.e., evaporation of t h e  ZnS 

and CdS powders f rom a single graphite source containing composition controlling 

aper tu res  and, secondly, two  independently heated sources. The la ter  technique was 

found preferable in t e r m s  of reproducibility, control, and film resistivity. As in t h e  

case of t h e  plain CdS films, t h e  final two-thirds of t h e  mixed sulfide layer were  doped 

with indium by co-evaporation. 

The preparation of CuInSe2 f i lms by simultaneous e lemental  evaporation in a planetary 

o r  rotating subst ra te  deposition apparatus was investigated for t h e  purpose of allowing 
2 t h e  fu tu re  fabrication of a large  quanti ty of small (1 c m  ) cel ls  or very large a r e a  cells  

2 (25-100 c m  ). Serious exper imental  problems were  encountered due t o  t h e  require- 

ment  of high deposition temperatures  and t h e  presence of t h e  high vapor pressure 

selenium material. These problems necessitated modifying t h e  film deposition 

paramete rs  a s  used in t h e  standard, fixed subst ra te  apparatus in order t o  produce 

selenide films with t h e  desired electrical ,  compositional, and s t ructura l  properties. 
2 With these  modifications, a 1 c m  a r e a  non-AR coated cel l  achieved an efficiency of 

7.5% under simulated AM1 illumination. While this high efficiency demonstrated t h e  

successful development of t h e  planetary concept ,  t h e  not easily resolvable experi- 

menta l  problems may severely limit t h e  planned application of t h e  method. 

A number of ce l l  heat  t r e a t m e n t  studies were  conducted on non-AR coated,  thin-film 

CuInSe2/CdS and -ZnxCdl-xS cells. These studies showed t h a t  the  cell  performance 

was  significantly improved by h e a t  t rea t ing for  10-60 minutes at 2 0 0 - 2 2 5 ' ~  providing 

t h e  bake environment contained oxygen. The e f f e c t s  of t h e  hea t  t r ea tment  were  also 

found t o  be  non-reversible, e.g., baking in hydrogen did not return the  cells  t o  t h e  

unbaked condition. I-V, C-V, and spectral  response measurements were  used t o  

monitor t h e  cells  response t o  heat  t rea tment .  It was found t h a t  t h e  Voc, F.F., I,=, 

efficiency,  and carr ier  density increased substantially but t h e  RS, A, I , depletion 
0 

widths and depth from t h e  junction decreased a f t e r  even a short, 10 minute oxygen 

bake. In contrast ,  a hydrogen bake essentially resulted in only an  increase in Is, with 

t h e  o ther  cel l  parameters  being l i t t le  changed. In agreement  with t h e  increase in Isc, 

t h e  level of the  spectra l  response curve (quantum efficiency) was shifted upward by 

h e a t  t r ea tment  but did not change in shape. 



An automat ic ,  computer controlled system for  light and dark I-V, C-V, and spectra l  
._. response measurements on t h e  thin-film cells  was developed. This equipment greatly 

reduced t h e  t ime  for ce l l  characterization,  improved the  measurement accuracy,  and 

expanded t h e  capability for cell  analysis. The system was programmed t o  determine 

a l l  of t h e  important photovoltaic and capaci tance parameters  for the  cel l  and diode 

structures. In t h e  spectral  response mode, t h e  system was constructed t o  provide such 

parameters a s  spectral  responsivity and quantum yield over the  wavelength range from 

440 nm t o  1800 nm. After i ts  development, t h e  a l t o m a t i c  system was extensively 

used for detailed cel l  characterization and modeling, determining t h e  e f f e c t s  of ce l l  

processing variations which include t h e  mixed sulfide layers, selenide deposition 

temperature ,  sulfide resistivity, and AR coatings, comparison of t e s t  results  under 

different illumination conditions and for d i f ferent  laboratories, and cell  life-testing. 

The spectra l  response measurements showed, for example,  t h e  expected wavelength 

drop-off at 1200 nm corresponding t o  t h e  selenide band-gap and t h e  short  wave- 

length cut-off at ' 500 nm due t o  t h e  sulfide absorption but, in addition, optical  

e f f e c t s  around 960 nm which correlated t o  a possible transition from t h e  spin-orbit 

valence band t o  t h e  lowest conduction band in CuInSe2. The anticipated downward 

sh i f t ' o f  t h e  short  wavelength cut-off for t h e  mixed sulfide cells  was also experi- 

mentally observed. 

One unexpected result  of the  cell  analysis ac t iv i ty  was the  finding of non-ohnic 

behavior at t h e  selenide/molybdenum back contact .  The e f fec t  was first  de tec ted  by 

EBIC measurements on cel l  cross-sections conducted at SERI. Although a tenta t ive  

correlation t o  some unusual cell  characterist ics could be made, i t  has not ye t  been 

established as t o  whether the  contact  is actually limiting cel l  performance. A series 

of metallization substi tutes for molybdenum were  briefly studied but none were  found 

acceptable.  

The stabil i ty of the  thin-film CuInSe2 cel ls  was examined by conducting constant 

illumination (simulated AMI) life-tests. Non-AR coa ted  or encapsulated cells were  

tes ted in an open laboratory environment and included varying ce l l  loading and 

temperature  conditions. After resolving a problem with t h e  grid/CdS contact ,  t h e  

f i rs t  test series was a t  21°c for 500 hours with t h e  th ree  cells  a t  the  open circuit  

condition. Next, t h e  test temperature  was increased t o  6 0 ' ~  and ran for 1000 hours. 

For t h e  third test in the  t e s t  series, also at 60°c, two  of the  cells  were connected with 

a 12 ohm load t o  approximate maximum power loading and t h e  third cell  was l e f t  



open-circuited. This t e s t  covered nearly 4200 hours. For the  fourth and final test, t h e  

t empera tu re  was increased again t o  8 0 ' ~  and was concluded a f t e r  - 3600 hours. With 

an accumulated t o t a l  of - 9300 hours of severe, accelera ted aging, l i t t le  degradation in 

t h e  th ree  photovoltaic parameters  of Voc, ISc, and F F  was detectable.  Some decrease  

in F F  a f t e r  several  thousand hours a t  80°c  was observed but was believed t o  have been 

caused by mechanical abuse. 



2.0 INTRODUCTION 

This is the  final report of work on "Cadmium Sulfide/Copper Ternary Heterojunction 

Cell  Research," SERI contract  x J-9-8021 - 1. The copper ternary is t h e  semiconductor 

compound copper indium diselenide (CuInSe2) and was the  subject of th ree  prior 

research programs (1, 2, 9). For t h e  current  program, t h e  objective was t o  continue 

t h e  development of a large area ,  low cost ,  s t ab le  polycrystalline thin-film photovoltaic 

solar cell  based upon t h e  CdS/CuInSe2 mater ia l  system. The program was directed 

towards achieving, at the  earl iest  possible t ime,  a 10% efficient  thin-film cel l  on low 

cost  substrates by low cost  fabrication methods. Accordingly, t h e  technical  approach 

was t o  improve the  performance and fabrication economics of earl ier  developed cells 

produced by vacuum. evaporation techniques (simultaneous e lemental  evaporation for  

cu1nse2j onto  inexpensive substrates. The specific research tasks included: 

(1) Improving design features  in t h e  basic cel l  s t ructure ;  (2) Exploring modified CdS 

materials; (3) Conducting detailed cell  analysis and modeling; (4) Determining t h e  

e f fec t s  of cell  heat  t rea tments ;  (5) Conducting constant  illumination life test ing on a 

small  number of high efficiency cells; and (6) Developing processes for large area cel l  

fabrication. 

The first  reported experimental  example of a CdS/CuInSe2 heterojunction solar ce l l  

was fabricated using a single crystal  of CuInSe2 and a vacuum deposited CdS film 

(3-5). This single crystal  device exhibited a uniform photovoltaic quantum efficiency 

of 70% between wavelengths of 0.55 t o  1.25 microns. For an incident solar intensity 

of 92 rnw/crn2, t h e  device produced a photocurrent of 38 r n ~ / c m ~ ,  an open circuit  

voltage of 0.49 V, and a conversion eff ic iency of 12%. Other than t h e  Si, GaAs, 

Cu2S/CdZnS and InP/CdS semiconductor systems, th is  is the  only case  of a solid s t a t e  

photovoltaic device with a demonstrated eff ic iency g rea te r  than 10%. 

Following the  development of a single crys ta l  cell,  polycrystalline thin-film cells  were. 

prepared using vacuum evaporation techniques for  both t h e  C d S  and CuInSe2 layers 

(6-8). The CuInSe2 films used in the  cells  were  formed by codeposition of the  Cu1nSe2 

and Se in order t o  form controlled resistivity P-type layers. 

2 These cells  have shown photocurrents of 28 mA/cm open circuit  voltages of 0.49 V, 
2 and efficiencies of 6.6% when tested with a light intensity of 100 mW/cm . The cells  



have been approximately I c m 2  in a r e a  and have not been coated with any anti- 

reflection layers. 

As established in a previous study, t h e  elemental  evaporation process for t h e  selenide 

film formation is  believed t o  possess a number of favorable features,  including 

semiconductor film quality and suitability for  scale up to high volume production (2). 

It is t h e  approach Boeing has taken t o  fur ther  t h e  development of this a t t r ac t ive  thin- 

f i lm solar cell. By utilizing these  fi lms t o  fabr icate  solar cell  devices, a cell  

efficiency of 10% has been achieved. Cell  performance of this magnitude is viewed as 

being very encouraging and is also fe l t  t o  provide a n  indication regarding t h e  future  

potential  of t h e  planned technical  approach. 



1.0 TECHNICAL DISCUSSION 

3.1 Base  Cell Fabr ica t ion  and Improvement  

The  s t r u c t u r e  o f  t h e  base  Cu1nSe2/Cds thin-film solar  ce l l  remained essent ia l ly  

unchanged during t h e  course  of t h e  program and is shown in cross-section without  a n  

AR-coat ing  in Figure 3.1 - 1. Studies and sl ight  variat ions were  made ,  however ,  as t h e  

program progressed which were  d i rec ted  towards  improving t h e  c e l l  per formance .  A 

deta i led  descript ion of t h e  ce l l  fabr ica t ion  process and t h e  improvements  will be 

presented  in th is  repor t  sect ion.  

The  flow process for  ce l l  fabr ica t ion  was  as follows: (1) Subs t ra te  cleaning;  (2) Base 

meta l l iza t ion  deposition; (3) CuInSe2 deposi t ion;  (4) CdS deposition; (5) Grid c o n t a c t  

deposition; (6 )  Photol i thographic defini t ion of t h e  individual ce l l s  on t h e  subs t ra te ;  

(7) Dicing t h e  subs t r a t e  t o  s e p a r a t e  t h e  cel ls ;  (8) Cel l  h e a t  t r e a t m e n t ;  and  (9) AR-coating 

deposition. 

In order  to simplify t h e  dicing operat ion,  t h e  2" x 2" x 0.025" polycrystal l ine a lumina  

subs t r a t e s  (MRC Supers t ra tes )  w e r e  f i r s t  laser  scored  on t h e  back side. The  subs t r a t e s  

were  then  c leaned '  in a hea ted  d e t e r g e n t  solution (Alconox), rinsed in hot  w a t e r  and  

cold  DI w a t e r ,  and  finally, blown dry with high puri ty ni trogen gas. 

The  base  metal l izat ion was applied by R F  spu t t e r ing  of Mo in Ar. Deposition t i m e  was  

6 0  minutes  and  produced a Mo film with a - 1.5pm thickness and a s h e e t  resis t ivi ty of 

- 150 ms2h .  A s t r ip  approximate ly  0.5" wide was  masked off t o  allow e l ec t r i ca l  

measu remen t s  on t h e  selenide and sulf ide layers. Following t h e  Mo deposi t ion,  t h e  

subs t r a t e s  were  s to red  in a des icca tor  unti l  needed for  ce l l  fabricat ion.  

Selenide and sulf ide f i lm deposi t ions were  m a d e  in t h e .  s a m e  vacuum evapora t ion  

chamber  wi thout  breaking vacuum between t h e  two  deposits.  The c h a m b e r  was a 

conventional  liquid ni trogen t rapped,  d ~ f f u s i o n  pumped sys t em with a s ta in less  s t e e l  

bell-jar. The deposition appa ra tus  fo r  t h e  se lenide  f ~ l m  preparat ion (Figure 3.1-2) and  

t h e  f i lm deposition cont ro l le rs  (EIES f o r  C u  and  In and a qua r t z  c rys t a l  f o r  Se)  were  as 

described in a previous r epor t  (9). Minor modif icat ions were  made  t o  t h e  appa ra tus  as 

shown in Figure 3.1-3 t o  include two,  independently powered In boats  and only a single 

S e  boa t  . 
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The standard selenide deposition process consisted of an  initial Cu rich, low resistivity 

layer followed by a high resistivity deposit. In practice,  t h e  f irst  213 of t h e  deposit 

was of t h e  low resistivity type and then t h e  Cu deposition r a t e  was reduced by 25-30% 

f o r  t h e  final third. Typical deposition t imes  were  45 t o  60 minutes and t h e  to ta l  

selenide thickness was 3.5-4.5 u m. Substrate temperatures  for t h e  f irst  and second 

selenide layers were  3 5 0 ' ~  and 450°c, respectively. At these  temperatures ,  t h e  film 

properties were  found t o  be  quite insensitive t o  t h e  Se deposition rate.  Chamber 

pressure during t h e  selenide deposition was in t h e  range of 3-8 x torr. 

While t h e  sheet  resistivities of t h e  composite and second selenide layers were  beyond 

t h e  range of a four-point probe, t h e  f i rs t  layer resistivity varied f rom about 500 Q/o  t o  

2K Q l 0 .  It was difficult t o  make definitive csnclusions regarding t h e  e lect r ica l  

properties of t h e  selenide film samples deposited into t h e  unmetallized side-strip on 

each  substrate. In spi te  of these  layers being masked from t h e  di rect  CdS deposition, 

their  electrical  properties were  significantly a l tered whenever CdS was deposited. For 

example, Cu nodules were  formed in t h e  f i rs t ,  low resistivity layer and resulted in a 

substantial increase in resistivity. The resistivities of t h e  composite and second layers 

appeared, in contras t ,  t o  be reduced by orders of magnitude by t h e  CdS deposition. 

These e f fec t s  seemed t o  be quite consistent  and repeatable. Consequently, e lect r ica l  

resistivity and hot-probe measurements on t h e  layers were  continued t o  be used as a 

monitor for controlling and adjusting t h e  film composition (Cu/In ratio). 

The composition of the  th ree  selenide layers (first,  composite, and second) were  

analyzed by EDAX techniques. Results from t h e  EDAX measurements on t h e  

deposited films and on a CuInSe2 standard provided by Prof. Loferski of Brown 

University a r e  shown in Table 3.1-1. in general, it can be seen t h a t  t h e  composite or 

cell layer is fairly close t o  t h e  stoichiometric composition. There was, however, a 

slight deficiency in both Cu and Se which is a n  agreement  with a highly compensated, 

high resistivity film layer. 

The EDAX d a t a  for t h e  f i lms deposited within a small t i m e  f r a m e  were  compared t o  

t h e  film clepnsition values in terms of In t o  Cu weight ratios. Results of this 

comparison a r e  presented in Table 3.1-2. The ratios obtained from EDAX measure- 

ments and those calculated using t h e  In and Cu deposition ra tes  a r e  seen t o  agree  quite 

well. There had been some concern as t o  t h e  possible loss of In at t h e  high subst ra te  

temperature  (450 '~)  but this does not appear t o  have occurred. 



TABLE 3.1-1 EDAX Measured Compositions for Vacuum Deposited 
CuInSe2 Thin-Film Layers 

Weight Percent 

Copper 

18.9 
19.0 

19.4 
18.2 
15.0 

20.0 
18.9 
14.2 

20.8 
18.5 
15.1 

19.9 
18.5 
14.8 

19.3 
17.7 
15.3 

18.8 
17.8 
1513 

20.3 
18.7 
13.3 

Sample ID Indium Selenium 

CuInSe2 Stnd (Start) 



TABLE 3.1 - 1 EDAX Measured Compositions for Vacuum Deposited 
CuInSe2 Thin-Film Layers (continued) 

\ 

Weight Percent 

Sample ID 

CuInSeZ (Finish) 

Copper Indium Selenium 



TABLE 3.1-2 In/Cu Weight Ratios in Vacuum Deposited 

CuInSP . Thin,Film I .ayers - 2  

Composite 

Layer 1 Layer 2 From Time Total  

Depo No. Ra tes  EDAX R a t e s  EDAX R a t e s  EDAX Rates  EDAX 



Two ra t ios  w e r e  ca l cu la t ed  f o r  t h e  composi te  layer. The  f i r s t  was  based upon t h e  

deposition t i m e  of t h e  t w o  individual layers  at the i r  programmed deposition r a t e s  

while  t h e  second applied t o  t h e  t o t a l  In and  C u  film thickness o r  weight .  These  

numbers  were  then  compared  t o  t h e  EDAX measu remen t s  for  t h e  appropr ia te  

individual layers  and t h e  a c t u a l  composite ,  respect ively.  Again, t h e  a g r e e m e n t  is 

good. The smal l  deviat ions in s o m e  o f .  t h e  deposition r a t e  values a r e  believed to be 

due  t o  t h e  inaccuracy  in r a t e  cont ro l  over  t h e  re la t ive ly  long, o n e  hour deposit.  The  

number  comparisons would also s e e m  t o  suggest  ex tens ive  interdiffusion be tween t h e  

t w o  deposi ted layers. 

Diffusion processes be tween the  two  selenide layers  and be tween t h e  selenide and 

su l f ide  f i lms appeared  t o  be a key e l emen t  in t h e  ach ievemen t  of t h e  high ef f ic iency  

cells.  These  e f f e c t s  were  monitored wi th  s imple  hot-probe measu remen t s  on t h e  t h r e e  

se lenide  f i lm samples  deposi ted on t h e  unmetal l ized side-strip and on t h e  se lenide  

layer  in regions of t he  meta l l ized  ce l l  . a r ea  a f t e r  t h e  CdS was removed by chemica l  

etching.  Typically, t h e s e  tests showed t h a t  t h e  low resis t ivi ty fi'i'st l ayer  was always 

P- type  ma te r i a l  while t h e  high resis t ivi ty second layer  was  N-type. Providing t h e  

proper Cu/In deposition r a t e s  for  t h e  t w o  layers  were  ut i l ized,  t h e  side-strip composi te  

layer  a l so  showed a high resis t ivi ty,  N-type response. I t  would b e  expec ted  t h a t  this  

s t r u c t u r e  would resul t  in a poor per formance ,  buried homojunction cell.  However;  t h e  

hot-probe measu remen t  on t h e  selenide layer  in t h e  ce l l  a r e a  which had been coa ted  

wi th  CdS indica ted  t h e  presence  of a P- type  mater ia l .  I t  i s  believed t h a t  Cu diffusion 

in to  t h e  CdS is responsible for  this  appa ren t  t ype  conversion leading t o  a high 

ef f ic iency  heterojunction device.  O u t  diffusion of C u  would c r e a t e  t h e  C u  vacancies 

, considered t o  be t h e  most  probable accep to r  in CuInSe2. An opt imum range  in t h e  

magni tude  of t h e  hot-probe response, which was  indicat ive of resis t ivi ty and  control led 

by t h e  Cu/In deposition r a t e s ,  was  experimental ly establ ished.  Ce l l s  wi th  selenide 

layers  on e i the r  side of t h i s  range  possessed lower eff iciencies.  T h e  lower resis t ivi ty 

ce l l s  displayed s t rong  cross-over cha rac t e r i s t i c s  in  t h e  l ight  and da rk  I-V cu rves  while  

t h e  higher resis t ivi ty samples  exhib i ted  lower Voc values. 

Following t h e  selenide deposition, t h e  subs t ra tes  were  cooled for  deposition of t h e  CdS 

film. The  s tandard  subs t r a t e  t empera tu re  used throughout  t h e  program for  t h e  CdS 

deposi ts  was  2 0 0 ' ~ .  Deposition r a t e s  were  0.5 t o  1.2 p m  per minute  and film 

thicknesses w e r e  2.5-3.5 pm. In was  co-evaporated with t h e  CdS t o  dope t h e  deposits.  



Since i t  was  observed t h a t  lower performance cel ls  were produced when the  initial 

sulfide deposit was  In doped, only t h e  last  213 of t h e  layer was doped with an  

es t imated  1-3% In. The doped film sheet  resistivity was maintained in the  range of 30 

t o  80 Q /El while t h e  undoped mater ia l  resistivity was 20-50 a-cm. 

At t h e  beginning of the  program, t h e  CdS powder (GE elect ronic  grade, type 118-2) 

a f t e r  pre-sintering at 1 0 5 0 ~ ~  fo r  four hours in forming gas, was evaporated from a 

tanta lum foil baffle-box. The source was la ter  changed t o  an apertured,  graphite 

crucible in order t o  allow higher source temperatures  for lower resistivity deposits, 

reduce part iculate emission, and prepare for  the  mixed ZnCdS depositions. The 

graphi te  source was  heated with a temperature  controlled vacuum furnace ( ~ u x e l ,  

ii10Jt1 RaJak 11). 

It was  anticipated t h a t  t h e  use of lower resistivity CdS at the  heterojunction would 

result  in an increase in Voc. Some evidence for  this was found for cells  prepared a t  

d i f ferent  CdS source temperatures.  The e f f e c t  was, however, small  as discussed in 

sect ion 3.5. Another low resistivity approach briefly studied was CdC12 doped fi lms 

prepared by adding t h e  chloride powder t o  t h e  CdS powder. Even though very low 

resistivity films were  achieved (less than O.5Q-cm for a 0.2% chloride concentration), 

t h e  ce l l  performance was not measurably improved. 

The next ce l l  fabrication s t e p  was CdS surface  cleaning prior t o  t h e  deposition of t h e  

aluminum film grid contact .  I t  was found by Auger and ESCA techniques conducted 

a f t e r  t h e  f irst  ce l l  life-test measurements t h a t  t h e  as-deposited CdS surface  was 

grossly contaminated with Na, C1, 0, and C. The contamination resulted in a 

blistering of t h e  A1 film contact ,  especially on t h e  open c i rcui t  loaded cells, during t h e  

constant  illumination tests. A brief (30 sec.) RF  sput ter  e tch  with argon was found t o  

very e f fec t ive  in removing t h e  contamination without adversely affect ing t h e  cel l  

performance and resolved t h e  c o n t a c t  blistering problem. 

The e tched  substrates were  transferred from t h e  sputter/sputter-etch chamber t o  

another vacuum evaporation system equipped with an  electron gun vaporization source 

for  t h e  A1 grid deposition. ~ f t e r  evacuating t h e  chamber t o  less than 5 x to r r ,  

t h e  subst ra tes  were exposed t o  glow discharge cleaning a s  a means t o  further improve 

t h e  A1 film adherence. The discharge gas was Ar/5% O2 at a pressure of 20-30 

microns. Cleaning t i m e  was two minutes and t h e  applied d c  voltage was 2 KV. 



Following cleaning, the  chamber was re-evacuated t o  - 3 x torr  and t h e  A1 film 

deposited at a r a t e  of 50 &sec for a 2um thick layer. 

A metal ,  s tencil  mask held in in t imate  contact  t o  the  cell  surface  with small  magnets 

was used t o  define t h e  grid structure.  The s t ructure  at t h e  begiming consisted of 10 

equally spaced lines of 50  ~r m widths connected with a cen t ra l  0.8 mm wide bus bar 

covering a 0.8 c m  by 0.8 c m  a r e a  for a 1 e m 2  cell.  The calculated optical 
2 transparency of t h e  grid was 93-95%. Four of t h e  1 c m  cells  were formed on each 

substrate.  Later,  a revision t o  t h e  grid design was made. The grid line spacing was 

increased t o  only 5 lines/cm with a line width of 7 5  vm. , The grid lines were 

interconnected by a tapered,  centra l  bus bar tha t  terminated in a pad off t h e  cell  area  

in order t o  avoid the  previous problem of probe shadowing during cell  testing. 
2 

Transmission of t h e  grid was approximately 95% and two 1 c m  a r e a  cel ls  were 

included on each substrate. 

At  t h e  t i m e  of the  grid mask revision, provisions.were made for a large cell  (2 cni x 

4 c m )  and twelve small  (2.5 mm x 2.5 mm) samples on each subst ra te  in addition t o  the  
2 

two  1 c m  cells. The grid for  the  large cell  was also based upon a tapered centra l  bus 

bar and 100 um width lines with a 5 line/cm spacing and a transmission of 92%. 

To accurate ly  define each cell/cell a rea  and t o  remove 'shunts originating from the  

CdS contacting t h e  Mo metallization around the  substrate borders, t h e  grid coated 

subst ra tes  were subjected t o  a photoli tho'gra phic process. A liquid, positive photo- 

resist (Shipley 1375) was applied and spun at -3000 RPM for - 30 sec. 

The resist was exposed through a glass mask negative with a standard mask aligner and 

then developed. To enhance t h e  chemical  resistance of t h e  resist t o  t h e  acid e tchant ,  

t h e  substrates were hard baked for - 20 minutes a t  1 2 0 ' ~  in an  a i r  circulating oven. 

The CdS e tchan t  was a 50% by volume solution o f  HCl in DI water  heated - 6 0 ' ~ .  

Etching t i m e  was typically around 5 sec. t o  remove a 2-4 pm thick deposit. Evidence 

for selenide etching was never detected.  

After  etching,  t h e  substrates were rinsed in running Dl water,  t h e  resist removed by 

t h e  spraying of acetone,  again rinsed in DI water,  and  finally, blown dry with high 

purity nitrogen gas. No detrimental  ef fects  on cell  performance were observed as a 

result of exposure t o  t h e  solvents and aqueous based solutions used in t h e  photolith- 



ography. After adequate  drying, t h e  cell  character is t ics  remained quite s table  in room 

ambient  and,  consequently, were  simply stored in this ambient. 

2 Prior t o  heat - t reatment ,  t h e  subst ra tes  were  diced into t h e  individual 1 c m  cells, t h e  
2 8 c m  cell ,  and t h e  unmetallized side-strip. The heat-treatment was performed in a 

t u b e  furnace maintained at temperatures  of 200-225'~. Either a i r  or, more  

preferably,  flowing oxygen was used as the  bake environment. The normal procedure 

was  t o  measure t h e  cel l  character is t ics  (light I-V), insert  t h e  cells into t h e  furnace for 

10-15 minutes, withdraw t h e  cells, cool, and re-measure. This procedure was repeated 

until t h e  cel l  character is t ics  appeared t o  sa tu ra te  or not be changed by t h e  t r ea tment .  

Typically, . the  t o t a l  bake t i m e  was 30 t o  60 minutes. 

Although us,ed only on t h e  highest efficiency cel l  samples, t h e  final fabrication process 

was  t h e  deposition of an  anti-reflection (AR) coating. The A R c o a t i n g  was a SiOx 

thin-film prepared by evaporating SiO in an  oxygen part ial  pressure. Deposition 

paramete rs  were a r a t e  of LO Rlsec., 8 x lom5 torr  oxygen part ial  preisure, and a 

thickness of 1000 a. Froin these  parameters,  t h e  film index of refraction was assumed 

t o  b e  - 1.6 and t h e  single layer coating reduced t h e  to ta l  reflectance t o  -4-5% in t h e  

ac t ive  cell  response spectra l  region. 

Problems initially were  encountered with t h e  stabil i ty and adherence of t h e  SiOx fi lms 

over  t h e  CdS surface  areas. Upon exposure of t h e  oxide films t o  high humidity, they 

frequently buckled and separated from the  CdS. These problems were corrected by: 

1) Vapor degreasing t h e  cells  fo r  1.0 minutes in trichloroethylene; 2) Glow-discharge 

cleaning for  one minute using t h e  equipment and process parameters  as  for the  grid 

deposition; and 3) Installing a 1/16 inch diameter aper tu re  in t h e  ex i t  port of t h e  SiO 

baffle-box vapor source t o  increase t h e  source temperature  while maintaining t h e  

s a m e  deposition rate.  The higher source temperature  a l tered t h e  vapor and resulting 

f i lm composition (and stress)  such a s  t o  produce a more mechanical and environmental 

s table  deposit. 

3.2 Mixed Zn CdS Film Deposition 

In making a heterojunction with CuInSeZ, t h e  mixed sulfide, ZnxCdlaxS, with a proper 

composition should minimize t h e  di f ference in l a t t i ce  constant and in electron affinity 

between t h e  two  materials. Minimization of thkse differences should lead t o  a 



reduced in ter iace  recombination r a t e  and t o  an  increase in t h e  built-in voltage, thus 

leading t o  higher V o c  Improvements have been observed in Cu2S/ZnCdS (10) and 

CuInSe2/ZnCdS( 1 I )  cells. 

In order t o  specify the  composition of t h e  mixed sulfide giving t h e  best  match of 

la t t ice  constant and electron affinity. with t h e  CuInSe2, t h e  ZnxCdl-xS properties 

should be known. In the  following table,  t h e  l a t t i ce  constant,  a, energy band-gap, E 
g' 

and electron affinity,& of t h e  CdS, ZnS, and CuInSe2 a r e  listed. 

Table 3.2-1 Latt ice constant,  energy band-gap, and electron 

affinity of CdS, ZnS, and CuInSe2 

Material - a( &) E (eV) X (eV) 
-€i- 

5.850 * 2.42 4.5 

The composition dependence of the  l a t t i ce  constant  for t h e  mixed sulfide can be 

calculated f rom Vegard's law, which gives 

For equalizing t h e  la t t ice  constant of t h e  CuInSe2 and ZnxCd,l-xS, t h e  x value should 

be  0.142 or an  admixture of -14% ZnS t o  CdS. 

Since t h e  quoted electron affinity da ta  a r e  unreliable, t h e  mixed sulfide composition is 

more difficult  t o  specify for  X-matching. If we t a k e  x = 4.5eV for CdS, t h e  x can be 

found by assuming a fixed band edge due t o  t h e  common anion and Zn S 

By linear interpolation, the  Xof the  mixed sulfide can be obtained a s  



To equalize X with x , t h e  x value should be 0.17. From these  
ZnxCdl-xS cu In Se 

estimations,  optimum composition of t%e mixed sulfide for both l a t t i ce  constant and 

e lect ron affinity match should be at Zn0.15Cd0.85S. Thus, techniques t o  deposit 

mixed sulfide films with Zn concentrations of 15-3096 were  then studied. 

To be compatible with t h e  selenide deposition, only vacuum evaporation of t h e  CdS 

and ZnS powdered materials  was considered. For t h e  majority of the  depositions, a n  

aper tu re  controlled, two chamber graphite vaporization source patterned a f t e r  t h e  

units developed at  t h e  University of Delaware for Cu2S/ZnCdS thin-film cells  was used 

(12). The source s t ruc tu re  is shown in Figure 3.2-1 and was heated by t h e  temperature  

controlled Luxel vacuum furnace. Dimensions for the  overall source were  1.7 inches 

high by approximately 0.8 inches in diameter.  Quar tz  wool was loosely packed above 

t h e  ZnS and the  t o p  section of the  CdS container. Film compositions were varied by 

adjusting t h e  diameter  of t h e  ex i t  port aper ture  and t h e  CdS aperture.  Typical results 

f rom a ser ies  of 3 um thick deposits made onto  a 2 0 0 ' ~  heated alumina subst ra te  a r e  

presented in Table 3.2-2. 

With repeated depositions of t h e  mixed sulfide films, several  significant problems 

became apparent. For example,  the re  was a high degree of variability in the  deposited 

fi lms with respect  t o  appearance and sheet  resistivity. According t o  photolumi- 

nescence measurements o t  t h e  exciton peak, these  results were caused by varying Zrl 

content.  Further work demonstrated the  sensitivity o t  film composition ro source 

parameters  such as t h e  amount  of CdS and ZnS powders loaded into t h e  source, 

packing of the quar tz  wool, etc. At tempts  made t o  fix these parameters  were found 

t o  be only partially s11rcessf111. 

Another identified problem a r e a  re la ted t o  t h e  use of high source temperatures  for t h e  

purpose of lowering t h e  mixed sulfide resistivity. High temperatures  resulted in a 

great ly  increased chamber pressure and in t h e  EIES sensor on the  channel monitoring 

In (4510 a wavelength). Since Cd has emission lines in this region, it was suspected 

tha t  Cd vapor was responsible for t h e  observed signal. Although the  EIES was not used 

during t h e  sulfide deposition, the  concern was t h a t  material  would be transported 

through t h e  light pipe tubing and coa t  the feed-through window. Such a coating would 



Graphite Source for Deposition o f  
Mixed CdZnS Film 



Zinc Content o f  Mixed ZnCdS Thin-Film 
Prepared With Apertured Vapor Source 

Diameter Diameter Zn Content, Zn Content, 
Source CdS E x i t  F i r s t  Ha l f  o f  Second Half o f  

F i lm  No. Temp. PC) Aperature ( i n .  1 Aperature ( in . )  Deposit (%)  Deposit (%)  



.then c a u s e  measurement  e r ro r s  in subsequent  CuInSe2 depositions. Af t e r  s eve ra l  

sulf ide deposi ts ,  a coat ing was,  in  f a c t ,  found on t h e  window. . 

A f inal  problem concerned t h e  normal  fall-off in deposition r a t e  wi th  t i m e  at a f ixed 

source  t empera tu re .  Because of t h e  in ter re la t ionship  be tween t h e  sulf ide deposi t ion 

r a t e  and  t h e  necessary  In dopant  deposition r a t e  t h e  common procedure  was t o  s l ight ly 

increase  t h e  source  t e m p e r a t u r e  t o  main ta in  a cons tant  sulf ide r a t e .  Subsequent  

measu remen t s  of Zn con ten t  showed, however,  a la rge  variat ion be tween t h e  ini t ial  

a n d  f ina l  layers  (as much as a fac to r  of two). This variability was  reduced by adopt ing  

a cons t an t  sou rce  t e m p e r a t u r e  but  required unpredic table  ad jus tmen t s  t o  t h e  In dopant  

deposition ra tes .  

In summary ,  t h e  resul ts  wi th  single ape r tu red  sou rce  for  preparing t h e  mixed sulf ide 

f i lms  f o r  t h e  present  applicat ions w e r e  qu i t e  disappointing. Not al l  of t h e  above  

mentioned problems were  adequate ly  resolved at t h e  s a m e  t ime ,  t h e  reproducibi l i ty 

was  not  especial ly good, and t h e  f i lm resis t ivi t ies  w e r e  f requent ly  high. For  f i lms  of 

15-2596 Zn con ten t ,  resis t ivi t ies  less t han  approximate ly  100 R-cm for  3 pm t h i ck  

layers  could only be achieved at very high sou rce  t e m p e r a t u r e s  ( - 1 2 7 0 ~ ~ ) .  However,  

such t e m p e r a t u r e s  produced t h e  high chamber  pressures and excess ive  deposi t ion 

rates .  Lowering t h e  deposition r a t e  by  increasing t h e  sou rce  t o  s u b s t r a t e  d is tance  o r  

by reducing t h e  a p e r t u r e  s izes  were  bo th  unsuccessful.  In t h e  f i r s t  ins tance ,  t h e r e  

was  insuff icient  ma te r i a l  for  t h e  desired f i lm thickness while opera t ion  ,with sma l l  e x i t  

a p e r t u r e s  resul ted in ZnS condensat ion inside t h e  e x i t  a p e r t u r e  cap .  

In view of a l l  of t h e  described process def ic ienc ies  with no  readily appa ren t  solutions, 

i t  was  dec ided  l a t e  in t h e  program to inves t iga te  t h e  use of independent  ZnS and CdS  

sources. This approach would also allow t h e  option of using graded Zn composit ion 

layers  if t h e  resis t ivi ty of t h e  high Zn c o n t e n t  f i lms could not  be reduced t o  leve ls  

needed f o r  low se r i e s  of resis tance.  

For  t h e  t w o  source  process, CdS was evapora t ed  f rom a n  ape r tu red  graphi te  c ruc ib l e  

hea t ed  with t h e  t e m p e r a t u r e  control led fu rnace  and  ZnS evapora t ed  f rom a t an ta lum 

foi l  baffle-box placed in c lose  proximity t o  t h e  CdS ( -1 inch spacing). The ZnS 

deposition r a t e  was  f i r s t  establ ished using a q u a r t z  c rys t a l  moni tor  while t h e  CdS w a s  

being maintained a t  a t empera tu re  producing insignif icant  evaporat ion.  The  CdS 

t e m p e r a t u r e  was then  increased '  t o  t h e  desired deposi t ion value and was  found 



sufficiently repeatable  t o  achieve controllable composition deposits. This process . 
appeared t o  work considerably be t t e r  than t h e  single source method and was used in 

t h e  fabrication of high efficiency mixed sulfide cells  where t h e  Zn content  was 
approximately 20%. 

As in t h e  case  of t h e  plan CdS cells, t h e  mixed sulfide fi lms were  deposited at a 

subst ra te  t empera tu re  of 200°c, t h e  film thickness was 2-3 um, and t h e  last  213 of 

t h e  deposit was doped by co-evaporation of In (1-3% by weight). Completion of t h e  

cel ls  by deposition of t h e  aluminum film grid contact ,  cell  heat - t reatment ,  and SiOx 

AR-coating (when used) was also identical t o  t h e  standard CdS cells. 

The preparation of CuInSe2 thin-film with a planetary o r  rotating subst ra te  vacuum 

deposition apparatus was investigated during t h e  las t  year of t h e  program. This e f f o r t  

was  mbtivated by t h e  belief tha t ,  if t h e  process could be successfully developed, it 
2 would permit  fabrication of a large number of small  cells  ( 1 c m  a rea )  as needed for 

a comprehensive life-test program, fabrication of a small  number of very large  cells  

(25-100 c m 2  area) ,  and elimination of t h e  film composition gradients (especially 

variat ions in t h e  Cu/In rat io) across t h e  subst ra te  surface. 

The planetary fixture,  which is shown in Figure 3.3-1, was constructed on a specially 

designed feed-through collar. It contained th ree  planets with each capable of holding 

18, 2" x 2" substrates. The collar was placed upon t h e  base-plate of a liquid nitrogen 

trapped, oil diffusion pumped, vacuum deposition coater .  Fixture components and t h e  

stainless s teel  bell-jar were  water  cooled since IR lamps were  used for subst ra te  

heating and were  expected t o  generate  a considerable heat  load during t h e  3 5 0 ~ ~ 1  

4 5 0 ' ~  selenide deposition. The e lemental  vapor sources mounted within t h e  f ix ture  

and t h e  film evaporation monitoring methods were  similar t o  those used in t h e  

standard,  fixed subst ra te  apparatus. 'k'hat is, boat vaporization sources, a quar tz  

crys ta l  monitor for Se, and a n  EIES monitor for Cu and In. A provided f ix ture  

thermocouple and t empera tu re  controller were  used t o  control  t h e  temperature  of t h e  

rota t ing subst ra tes  a f t e r  i t  had been calibrated against thermocouples a t t ached  t o  

alumina substrates positioned at various points in stat ionary planets. 



Figure 3 .3 -1  SCHEMATIC OF PLANETARY SYSTEM 
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I t  was soon obv,ious t h a t ,  with the  lamp method for subst ra te  heating, t h e  t empera tu re  
values would play a dominant role in t h e  planetary process development. Problems 

caused by the a t t a i n m e n t  of very high subst ra te  t empera tu res  with radiant  heating and 

compounded by t h e  presence of t h e  high vapor pressure Se, made i t  mandatory t o  

reduce t h e  subst ra te  t empera tu re  t o  as .low a s  possible. To determine how f a r  the  

t empera tu re  could be  lowered without seriously degrading cel l  performance, a ser ies  

of ce l ls  were fabr ica ted in the  fixed subst ra te  systern using selenide subst ra te  

t empera tu re  as a process variable. It was determined t h a t  a 5o0c  reduction in 

t empera tu re  for both selenide layers produced cel ls  with character is t ics  comparable t o  

t h e  higher t empera tu re ,  s tandard deposits. Equipped .with these  ce l l  results, t h e  

decision was made t o  develop the  planetary process around the  3 0 0 " ~ / 4 0 0 ~ ~  

L ~ l l l ~ W l  dL'dlU btlLLill)Jb. 

Even at lower temperatures ,  problems continued t o  be  encountered in developing t h e  

planetary technique. Their description and experimentally derived solutions have been 

discussed in previous quarterly reports. With t h e  exception of one, al l  were  

sat isfactori ly resolved. The one  remaining'deficiency was the  accura te  monitoring of 

t h e  t r u e  Se  deposition r a t e  to which the  subst ra tes  were  exposed during the  selenide 

deposition. 

In spi te  of all t h e  processing difficulties, i t  was found t h a t  good quality CuInSe2 film 

mate r i a l  could be prepared by the  planetary approach. The composition and e lec t r ica l  

proper t ies  of some  of t h e  planetary deposited films a r e  listed in 'Table 3.3-1. As 

shown by t h e  values contained in t h e  table ,  EDAX measurements indicate a general  

deficiency in C u  and excess in  In with the  exception of run No. 23 which was close t o  

t h e  stoichiometric composition. For f i lms produced previously with t h e  fixed 

subs t ra te  equipment,  t h e  EDAX compositions were typically 17-18% Cu, 36% In, and 

46% Se. Film resist ivi t ies and carr ier  type  (hot probe) were  also comparable t o  those  

prepared with t h e  s tandard process. 

The results  of reflection e lec t ron diffraction on the  selenide film of run No. 23 a r e  

presented in Table 3.3-2 along with t h e  ASTM-X ray diffraction d a t a  fo r  Cu1nSe2. 

Agreement  with the  ASTM values is seen t o  be good and confirms the  formation of t h e  

desired selenide material .  Several  points should, however, be noted. First  is t h e  

chalcopyrite line a t  a d-spacing of 2.52 a. Second is t h e  very, very weak line at a 

d-spacing of about  2.8461. This line, although not in t h e  ASTM index, could be a 



TABLE 3.3-1 Properties of CuInSe2 Thin-Films Prepared With Planetary 

Evapbration Equipment. Substrate Temperature  - 3 0 0 ' ~  

EDAX Composition Sheet Resistivity Conductivity 

Run No. Cu In Se (Q lo> TY pe 

Standard 19.0 34.6 46.4 



TABLE 3.3-2 Reflection Electron Diffraction Da ta  for CuInSe2 Thin-Film 

Prepared with Planetary Evaporation Equipment. Substrate 

Temperature  - 300°c, Run No. 23 

RED Data  ASTM Index CuInSe2 

Relative d-Spacing Intensity d-Spacing 

Intensity < 8) 111 (%) (8) (h k I) 

VS 

VVW 

VW 

5 

S 

M 

VVW 

W 

M 

VVW 

M 

vw 
W 

w 
VW 

VW 



reflection from t h e  200,004 planes and has  been reported by Lesueur, et al. (13). W e  

have seen this weak line previously but have a t t r ibuted i t  t o  t h e  presence of Cu2 - xSe 

(2.88 a ) .  Third is t h e  line at a 1.66 a d-spacing which is observed in nearly a l l  of our 
selenide deposits and in those reported by Kazmerski. The very strong (112) 

orientation of t h e  deposited films is believed responsible for th is  diffraction line. 

From all indications, t h e  selenide deposits at t h e  3 0 0 ' ~  subst ra te  temperature  should 

be usable for t h e  f irst ,  low-temperature layer in t h e  CuInSe2/CdS cell. Accordingly, 

an  a t t e m p t  was then made t o  establish t h e  deposition conditions at a 4 0 0 ~ ~  

tempera tu re  and t h e  combination of t h e  two layers. 

Preparation of selenide films at 4 0 0 ' ~  with t h e  desired properties was accomplished 

but i t  was not possible t o  uti l ize t h e  two-temperature combination. The Se monitoring 

problem mentioned previously was believed t o  be the- limiting factor. '  Consequently, i t  

was necessary t o  se lect  only a single, constant t empera tu re  ( 4 0 0 ~ ~ )  for t h e  selenide 

film deposition with t h e  planetary equipment. 

To summarize, t h e  following general .observations can  be made about CuInSe2 f i lms 

produced in t h e  planetary system. The films appeared t o  be more sensitive t o  Se 

evaporization r a t e  than in t h e  fixed subst ra te  system. With a subst ra te  t empera tu re  

of 400°c, both P and N-type material  w e r e  produced with t h e  proper e lect r ica l  

properties. The mater ia l  preparation conditions in t h e  planetary system differed, 

however, significantly from those in t h e  fixed subst ra te  system. For instance, t h e  

subst ra te  temperature  was held fixed at 4 0 0 ~ ~  ra ther  than a two-temperature process 

( 3 5 0 ~ ~ / 4 5 0 ~ ~ )  and t h e  Se as well as t h e  Cu deposition ra tes  were  adjusted t o  prepare 

t h e  two selenide layers deposited for cell  fabrication. 

Although t h e  evolved selenide preparation parameters  were  different than planned or  

used in t h e  standard equipment, t h e  planetary deposits appeared suitable for device 

studies and, near t h e  program completion, were  used t o  form cel l  samples. Since a 

sulfide deposition process in t h e  planetary had not been established, t h e  selenide 

coated substrates (Mo metallized) were  transferred t o  t h e  fixed subst ra te  system for 

sulfide deposition. A mixed ZnxCdl-xS(x-0.2) was deposited using t h e  two  source 

deposition process and t h e  normal cell  fabrication procedures. After baking in oxygen, 
2 t h e  non-AR coated 1 c m  a r e a  cell  achieved a n  efficiency of 7.5% under simulated 

AM1 illumination. This highly encouraging result is f e l t  to ,demons t ra te  t h e  success of 



t h e  planetary approach and . t h e  transfer of technoJc;;y (with some modification) 

between t h e  two vacuiim deposition systems/approact~es.  

3.4 Effects of Cell Heat  Treatment  

Cell  performances have shown significant improvement a f t e r  heat  t r ea tment  in an  

oxygen containing atmosphere. In this section the  environmental e f f e c t s  of h e a t  

t r e a t m e n t  t o  t h e  cel l  response and t h e  possible mechanism a r e  discussed. 

To determine t h e  cell  response a f t e r  heat  t r ea tment  in various ambients, small diodes 

(2.5 x 2.5mm with 2.0 x 0.75mm Ag top contact )  have been made from a same 

substrate.  Samples with two  diodes on each piece were  c1.1t f rom t h e  s~lh.strate and 

I were annealed in a tube furnace at  2 0 0 ' ~  for LO minutes under H2/Ar, a i r  and H2 

ambients. Samples were  sealed in glass tubes  of less than Torr pressure for 
\ 

t r e a t m e n t  in vacuum environment. 

Before and a f t e r  t h e  hea t  t r ea tment ,  photovoltaic character is t ics  ( V  I and F.F.) oc' SC 
of each diode under AM1 illumination were recorded. Results were summarized in 

Table 3.4-1. Character is t ics  of these diodes were  about t h e  same with V 
OC 

- 340-350mV, I - l.5mA and F.F. - 0.6 before hea t  t rea tment .  As indicated, the  short  
SC 

circui t  currents  a f t e r  hea t  t r ea tments  in a l l  cases increased from -1.5mA t o  -1.6mA. 
'a 

However, t h e  open c i rcui t  voltages and fill fac tors  increased only for samples annealed 

in forming gas  (n2/Ar)  or  air. T'he sample'rreared In vacuum (heated and cooled in t h e  

vacuum sealed glass tube) had a Voc and F.F. appreciably lower than the  values before 

h e a t  t rea tment .  The Voc and F.F. of the  sample annealed in hydrogen and cooled down 

in a i r  showed essentially no improvement. 

The degradations in Voc and F.F. of samples (#3 and I41  annealed in vacuum and 

hydrogen were unexpected. In order t o  el iminate doubts as  t o  possible property 

di f ferences  from sample-to-sample, the  two adjacent diodes separated by only a few 

millimeters were c u t  o u t  from t h e  same sample piece and annealed separately. 

Results a re ,  shown in t h e  Table, sample 5 and 6. Before t h e  heat  t r ea tment ,  t h e  

photovoltaic properties of.  t h e  two  diodes (A and B) on sample R5 were nearly 

identical. After t h e  f i rs t  annealing, the  photovoltaic performance of diode 5 A  (in 

H2/Ar) improved while t h e  Voc and F.F. of diode 5B (in vacuum) degraded. Although 

t h e  diode showed slight fur ther  improvement a f t e r  a second t rea tment  in H2/Ar, the  



TABLE 3.4 - 1. Dependence of Photovoltaic Response on Heat Treatrnenl:..; 
in H2/Ar, Air, Vacuum, and H2 

---.- 

* Before hea t  t r ea tment  



diode 5B exhibited a lmost  equal performance t o  5A a f te r  brief heating in a i r  t o  

recover  f rom t h e  first' vacuum bake. 

Similar results were  observed for sample 6 whereas t h e  diode 6A was annealed in 

HZ/Ar and t h e  diode 6B was in H2. Only a f t e r  being annealed in 02, had diode 68 fully 

recovered f rom t h e  f i r s t  H2 bake. 

I t  seemed f rom this  initial hea t  t r ea tment  study t h a t  t h e  improvement of the  short  

circuit  current  was  purely a the rmal  e f f e c t  independent of t h e  environment while t h e  

e f f e c t  on Voc and F.F. did highly depend upon ambient. Annealing cel ls  in H2/Ar (our 

H2/Ar gas passes through a long plastic tube and may have contained some oxygen) and 

a i r  improved Voc and F.F., but when done in vacuum and H2, both Voc and F.F. 

degraded. The degradation in vacuum and H2 can,  however, be recovered by a 

subsequent anneal in a i r  or 02. 

The improvement of t h e  Voc and F.F. af.ter heat  t r ea tment  in an oxygen containing 

a tmosphere  might be due  t o  t h e  formation of oxides which could passivate t h e  cell  

junction edge and reduce t h e  leakage current.  The natural  oxides at t h e  junction edge 

could be reduced by heat  t r ea tment  in vacuum or reducing ambient t o  increase t h e  

leakage current,  and, hence,  t o  degrade t h e  Voc: and F.F. The short circuit  current  

improvement may be due t o  thermal  induced interdiffusion, thermal  annealing ou t  of a 

s t ress  induced defec t  center ,  etc. 

An experiment has been performed t o  determine t h e  e f f e c t s  of heat  t r ea tment  t o  t h e  

aluminum.contact and on t h e  Voc increasing due  t o  a possible cell edge passivation. A 

sample  piece of selenide blank covered with CdS fi lm, from a subst ra te  on which a 

control  cell  had been made  and had demonstrated over 7% efflclency , was processed t o  

make t w o  cells according t o  t h e  following steps: 

(1) Deposit the Al-grid contact of one cell; 
(2) Heat t r e a t  the  whole piece at 2 0 0 ' ~  in oxygen for  20 minutes; 

(3) Deposit t h e  second cell  Al-gr id  contact;  and 

(4) Photolithographically del ineate  t h e  two  cells  by etching t h e  CdS 

film. 



Since the  edges of the  two cells were  not exposed t o  high temperature  oxidation 

environment, we expected tha t  t h e  Voc1s of t h e  two cells would be lower than t h e  

control  cell,  if t h e  hypothesis of edge passivation due t o  oxidation was true. Morever, 

t h e  performance of t h e  cell  with annealed A1 contact  would be be t t e r  than t h e  other  

cell  without annealed contact ,  if the  e f f e c t  of heat  t r ea tment  was t o  improve the  

contact  property. 

The experimental  measurements revealed, however, tha t  the  performance (Voc, ISc, 

and F.F.) of t h e  two cells  were comparable t o  the  control  cell  and the re  was no 

difference between t h e  two test cells. From this experiment, i t  seemed tha t  the  edge 

passivation hypothesis could not be  supported and contact  annealing was not a 

necessary step. 

In order . . t o  examine the  e f f e c t s  on cel l  performance of hea t  t r ea tment  in oxidizing and 

reducing environments, a cell  with an  initial efficiency of 1.53% was baked alternately 

in flowing hydrogen and oxygen at 200 '~ .  The three  cel l  parameters,  Voc, Isc, F.F., 

a f t e r  each bake were recorded and a r e  shown in Figure 3.4-1. As shown, except  a f t e r  

t h e  initial 15 min. H2 bake, a l l  th ree  parameters  increased a f t e r  baking in oxygen and 

remained constant or slightly decreased when then baked in hydrogen. The cell  

performance steadily increased a f t e r  baking in the  oxidizing environment and did not 

increase when heat  t rea ted in the  reducing environment t o  t h e  values before t h e  O2 

bake. This non-reversible e f f e c t  of hea t  t r ea tment  in oxidizing and reducing ambients 

also disclaims. t h e  cell  edge passivation hypothesis. 

Cell character is t ics  were  measured before and a f te r  thermal' annealing in order t o  

determine t h e  mechanism act ive  during heat  t rea tment  and thei r  relationship t o  cell  

performance. . . 

The photovoltaic response under simulated AM1 illumination of the  as-deposited cell  
2 (1 c m  ) was: 

"OC 
= 335 mV 

= 22 mA 5c 
rl =4.14% 

F.F. = 0.56 
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The cell response increased to: 

F.F. = 0.6 

a f t e r  heat  t r ea tment  at 2 0 0 ~ ~  for 20 minutes in 02. 

The light and dark diode characterist ics a r e  shown in  Figure 3.4.2. As noted in t h e  

figure, t h e  dark I-V curve of the  unbaked cell  (dotted line) had an  inflection point at a 
.. . current  level near 12 mA and t h e  light I-V curve crossed over  with t h e  dark curve  in 

t h e  f i r s t  quadrant. After t h e  heat  t r ea tment ,  t h e  inflection point and cross-over of 

t h e  I-V characterist ics disappeared and t h e  cell  response improved. 

The change of the  dark I-V character is t ics  before and a f t e r  heat  t r ea tment  can bet ter  

be seen in t h e  semi-log plot, Figure 3.4.3. For t h e  forward bias, non-exponential I-V 

characterist ics were  observed in t h e  low and high current  region for  t h e  unbaked cell. 

In t h e  current  range from 4 x loe4 - 6 x A, exponential diode character is t ics  

could be f i t t ed  with A = 1.97 and J0 = 1.2 x lo-' A/cm2. After heat  t r ea tment ,  t h e  

forward current  varied exponentially over  t h r e e  decades with bias voltage with A = 
2 1.54 and 3, = 2.5 x A/cm . The reverse current  decreased almost one order a f t e r  

t h e  heat  t rea tment .  

The cell  dark capaci tance was measured as a function of bias voltage before and a f t e r  

heat  treatment.  Results a r e  shown in Figures 3.4.4 and 3.4.5. T h e  C-V character is t ics  

were  quite complicated due t o  t h e  layer s t ruc tu re  of the  cell. In general, t h e  

capaci tance was much higher a f t e r  t h e  heat  t rea tment .  For example,  at zero bias, t h e  

capacitanceeafter  heat  t r ea tment  was 14.2 n F  compared t o  8.1 nF before baking. If 

we assumed t h a t  t h e  CdS was heavily doped and t h e r e  was only one junction 

(CdS/CulnSe2) present, t h e  carrier  density and layer thickness of t h e  CuInSe2 layer 

(NA) = 2.33 x lo1 ~ m ' ~ )  had a thickness of 1.8 r rri before heat  t rea tment .  This value 

was not consistent with t h e  f i lm deposition value ( (, 1 m .  However, a f t e r  heat  

t r ea tment ,  t h e  thickness of t h e  layer (NA = 7.9 x 1014 cma3) was reduced t o  a value of 

0.78 r m which then agreed with t h e  deposition thickness. 
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The reasons for t h e  cell  non-exponential forward dark I-V character is t ics  (an 

inflection point and tendency t o  sa tu ra te  at large forward bias), t h e  smaller capaci- 

t ance ,  and  the  larger layer thickness before annealing i s  presently unknown. 

Since manual d a t a  taking was a tedious and t ime consuming job, detailed measure- 

ments  of cell character is t ics  during heat  t r ea tments  were  only done a f te r  t h e  

completion of au tomat ic  measurement system near t h e  end of t h e  program. 

Four cel ls  were prepared f rom two substrates (two cells  from each substrate)  and 

divided in to  two  groups. Each group consisted of two  cells (one cell from e a c h  

substrate) .  The two  groups were  heat  t r ea ted  in oxygen and hydrogen separately at 

2 0 0 ' ~  in 10 minute steps. Before and a f t e r  each  s t e p  of heat  t r ea tment ,  cell  

character is t ics  (light and dark I-V, C-V, and spectra l  response) were  measured. 

Results  of a typical set of measurements  from one cell a f t e r  a f i rs t  bake in O2 fo r  1 0  

minutes a r e  shown in Figures 3.4-6 t o -  3.4-9. In Table 3.4-2, t h e  light I-V 

measurements a r e  summarized. The light intensities, excep t  for  t h e  100 mW/cm 2 

case, w e r e  not calibrated. Measurements at these  uncalibrated intensities were used 

t o  obtain t h e  diode quality fac to r  (A-Fac.) and reverse saturation current  from t h e  

-I data.  The light I-V curves a r e  shown in Figure 3.4-6. In Figure 3.4-7, t h e  cell  
"OC sc 
dark current  is semilogrithmically ploted versus voltage in both directions. For th is  

part icular cell, t w o  I-V mechanisms were  clearly seen. The diode quality fac to r  and 

reverse  saturation current  obtained from a single roughly f i t t ed  straight line (as shown 

by do t ted  line in Figure 3.4-7) were  quite different from the  Voc-Is, measurement. 

The results  of t h e  capaci tance measurements a r e  presented in  a 1 1 ~ 2  versus voltage 

plot as shown in Figure 3.4-8. Typically, t h r e e  segments of s t ra ight  lines could be 

f i t t ed .  If we assume t h e  junction t o  be one sided in CuIuSe2 and t h e  relat ive dielectric 

constant of CuInSea t o  be 12, t h e  doping densities, barrier heights and t h e  depletion 

width at zero  voltage fo r  these  th ree  regions can be calculated as indicated at the  side 

of t h e  figure. From t h e  interception of these  straight lines, t h e  widths of these  

regions from the  junction can be obtained. As shown in t h e  figure t h e  widths of region 

(3) and region (2) were  0.685 r m  and 1.24 pm,  respectively. The spectral  response of 

t h e  quantum efficiency i s  shown in Figure 3.4-9. The short  and long wavelength 

cu t -o f f s  correspond t o  t h e  CdS and CuInSe2 band gaps, respectively. The s t ructure  at 

960 nm may be due t o  t h e  spin-orbit split valance band t o  conduction band transition 

as discussed in Sec. 3.5.4. 



Table 3.4-2. A Summarization of Cell Light I-V Measurements After 

10 Minutes Bake in Oxygen a t  200' 

I1.4TEi.1:SIT6.~'1 It4TEI~IE;IT'~i"I.' DELTA-I I? 5. 
( rjl 1.1 / c rll .'. 2 ::+ I:: ria 1.1 ./ c m ". 2 ::I C A 1i1 p :I I: 0 PI m j 

100.130 50.80 7, c128E-u:? 2 .498  
108. ClU 513. Qn 1 . 8 5 3 ~ - ~ 2  2 .? , t- .- -2 ,:. 

1 0 0 . 0 8  5 0 . 8 8  1 .4OGE-[12 ' 2. 183 
1 9 !I1 . c19 58 .08  1. 7 5 7 ~ - ~ 1 2  2.114 



TEST 7 3 8 B 2  
SRMPLE: BAC 7 3 2 3  Voc = .3736  volts 
DRTE: 7)'3;'1382 Jsc  = 33.49 m W c m 2  
TEMP. = 25 Deg C FF = .S264 
CELL AREH = 1 c m 2  E f f . =  6 .59  % 

I I I I 

- - 
Vmax = .2S2 volts - - 
Imax = .a262 amps - - 

- ELH Lamp = lQ0 mbJ /c rn2  
- 

- - 
- - - 

Figure 3.4-6 Cell Photovol ta i  c Res onse After 10 Minutes 1 Bake in Oxygen a t  200 C 



DIODE Q U H L I T Y  FHCdTOR = 2 . 6 7 E + 9 0  

DIODE SflTURHTION CURRENT = 3 . 4 2 E - 8 5  Hmp 

SHUNT RESISTHNCE = 7 . 6 4 E + 8 2  Ohm 

TEST 7 3 8 B 2  
SAPIPLE: BAC 738B H F A C  =2.FJ65 
DRTE: - 7 /911952 ~8 = 3.42E-85 A/crn2 
TEMP. = 2 5 D e g  C Rsti = 7.64E+82 O h m  
CELL AREA = 1 crn 2 

- l : l l l l l l l l l l l l l l ) l l l l l l l l l j  
DARK 1-0 

-2 

-3 

-4 

-5 

-6 

Figure 3.4-7 Cell Dark I-V Characteristics After 10 Minutes 
Treatment i n  Oxygen a t  2 0 0 ~ ~  



SAMPLE: EAC 73SE 100bkHz 
DRTE: JULY 9 1982 
TEMP. = 27 DEG C 
AREA = 1 c m  2 

BIAS VOLTHGE ( vu 1 1s > 

o m o  i 
a Q o r.4 
m D ) a  

Figure 3.4-8 Ce l l  Capacitance Charac te r i s t i cs  A f t e r  
'10 Minutes Bake i n  Oxygen a t  2 0 0 ~ ~  



TEST 7 3 8 8 2  
SRMPLE: EAC 738B 
DRTE: 7 /3 /1982  
TEMP. = 27  Deg C p 

CELL AREA = 1 c m d  

1 

Figure 3.4-9 Cell Spectral Response of Quantum Ef fi ci enhy 
) After Bake in  Oxygen fo r  10 Minutes a t  200 C 



The results of the  photovoltaic responses, diode properties and capacitance charac- 

ter is t ics  of these  four cel ls  before and a f t e r  each s t e p  of heat  t r ea tments  a r e  

summarized in Table 3.4-3 t o  Table 3.4-6. No s t ructura l  change was observed in the  

spectra l  response results. Only t h e  level changes corresponding t o  t h e  ISc variations 

due t o  t h e  heat  t rea tments .  

The above results a r e  seen t o  agree  with the  earl ier  measurements. Cells baked in 

oxygen show a steady increase of Voc, IsC, F.F. and 0 ,  and a decrease  of RS (Table 

3.4-3(A) and -5(A). The dark I-V character is t ics  of ce l l  738A and B showed two-diode 

mechanisms. Therefore, t h e  diode quality fac to rs  from t h e  dark I-V curves were much 

higher than t h e  values from t h e  Voc-I,= measurement. The cells  682A and B initially 

had high series resistances. The short  circuit  currents  of these  two cells  were  less 

than t h e  photogenerated currents. Hence, t h e  initial diode factors  and reverse 

sa tura t ion currents  measured from Voc-ISc curve were  much less than the  values from 

t h e  dark I-V curves. However, both t h e  diode quality factors  and reverse saturation 

currents  decreased during oxygen heat  t r ea tments  (Table 3.4-3(B) and -5(B). The 

capaci tance measurements during oxygen heat  t r ea tments  (Table 3.4-3(C) and -5(C)) 

showed that:  (1) t h e  carr ier  densities in al l  th ree  regions increased during t h e  bakes; 

(2) t h e  depletion widths at ze ro  bias and the  depths from the  junction of region 2 and 

region 3 a r e  reduced by t h e  hea t  treatments.  

In contras t ,  cells  baked in hydrogen (Table 3.4-4 and -6) show t h e  increase of I 
SC' 

nearly constant or  small  increase of VOc, and reduction of F.F. At t h e  same time, no 

appreciable change of Rs, diode quality factors  and reverse saturation currents  were 

observed. The same was done in t h e  capaci tance measurements. After 30 min. h e a t  

t r e a t m e n t s  in hydrogen, both cells, 738A and 682A, had a 10 min. t r ea tment  in oxygen. 
I 

An appreciable increase of Voc, F.F., and Nb, but a reduction of RS, A, Io, depletion 

widths and depth of regions 2 and 3 from the  junction were  observed. 

These results clearly indicate t h a t  oxygen is an  essential ingredient for improving t h e  

cel l  response during h e a t  t rea tment .  The detailed mechanism(s1 involved at present is 

st i l l  unknown and will require further analysis of these data .  



Table 3.4-3. Results of Cell 7388 Heat Treatment in Oxygen 
a t  2 0 0 ~ ~  

( A) Photovoltaic Responses 

0 2  
10 min. 7.56 0.388 34.46 0.566 1.93 .9.95x10 2 

b 

(B) Diode Properties 

. 

4 

Condition 

Initial 
0 2  

10 min. 
0 2  

10 min. 

9 

From Dark I-V Meas. 

A 

3.77 

2.67 

2.94 

1.99 

1.91 

From Voc-Is= Meas. 

I. (A) 

1 .40x10-~  , 

3.42xl0-~ , 

3 . 0 9 ~ 1 0 - ~  

8.11x10-~ . 
5.57x10-~ - 

A 

1.55 

1.50 

1.46 
02 

10 min. 
0 2  

10 min. 

I. (A) 

3 . 2 3 ~ 1 0 - ~  

2.02x10-~ 

1 . 3 8 ~ 1 0 ~ ~  

1.37 

1.40 

6 . 8 ~ ~ 4 0 - ~  

7.11x10-~ 



Table 3.4-4. Results of Cell 738A Heat Treatment in Hydrogen 
a t  200'~. Last s tep  in Oxygen 

(A) Photovoltaic Responses 

(B) Diode Properti PS 

Condition 

Ini ti a1 
II2 

I 0  min. 
112 

10 min. 
H2 

10 min. 
0 2  

10 min. 

TI (%) 

6.13 

5.78 

Condition 

Ini ti a1 
H2 

10 min. 
112 

10 mill. 

H 2 
10 min. 

0 2  
10 min. 

(C) Capacitance Characterstics 

Voc(V) 

0.370 --- 
0.365 

Condition 

Ini ti a1 
H2 

10 min 
H2 

10 min 
H2 

10 min 
0 2  

10 min 

From Voc-ISc Meas. 

I Sc(mA) 

30.26 
- 

30.69 2.94xlo3 

3 . 5 ~ ~ 1 ~ ~  

6 . 8 5 ~  1 o3 

8 . 6 5 ~  lo3 

0.516 2.50 -- 

From Dark I-V Meas. 

A 

1.33 

1.51 

1.52 

1.45 

1.38 

5.07 

6.27 

7.44 

A 

3.26 

2.03 

2.00 

1.88 

1.65 

I, (A) 

3 . 0 9 ~  1 o - ~  

2 . 3 8 ~ 1 0 ~ ~  

2 . 6 1 ~ 1 0 - ~  

1 . 4 4 ~  1 o - ~  

7.05xl0-~ 

N,, (lo1) ~ r n - ~ )  

F.F. 

0.548 
- 

. r, (A) 

6 . 3 4 ~ 1 ~ ~ ~  . 
I . I ~ X I O - ~  , 

1 . 1 0 ~ 1 0 ' ~  . 

6.44x10-~ . 

2 . 4 0 ~  

~ e g :  
( 1 )  

4.65 

12.1 

10.7 

11.9 

14.6 

0.366 

0.372 

0.381. 

vhi (V) 

Rs(ohm) 

2.59 

Depletion 

Width(V=O) 
11 m 

1.33 

1.47 

1.21 

1.43 

1.07 

Reg. 
( 2 )  

1.66 

2.38 

2.78 

2.18 

3.29 

Reg. 
(1) 

1.17 

2.53 

1.61 

2.36 

1.68 

Rsh(ohm) 

1.25x103 

31.24 

32.39 

34.30 

- Reg. 
(3) 

4.87 

5.34 

9.56 

6.03 

12.9 

Reg. 
( 2 )  

0.22 

0.37 

0.31 

0.34 

0.28 

( urn) 
Depth from 

Junction 

0.914 

0.520 

0.570 

P 

Ref. 
(3) 

0.44 

0.60 

0.65 

0.59 

0.60 

Reg. 
(2) 

2.06 

1.70 

1.47 

1.66 

1.28 

2.92 

2.51 

1.84 

Reg. 
(3) 

0.92 

1.00 

0.80 

0.93 

0.66 



Table 3.4-5. Results of Cell 6828 Heat Treatment in Oxygen 
a t  2 0 0 ~ ~  

( A) Photovoltaic Responses 

(B) Diode Properties 

Condition 
t 

Initial 
0 2  

10 min. 
0 2  

10 min. 
0 2  

10 min. 
0 2  

10 min. 
b 

rl (96) 

4.19 

6.77 

7.20 

7.33 

7.54 

Condition 
F 

Initial - 
0 2  

10 min. 
0 2  

10 min, 
0 2 '  

10 min. 
0 2  

10 min. 

(C) Capacitance Characterstics . 

Voc(V) 

0.312 

0.377 

0.379 

0.384 

0.388 

Condition 

Initial 
0 2  

10 min 
0 2  

10 min 
0 2  

10 min 
0 2  

10 min 

From Voc-Isc Meas. 

I Sc(mA) 

32.55 

35.35 

35.39 

35.68 

35.60 

From Dark I-V Meas. 

A 

0.65 

1.18 

1.24 

1.19 

1.19 

A 

1.9 1 

1.65 

1.88 

1.73 

1.70 

I. (A) 

2.32~10-lo 

I . ~ O X I O - ~  ' 

2.29x10-~ 

1 . 2 3 ~  

1.07x10-~ 

N~ ~ r n - ~ )  

I. (A) 

4 . 7 3 ~  lom6 

1.70x10-~ . 

4.39x10-~ , 

2.16x10-~ 

1 . 6 9 ~  1 oe6 

Reg. 
(1 )  

Rsh(ohm) 

3 . 7 4 ~ 1 0 ~  

2 .60~  1 o3 
1,26x103 

1.61x103 

1.74x103 

F.F. 

0.412 

0.509 

0.537 

0.536 

0.546 

Vbi (V) 

Rs(ohm) 

4.42 

2.92 

2.32 

2.55 

2.44 

Depletion 

Width(V=O) 
v m 

2.61 

6.73 

10.7 

6-88 

Reg. 
(2) 

Reg. 
(1) 

2.65 

1.99 

1.73 

1.99 

Reg. 
(3) 

( vm) 
Depth from 

Junction 

0.62 

1.0 

1.27 

0.88 

Reg. 
(2) 

Reg. 
(2) 

3.17 

2.29 

2.07 

2.38 

Ref. 
(3) 

Reg. 
(3) 

1.84 

1.19 

1.01 

1.16 

Not Measured 

0.33 

0.30 

0.29 

. 0.27 

1.95 

3.30 

4.33 

3.78 

0.67 

0.55 

0.53 

0.5 5 

1.82 

2.59 

3.31 

2.84 



Table 3.4-6. Results of Cell 638A Heat Treatment in Hydrogen 
a t  200'~. Last s tep in Oxygen 

(A) Photovoltaic Responses 

(B) Diode Properties 

Rs(ohm) 

4.75 

4.43 .---- 

3.78 

4.21 

3.74 

 ohm) 
3 . 2 ~  lo4 

1,13x10 4 
. . 

5.25xlo3 , 

4 . 8 1 ~ 1 0 ~  . 

1 .44~  lo5 

F.F. . 
0.374 

0.417 

0.439 

0.430 

0.468 

-. 

I 

Condition 

Ini ti a1 
H2 

10 min. 
H2 

10 min. 
H2 

10 min. 
0 2  

10 rnin. 

(C) Capacitance Characterstics 

I sc(mA) 

23,98 

. 2 6 . 1 6  

27.82 

27.27 

29.90 

Condition 

Tni ti al 
H2 

I IS min. 
H2 

10 min. 
- H2 

10 min. 
0 2  

10 min. 

From Dark I-V Meas. 

A 

1.79 

1.67 

l : E u  - -. 

1.81 

1.50 

From Voc-Isc Meas. 

Condition 

Ini ti a1 
Hz 

I 0  min 
H2 

10 min 
v 

H2 
10 min 

0 2  
10 min 

J 

11 (%) 

2.14 

3.27 

3.80 

3.60 

4.59 

I, (A) 

9 . 3 7 ~  lo-' . 

5 . 7 2 ~  

8.80x10-~ , 

7 . 7 7 ~  

2.32xl0-~ 

A 

0.70 

1.01 

1.20 

1.10 

1.17 

Depletion 

Width(V-0) 
u m 

3.38 

3.42 

3.40 

3.35 

Voc(V) 

0.238 

0.299 

0.31 1 

0.307 

0.328 

1, (A) 

3 . 7 ~  1 o - ~  

2 . 8 2 ~  

1.16x10-6 

4.78x10-~ 

5.01x10-~ 

(urn)  
Depth from 

Junction N~ ( I  014 ~ r n - ~ )  

Reg. 
(2) 

3.78 

3.79 

3.77 

3.77 

Vbi (V) 

Reg. 
(3) 

2.75 

2.75 

2.63 

2.45 

Reg. 
(1) 

Reg, 
(3) 

Reg, 
(1)  

Reg. 
(2) 

Reg. 
(2) 

0.46 

0.47 

0.42 

0.37 

3.63 

3.36 

3.60 

3.71 

Ref. 
(3) 

1.12 

1.04 

0.89 

0.76 

5.34 

5.30 

4.81 

4.31 

Not Measured 

1.68 

1.53 

1.37 

1.31 

3.80 

3.97 

3.77 

3.88 



3.5 Cell Analysis and Modeling 

3.5.1 Automatic Measurement System 

In order t o  expand our cell  analysis capability, an  au tomat ic  measurement system has 

been set up as shown in Figure 3.5.1-1. The system can  automatically measure t h e  

cel l  characterist ics,  compute t h e  cel l  parameters ,  and s to re  the  information. 

The measurement and control  processor programmed by t h e  desktop computer controls 

t h e  necessary equipment t o  perform a designated measurement. Data  taken from the  

equipment is fed back t o  the  computer f o r  computation and then stored e i the r  on t a p e  

o r  a flexible disc. Graphic presentations a r e  prepared by a digital plotter. 

The I-V measurement system as shown in Figure 3.5.1-2 is capable of taking I-V d a t a  

e i ther  in dark or  under illumination. The ce l l  under test can be connected e i ther  t o  a 

curve t racer  for a quick check or t o  t h e  digital  system for accura te  measurement. 'A 

two  channel d igi ta l .e lect rometer  (Keithley Model 619) is used t o  monitor t h e  low 

currents  (<15mA) of t h e  t e s t  cell  and a secondary standard cell. The voltage drop 

across  a 0.25 ohm resistor is used t o  measure  high current  through t h e  test cell. 

Software provided by SERI was modified t o  f i t  our computer system t o  control  t h e  

measurement as well as t o  compute t h e  ce l l  parameters.  The cel l  reverse saturation 

current,  JO, diode quality factor ,  A, series resistance,  and shunt resistance can  be  

determined from ei ther  dark measurement o r  I -V measurement. The cel l  
SC OC 

photovoltaic characterist ics a r e  measured under simulated AM1 light from a ELH lamp 

which is constantly monitored by a secondary standard cell. Cell  responses such as 

Voc, Jsc, maximum power point, F.F. and efficiency a r e  calculated by t h e  computer. 

The C-V measurements a r e  programmed t o  measure t h e  cel l  capaci tance and 

conductance in parallel mode as functions of bias voltages and frequencies (from 10 

KHz t o  10 MHZ). The system is shown schematically in Figure 3.5.1 -3. The bias 

voltage is supplied from t h e  analog output of t h e  measurement and control  unit. 
2 3 

Results a r e  presented in C-V, CV, I/C -V and I/C -V  plots. Straight line f i t t ing along 
2 

t h e  selected segments of I / C ~ - V  and I/C-'-v curves  is analyzed by t h e  computer. 

Results of t h e  f i t t ing give t h e  doping density, or  t h e  gradient of t h e  doping density, 

t h e  barrier height, and t h e  depletion width at ze ro  bias voltage. 
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A cell  spec t ra l  response measu remen t  sys tem has a l so .been  developed. A s c h e m a t i c  

diagram of t h e  sys t em is shown in  Figure  3.5.1 -4. Light  f r o m  a D C  powered tungs ten  

source  passes through a monochromator  wi th  t w o  in terchangeable  grat ings and. a, 

col l imating lens and is i n t e rcep ted  by a light-chopping blade placed at 45q to;.the:.path 

of t h e  incoming light beam. The t r ansmi t t ed  beam i l luminates t h e  cel l  under test. 

The  beam re f l ec t ed  f r o m  t h e  chopper i s  monitored by a ca l ibra ted  photovoltaic  

d e t e c t o r  (ei ther  S i  o r  Ge)  t o  give a continuous measu remen t  of t h e  light intensi ty.  All 

controls  as well as d a t a  acquisi t ions and calculat ions a r e  provided by a process  

measu remen t  .control ler  and H-P desk  computer .  The sys t em can  measu re  t h e  ce l l  

response within t h e  wbvelength r ange  f r o m  440 nm t o  1800 nm. Typically, t h e  c e l l  

s p e c t r a  responsivity (AmpIW) a n d  quantum ef f ic iency  (electrons/photon) a r e  measured  

f r o m  450 nm t o  1400 nm. In tegra t ion  of t h e  measured  ce l l  responsivity ove r  a AM1 

solar spec t rum can  be performed by t h e  compute r  t o  c o m p a r e  t h e  sho r t  c i r cu i t  cu r r en t  

t o  t h e  measu red  Isc under ELH lamp. 

3-52 CdSICulnS? Cells 

Cel l  per formance  was g rea t ly  improved during t h e  ea r ly  pa r t  of t h i s  program with a n  

ef f ic iency  of 9.67% under s imula ted  AM 1 illumination (ELH lamp. S tandard  Si-cell as 

re fe rence )  being achieved.  

The as deposi ted ce l l  had a n  ef f ic iency  of about  5% w i t h  Voc = 325mV and JSc = 
. 2  3 l m A / c m  . Immedia te ly  a f t e r  20  minute  2 0 0 ~ ~  hea t  t r e a t m e n t  in  H2/Ar, t h e  c e l l  

CI 

per fo rmance  improved t o  V = 375mV, J,, = 3 4 m ~ / c m ~ ,  n = 7.83% a n d  F.F. = 0.61. 
OC 

The rea f t e r ,  t h e  ce l l  e f f ic iency  showed continuous improvement  with time. Af t e r  2 5  

days  i t  reached a s t a b l e  value of 8.85% as shown i n  Figure  3.5.2-1.. The improvement  

of e f f ic iency  is mainly caused by a slowly increasing open c i rcui t  vol tage and f i l l  

f a c t o r .  The photovoltaic  cha rac t e r i s t i c s  at t h e  s t e a d y  state a r e .  shown in  Figure  

3.5.2-2, which gives 

V = 396mV = 35mA/cm 2 
oc Jsc 

4 = 8.85% F.F. = 0.64 

The  a v e r a g e  t o t a l  r e f l ec t ance  of t h e  cel l  s t ruc tu re  had been previously measured  t o  be  

-14% which w& mainly f r o m  t h e  fro'nt Ccls su r f ace  (n = 2.2 - 2.3). A qua r t e r -  



Fi8qur.e 3.5.1-4 - Schematic. Diagram o f .  Spectra ~es.pons6 : 

Measurement Sys t'em 
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A n t i r e f l e c t i o n  Coat ing ;  ( B )  Wi th  S i O x  Coat ing  
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wavelength antireflection coating of SiOx (n - 1.55) was designed for a wavelength of 

0.85 m and evaporated onto  the  high efficiency cell. The light I-V character is t ics  

with t h e  SiO coating is shown in Figure 3.5.2-2 curve (8). The short  circuit  current  

increased f rom 3 5 m ~ / c m ~  (without coating) t o  3 9 m ~ / c r n ~ ,  o r  more  than a 10% 

improvement. The to ta l  a rea  performances of t h e  final cell were: 

These measurements were  made under U H  lamp simulated AM I illumination. Exclud- 

ing t h e  5% grid shading a rea ,  t h e  act ive  a r e a  efficiency was 10.15%. A similar cell  

f r o m  another subst ra te  which showed 9.28% under t h e  s a m e  illumination was measured 

under S e a t t l e  clear day sunlight (2:15 pm, 611 9/80). The intensity was measured t o  be 
2 92.5mWIcm by a standard Si cell. The cell characterist ics were  

The efficiency under sunlight was 2% less than t h e  measurement under t h e  ELH 

lamp. 

The two  r e ~ ~ r e s e n t a t i v e  high efficiency cells, ce l l  no. 442 rl = 9.67% and  cell  no. 

475 s,= 9.28% measured at our laboratory, were  measured under Xenon lamp solar 

si.mulator at NASA Lewis Research Center.  With t h e  best  available reference cell 

(Cu2S/CdS cell with Kapton cover) whose spectra l  response resembles t h e  response of 

our cells, . the measured photovoltaic performance were: 

9.28% Cel'l (475) 9.67% Cell  (442) 

ISC 
= 39.3mA Is, = 38.8mA 

Voc = 391mV voc = 404mV 

Imax = 33.5mA lmax = 298mV 

V m a x =  286mV Pmax = 9.89m W 

Pmax= 9.58mW F.F. = 0.630 



F.F. = 0.624 Eff. = 9.89% 

Eff. = 9.58% 

, 
These devices exhibited spectral  characterist ics similar t o  those reported 

(14) previously . As shown in Figure 3.5.2-3, t h e  quantum efficiency as a function of 

wavelength measured at NASA Lewis Cen te r  was fairly f l a t  at leas t  within t h e  

measurement range 0.6 c A 4 1.0 m. ." - 
The dark I-V character is t ics  of the  high efficiency cell  in a semilog plot was a straight 

l ine which saves t h e  diode factor ,  A, 1.285 and t h e  reverse saturation current,  JQ,  
2 

t ,. 

1.8 x I O - ' A / ~  . 

The response of the  high efficiency cell  without SiO coating as a function of light 

intensity was measured by a set of neutral  density f i l ters (various thickness of Mo on 

glass). These f i l ters  have a nearly f l a t  t ransmit tance over t h e  0.5 c A < 2.0 in 

contras t  t o  t h e  previous Kodak gelatin f i l ters  which work only in t h e  visible range. 

The measured fill  fac tor  as  a function of light intensity in t e r m s  of J / J  i s  shown as L, 0 
black dots  in Figure 3.5.2-4. The intensity range was from 1 0 0 m ~ / c m '  . . (JL/Jo = 1.94 

5 2 4 x 10 ) down t o  c lOmW/cm (JL/Jo = 10 ). 

The smooth curve is  the  calculated F.F. a s  a function of J /J using t h e  measured 
5 -7 . L  j' values of R s =  1.2n, R, - -  10 0 ,  A :  1. 85, J n =  I . X x  10 A / c m  and T =  3 0 0 ' ~  from 

I I C I  

Mi-tcl-~ell's theory"'). ' The experimental  and calculated values agree  very well 

indicating t h e  fill f a c t o r  was  limited by t h e  series resistance. If t h e  series resistance 

could be reduced t o  0.5 R(as indicated in t h e  upper curve in ~ i ~ u r e . 3 . 5 . 2 - 4 ) ,  t h e  fill  

f ac to r  could' be  increased t o  0.69 at t h e  AM I condirlon. Actually, srr~all diodes with 

high f i l l  fac tor  of 0.68 were  observed. If the  h g h  0.69 fill  fac tor  could be realized ill 

. t h e  existing high efficiency cell (n= 9.67%) t he  to ta l  a rea  effjcicncy could be 

increased t o  10.59%. 

W e  also observed t h a t  the  open circuit  voltage of our cells  could be improved by 20mV 

by lowering t h e  CdS resistivity t o  - 10-20 ohm-cm by raising t h e  CdS source 
. , 

t empera tu re  (as shown by comparing Figure 3.5.2-5 and Figure 3.5.2-6). Such a t rend 

is consistent with theoret ica l  expectations and i t  would be highly interesting t o  extend 

these  studies t o  increase t h e  V and thus t o  improve the  efficiency if some means 
OC . . 
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Figure 3.5.2-4 Expe-imental and C a l c ~ l a t e d  Values o f  F i l l  Factor  ;as a -Funct ion o f  J / J  f o r  t h e  
H igh  E f f i c i e n c y  C e l l  w i t h  Rs = 1 .2-  Rp a n d  J, = 1 .8  x 1 0 ' ~ ~ ) c r n ~ ,  
A = 1..285,. and T = 30130K 
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Figure 3.5.2-5 Photovol t a i c  charac te r i s t i c s  of ce l l  with 
CuInSe2 f i,lm deposi. ted a t  two temperatures, 
350°C and 4500C. CdS source temperature: 
1025OC 
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F igure 3.5.2-6 Photovol t a i c  c h a r a c t e r i s t i c s  o f  c e l l  w i t h  CuInSe2 
'> f i l m  depos i ted a t  two temperatures, 3 5 0 ' ~  and 

4 5 0 ~ 6  (s tandard process) . CdS source temperature:  
1210 C. 



(other than  In doping) could be developed t o  prepare t h e  CdS layers with appreciably 

lower resistivities ( -  0.1 ohm-cm). 

Cell characterist ics were  measured with different selenide deposition temperatures  

(350'-450'~) with fixed CdS source temperature.  The typical  photovoltaic responses 

a r e  shown in Figure 3.5.2-7 t o  Figure 3.5.2-9. 

Cells  made with selenide deposited at 3 5 0 ' ~  showed low open circuit voltage and shor t  

circuit  current (Figure 3.5.2-7). The cell performance was improved by st i l l  depositing 

t h e  ~ e l e n i d e  at 3 5 0 ' ~  . . but subsequently in-situ baked at 4 5 0 ' ~  for 1Q minutes before 

applyjng t h e  CdS (Figure 3.5.2-8). Selenide fi lms deposited at two  temperatures,  i.e., 

3 0 0 ' ~  followed . . by 4 0 0 ~ ~  gave cell performances . , (Figure 3.5.2-9) comparable t o  cells 

prepared . with . t h e  standard two-temperature ( 3 5 0 ~ ~ 1 4  5 0 ' ~ )  selenide f i m  (Figure 

3.5.2-6). 

The lower t empera tu re  process was adopted in t h e  planetary system. A 7.5% cel l  was 

made  in . the  . planetary system with selenide film deposited at 400'~.  The photovoltaic 

response is  shown in Figure 3.5.2-10. The higher Voc of this cell (as compared t o  Figure 

3.5.2-9) is due & t h e  mixed sulfide window material. The  JSc could be improved by 

optimizing . , ,  t h e  selenide fi lm composition. . 
, . 
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Figure 3.5.2-8 Photovo l ta ic  c h a r a c t e r i s t i c s  o f  c e l l  w i t h  
CuInSe* fllm deposi ted a t  350°C and i n  s i t u  
baked a t  450°C f o r  10 min. 
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The benefits  of using t h e  mixed sulfide ( Z n , ~ d  l-xS) film a s  window material  has been 

discussed in Sectiori 3.2. 

An encouraging improvement of cell performance was observed by incorporation of the  

mixed sulfide with Zn content  about 1.5% in t h e  cell. Open circuit voltage over 0.41 

vol t  together  with fill f ac to r  as high a s  0.654 were obtained. Typical cell characteris-  

t ics  under simulated AM1 illumination a re  shown in Figures 3.5.3- 1 and -2. 

The 1 c m 2  cell  had open circuit  voltage of 0 . 4 1 0 ~  with short  c i rcui t  current  

comparable t o  earl ier  cells. The open circuit  voltage did not degrade with t ime in 

con t ras t  t o  the  Cu2S/ZnCdS cell. The fill fac tor  of this cell (0.654) was t h e  highest 

value e v e r  obtained. Although t h e  series resistance (1.3 ohm),was about t h e  same as 
2 ear l ier  cklls, analysis revealed tha t  the  cell had Jo = 1.5 x A/cm and diode 

fac to r ,  A, of 1.3. The higher voltage arid bet ter  fill fac tor  were  derived by lowering 

t h e  Jo as a result  of using t h e  mixed sulfide which had bet ter  l a t t i ce  and electron 

affinity matching with t h e  CuInSe2. This cell  exhibited an  efficiency of 8.85%. 

2 Large 8 c m  cel ls  with efficiency over 7% without .antireflection coating were  
2 2 

produced. The 8 c m  cells  produced in t h e  same subst ra te  a s  t h e  above 1 cm cel l  had 

t h e  following performance 

V = 0.412 
OC 

Is c 2SOmA 

q = 7.63% 

F.F. = 0.59 

2 under simulated AM1 illumination. The 8 cm cell  thus had about t h e  s a m e  Voc as t h e  
2 1 c m  cell.  Since t h e  grid transparencies of the two cel ls  were different,  t h e  

calculated act ive  a rea  short  circuit current  densities a r e  shown in Table 3.5.3-1. 



I 1 I *  I 

CdO .9Zno0. 1S/CuInSe2 

- 

D (A) Vo, = 410rnV - 

D 

11 = 8.85% - 
F.F. = 0.654 

( B )  Voc = 416mV 

- I ic  = 37.2rnA - 

Imp = 32.4mA 

T I .  = 10.04% 

- 

- 

- - 

- I .  I 1 

Voltage (mV) 

~ i q u r . e  3.5,3- 1 ~ h ~ t o v o l  t a l c  Charac ter ls t l cs  o f  a HIgh E f f i c i c n ~  lcm2 Ce l l  
Under Simulated AM1 I 1 urnination: (A) 'Wi thout  Ant i  r e f i e c t i o n  
coat ing; ( B )  With 950 



Voltage (mV)  

Figure 3.5.3-2 Pho ovol t a i c  Charac te r i s t i cs  o f  a  High E f f i c i e n c y  8 8un ,Cell Under Simulated AM1 I l l u m i n a t i o n :  
( A )  Without A n t i  r e f l e c t i o n  Coating; ( B )  With 10008 SiOx 
Coating 



2 TABLE 3.5.3-1 Short Circuit Current Densities for 1 c m  and 8 c m  2 

Area Thin-Film Cells 

Area Isc ( to ta l  a rea )  Grid Transparency Jsc (active a rea )  

The near identical JSc (active area)  of these  two cells demonstrated t h a t  t h e  mixed 

sulfide and selenide films were uniform and large a r e a  cells  can be produced without a 
2 loss in performance. The lower efficiency of t h e  8 c m  cell  (7.25%) was mainly caused 

by series resistance from the  base metallization which lowered t h e  fill  fac tor  t o  0.60. 

The efficiency of these  cells with AR coatings measured in our laboratory reached 
2 2 2 10.04% (1 c m  cell)  and 8.28% (8  c m  cell). The high efficiency 1 c m  cel l  has been 

measured at SERI. Their results a r e  summarized as: (SERI M&E Report No. 201) 

A k m L )  Voc(mV) F. F.(%) (%I Notes 

36.30 417;6 65.1 9.81 Filtered zknon 

39.44 423.8 64.6 10.79 ELH Lamp 

34.33 ,418.1 65.3 9.93 After 1 hour 

f i l tered Zenon 

Our measurements were, thus, seen t o  agree  very well with t h e  SERI results and 

confirmed t h e  high performance of t h e  device. 

With t h e  Zn-content in t h e  sulfide 'near t h e  calculated optimum composition, we 

expected t h e  improvement of V t o  be larger than tha t  obtained. As observed in 
OC 

development of t h e  Cu2S/ZnCdS cell,  the  dominant mechanism in improvement of Voc 

is the  electron affinity match between .t'he two materials. As indicated in t h e  last 

section, t h e  est imated sulfide composition having a X-match may be unreliable. In 

fac t ,  if we usc the  X values ol CdS and Zn.3 (Table 3.2-11, t h e  x value of the  mixed 

sulfide from a linear interpolation should be: 



Accordingly, t h e  composition of the  mixed sulfide having X-match with t h e  selenide 

should have a x value of about 0.33 instead of 0.17. This value agrees,  possibly only by 

coincidence, with the  reported composition of mixed sulfide, Zn0.3Cd0.7S, used on a 
( I  1) thin-film CuInSe? heterojunction cell  which has shown t h e  hlghesl Voc, 0.53Vi This 

indicated tha t  a broad range of sulfide composition with x > 0.15 should be investi- 

gated for optimizing t h e  x-match t o  improve t h e  Voc. 

The Zn content  in t h e  sulfide layer was subsequently increased t o  about 25%. In 

general ,  t h e  high Zn content  sulfide cells exhibited higher open circuit  voltage and 

poor fill  factor.  In some cases,  however, the  cel l  open circuit  voltage did, not improve 

in compariion to t h e  pure CdS cell. 

Ry analyzing t h e  mixed sulfide layer, we found t h a t  t h e  Zn corlle~ll . i~~c~.eased with film 

thickness and only t h e  top  surface  was about 25%. The unimproved cel l  open c i rcui t  

voltage was possibly due t o  t h e  low Zn content  of the  initial mixed sulfide layer near 

t h e  junction. The low fill f a c t o r  could have been caused by excessive series resistance 

f rom t h e  high sheet  resistivity, high Zn content  layer at the  upper surface. 

The best  cell made from the  graphite sper tu red  sulfide vapor source had t h e  

photovoltaic response as shown in Figure 3.5.3-3 with 

= 4 2 3 m ~  2 
voc 3 = 33.63mA/cr11- 

SC 

F.F. = U.60 rl = 8.5596 

under simulated AM 1 illumination. 

The Zn content  of t h e  mixed sulfide near t h e  junction of this ce l l  could not be 

determined because of t h e  variation of Zn with sulfide thickness. The Voc of this cell  

was about  lOmV higher than typical pure Cd5 cell. ?he cliude quality factor  (1.21) 

measured from t h e  ISc-Voc characterist ics was comparable t o  t h e  regular CdS cell  
2 whereas the reverse saturation c u ~ r e n t  (3.11 x 1 0 - ~ h m ~ l c r n  ) was about one order 

lower than t h e  regular cell. The lower fill  fac tor  and higher equivalent series 

resistance (2.07 ohms) were  caused by t h e  higher mixed sulfide resistivity. 

Cell  efficiency improved t o  10.60% la ter  in t h e  program by adopting the  two  source 

process for depositing t h e  mixed sulfide layer with Zn content  about 20% (as discussed 



Figure  3.5.3-3 Typ i ca l  Photovol  t a i c  C h a r a c t e r i s t i c  o f  a  
Non-AR Coated Mixed S u l f i d e  C e l l  



in section 3.2). The cel l  a f t e r  heat  t r ea tment  in oxygen for 55 minutes at 2 2 5 ' ~  had 

an efficiency of 9.39% with Voc = 0.4283V, JSc = 3 3 . 7 2 m ~ l c m ~  and F.F. = 0.6501. 

After 
- 

Jsc - 

anti-reflection coating,  t h e  cell  efficiency reached 10.60% with V = 0.4314, 
2 OC 

38.96mAlcm and F.F. = 0.6309. The cell  photovoltaic responses before and 

a f t e r  anti-reflection coating a r e  shown in Figures 3.5.3-4 and 3.5.3-5. The open 

c i rcui t  voltage was appreciably improved t o  g rea te r  than 0.43 volts as compared t o  

those  with pure CdS layer. c 

3.5.4 Cell Spectral Response 

The cel l  spectra l  response measurement system has been described in Sec. 3.5.1. 

Typical spectra  dependences of non-AR coated cell  recponsivity and quantum effici- 

ency a r e  shown in Figures 3.5.4-1 and 3.5.4-2. The low wavelength cut-off at -500 nm 

corresponds t o  t h e  CdS absorption edge (2.42 eV) and t h e  long wavelength drop-off at 

-1200 nm corresponds t o  t h e  band-gap (1.04 eV) o f  the  CuInSe2. The quantum 

efficiency was qui te  uniform at a value of - 0.81 in t h e  wavelength range from 600 nm 

t o  900 nm. The decreases of responsivity and quantum efficiency near 960 nm were  

observed on measurements of 12 high efficiency cells. This was also noticed in an 

ear l ier  ce l l  measured at NASA-Lewis (Figure 3.5.2-3). The s t ructure  near 960 nm may 

be  t h e  result of a transition from t h e  spin-orbit valence band t o  t h e  lowest conduction 

band in CuInSe2. The reported energy gap from the  spin-orbit split valence band t o  

t h e  conduction band (E + as0) is 1.27 e V  (976 nm) which agrees  very well t o  our 
g (16) observed value. 'I 'h~s eiiect has also been seen in InPICdS solar cells . 

Integration of t h e  measured cell  responsivity over a reported AM1 solar spectrum (17) 

finds t h e  short circuit  current  t o  be 31.26mA (as stiown in the  bottom of Figure 

3.5.4-2) which is very close t o  t h e  measured Isc (32.52mA) under t h e  ELH lamp 

simulator. 

As discussed in Section 3.2, t h e  use of ZnxCdl-xS as window layer in making 

heterojunctions with CuInSe2 should increase t h e  open circuit  voltage through mini- 

mizing t h e  differences of e lect ron affinit ies and l a t t i ce  constants. In addition, due t o  

t h e  larger band-gap of mixed sulfide t h e  photogenerated current  should also increase. 

The widening of the  spec t ra  response window by using t h e  mixed sulfide can be clearly 

observed in t h e  quantum efficiency measurement. As shown in Figure 3.5.4-3 t h e l o w  

wavelength cutoff has shifted t o  shorter  wavelengths (-0.4gvm, -2.58 eV) which 

corresponds t o  t h e  band-gap of t h e  mixed sulfide. 
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'F igure 3 . 5 . 3 - 4  Photovol t a i c  Response o f  a High E f f i c i e n c y  C e l l  
With Zn Content.About 20% i n  t he  Mixed S u l f i d e  
Layer (Before'  AR Coat ing) 



1 1 1 1  1 1 1 1  1 1 1 1  I I I I  - 
.- - loo,! ril a I:.: = . .:: 1 2 .o,,?'~I 1 *. :2 - 

- Ima.2:: = . 8:348 a m p : 2  - 
- .- - 
- ELH Lamp = lab3 ril~....,'.cmC - 
- --_ ---_ - -- - -__ - '... . * 
- - - "! - - ", - 
- - - 'I,,, - - 

'I 

- - 
'I 

- 
- - - - 
- 't - 
- \ - 
- 'I - 
- - 
- - 
- - 
- l l l l l l l l l l l l l l l ~ l . l l l -  

Figure 3.5.3-5 Photovoltaic  Reponse of t he  Same Cell Shown 
i n  Figure 3.5.3-4 Af ter  A R  Coating 



TEST G73H 
SRMPLE: BHC 873H 
DRTE: 6 /8 /1982 
TEMP. = 27 Deg C 
CELL HREH = 1 c m  2 

Figure 3.5.4-1 Spectra l  , . Dependence o f  C e l l  Responsivi t y  



SHMPLE: EAC 673A 
DHTE: 6..>,.8/1982 
TEMP. = 27 Deg C 
CELL HREA = I c m  2 

Figure 3.5.4-2 Spectral Dependence of  Cell Quantum Efficiency. 
The Lower Table is the Calculated IS, by Integrating 
the Cell Responsivity Over a Solar Spectrum 
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Figure 3.5.4-3 Spectral Dependence of Quantum Efficiency of a 
ZnxCdl-xS/CuInSep Cell 



3.5.5 CuInSe$Mo Contact 

Thin-film cel l  samples were  submitted t o  SERI for detailed analysis. These cells  had 

t h e  cross-section exposed by f ractur ing t h e  alumina substrate.  On performing EBIC 

analysis, i t  was determined t h a t  t h e  selenide/Mo in te r face  exhibited a Schottky barrier  
(1 8) t y p e  c o n t a c t  with a substantial  e lect ron beam induced response (Figure 3.5.5- 1) . 

The exis tence of th is  barrier  may be consistent with an  anomalous I-V character is t ic  

displayed by several  of our cel l  samples. That is, in t h e  f i rs t  quadrant of t h e  I-V 

character is t ic ,  t h e r e  somet imes was a strong inflexion of t h e  curve. An example of 

t h i ~  behavior is shown in Figure 3.5.5-2. In a n  e x t r e m e  case o r  at C ~ Y O L J ~ . I I ~ C -  

temperatures ,  t h e  current  hecame nearly horlzor~ltal with t h e  voltage a ~ i s .  

Similar results have  been repor ted for silicon cells  and have been a t t r ibuted t o  a n  non- 

ohmic back con tac t  (19). In t h e  case of' t h e  silicon cells, one  e f f e c t  of this con tac t  is 

t h e  reduction in Voc. It should be noted, however, t h a t  t h e  current  inflexion in our 

cel ls  e i the r  disappeared completely or  moved to, very high current  values a f t e r  ce l l  

h e a t  t r ea tment  as shown in Figure 3.5.5-3. The influence of h e a t  t r ea tment  i s  

diff icult  ta associate with t h e  selenide/Mo con tac t  since t h e  subst ra te  t empera tu re  

was  3 5 0 ~ ~ ~ 4 5 0 ~ ~  for  t h e  selenide deposition while h e a t  t r ea tment  was performed at 

"lily 2oo0c. 

The above results  seerrsed to have sufficient Impurtance t o  warrant  expc~irnents 

directed towards improving t h e  back cell  contact .  These were  done using a variety of 

metall ization systems as substi tutes for Mo. For these  tests, half of the  Mo 

metall ized subst ra tes  were  coated with t h e  t r ia l  metallizations so  t h a t  d i rec t  

comparisons with t h e  standard cell  performance could be made. A listing of t h e  t r i a l  

m t t a l  systems is contained in Table 3.5.5-1. 

The r e s ~ ~ l t s  of these  experimental  depositions showed, i r ~  all  instances, t h a t  t he  

selenide film properties had been a f fec ted  by t h e  subst i t i te  metal l iza t~on$ and tlre cell 

performance was  degraded.,  The e f f e c t s  were  so  significant on some of t h e  deposits 

t h a t  t h e  selenide Layer was  converted f rom P-type to N-type material. Only in t h e  

case of Mo did t h e  selenide properties on t h e  bare alumina appear t h e ' s a m e  as those 

over  a metallization. Consequently, none of these  metall izations seem superior than 

Mo and all would require al teration of t h e  selenide deposition parameters  for 





F i g u r e  3.5.5.2 Daek and L i g h t  I - V  c h a r a c t e r i s t i c s  of a C e l l  
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Figure 3.5.5-3 Dark and Light I-V Charac ter i s t ics  o f  a Similar  
Cell a f t e r  Heat Treatment 



Table 3.5.5-1 Alternate Cell Base Metallization Systems Studied 

Metallization Results 

Selenide .properties a1 tered 
and degraded cell  performance 



reasonable device  per formance .  Since t h e s e  ad jus tmen t s  would likely be  very  t i m e  

consuming and t h e  s ignif icance of Mo c o n t a c t  t o  ce l l  opera t ion  was s t i l l  in doubt ,  w e  

did not  cont inue  research  in th is  direct ion.  Fu r the r  r e sea rch  t o  theore t ica l ly  

de t e rmine  t h e  e f f e c t  of Mo-contact t o  t h e  ce l l  pe r fo rmance  should f i r s t  b e  conducted.  

3.6 Constant Illumination Life Testing 

In advance  of a de ta i led  l i f e  test program on  t h e  CuInSe2/CdS thin-film solar  cel ls ,  w e  

believed t h a t  a cons t an t  illumination and  t e m p e r a t u r e  t e s t  under d i f f e ren t  ce l l  loading 

condit ions would provide valuable, quan t i t a t i ve  informat ion  concerning t h e  ce l l  

s tabi l i ty.  Hence, a very  simple t e s t ing  s t a t ion  was  cons t ruc ted .  I t  consisted of a 

heavy m e t a l  p l a t e  which could be maintained at a cons t an t  t e m p e r a t u r e  (21°) by w a t e r  

flowing in a t t a c h e d  rnetal  tubing. Up t o  t e n  ce l l s  could be  placed on th is  p l a t e  and  

held down by pressure c o n t a c t s  which a lso  al lowed t h e  I-V cha rac t e r i za t ion  and  

loading of e a c h  individual cel l .  Two ELH lamps  w e r e  positioned ove r  t h e  ce l l s  and  
2 adjusted t o  yield a reasonably uniform in tens i ty  of 100mW/cm according  t o  a silicon 

s tandard  cell. Since t h e  ce l l s  had been  previously found t o  be qu i t e  s t ab l e  in normal  

labora tory  a tmosphere ,  no  a t t e m p t  was  m a d e  t o  cont ro l  t h e  test envi ronment ,  i.e., i t  

was  simply conducted  on a comple te ly  open bench t o p  loca t ed  within t h e  lab. F igure  

3.6-1 depicts ,  in a s c h e m a t i c  form,  t h e  cons t ruc t ed  cons t an t  illumination test stat ion.  

For t h e  f i r s t  test, t e n  exis t ing  ce l l s  w e r e  se l ec t ed  which had ef f ic ienc ies  of 

approximately 7.5% wi thout  AR coating.  These  ce l l s  were  mounted  on t h e  t e s t  p l a t e  

and  t h e  light I-V cha rac t e r i s t i c s  recorded fo r  s imula ted  AM1 illumination. This 

cha rac t e r i za t ion  was done  by placing t h e  p l a t e  within our  s tandard  I-V test f ixture.  

Af t e r  t h e  ini t ial  I-V cu rve  had been de t e rmined  for  e a c h  ce l l ,  t h e  ce l l s  were  connected  

for  t h e  loading conditions. Three  ce l l s  w e r e  sho r t  circul'ted, t h r e e  had a 10 R load, and  

f o u l  w e r e  l e f t  in t h e  open c i r cu i t  condition. The t e s t  p l a t e  was  then  re turned  t o  t h e  

l i fe  test s t a t ion  arid t h e  test s t a r t ed .  

When t h e  ce l l s  had been exposed t o  t h e  cons t an t  i l lumination fo r  a set number of 

hours, the test p l a t e  was  again  t ransfer red  t o  t h e  s tandard  test f ix tu re  and  t h e  l ight  

I-V cu rves  re-measured. The t i m e  be tween removing t h e  ce l l s  f rom t h e  cons t an t  

illumination s t a t ion  and  measuring t h e  I-V p a r a m e t e r s  was  not  t ight ly  control led but  

usually a l l  t es t ing  was  comple t ed  within o n e  hour. 





(a )  Constant i 11 urnination t e s t  s t a t i o n  

(A) Water-cooled p l a t e  ' 

( B )  Sample mount p l a t e  

(C) Samples 

( D )  ELH Lamps - i n d i v i d u a l l y  ad jus tab le  

(b )  con f i gu ra t i on  of sample mounting. 
I 

Fig. 3.G -1 Schematic diagram o f  constant  i l l u ~ ~ ~ i n a t f s n  t e s t  s t a t i o n .  



Upon monitoring t h e  test resul t s  in t e r m s  o f  V I and  FF,  i t  soon b e c a m e  appa ren t  oc '  sc' 
t h a t  a n  instabi l i ty problem existed.  While t h e  Voc and Isc appea red  s tab le ,  t h e  f i l l  

f a c t o r ,  especial ly on t h e  open c i r cu i t  loaded cel ls ,  was  obviously degrading even  a f t e r  

only s o m e  24 hours of test ing.  The  tes t ing  was  continued,  however,  unt i l  rredlly 240 

hours had been accumula ted .  At th is  t ime ,  a l l  t h r e e  c e l l  pa rame te r s  had seriously 

degraded fo r  t h e  open c i r cu i t  loaded ce l l s  and degra t ion  was  a lso  not iceable  in t h e  

o t h e r  devices.  

A microscopic examina t ion  of t h e  t e s t e d  ce l l  samples  revea led  a bl is ter ing of t h e  

a luminum film grid con tac t .  This bl is ter ing was especial ly prominent  on t h e  open 

c i r c u i t  loaded cells.  

Following the  development  of  t h e  spu t t e r  e t c h  process t o  ~ m p i d v e  t h e  grid/CdS 

c o n t a c t ,  t h r e e  ce l l s  w e r e  prepared  using t h e  process and a second l i fe  test program 

w a s  begun on them.  Since open c i r cu i t  was  found t o  b e  t h e  mos t  s e v e r e  condition, t h e  

devices  w e r e  t e s t e d  in t h i s  mode.  

The  second l i fe  test was  run for  500 hours and t h e  resul t s  a r e  presented  in Figure 

3.6-2. As shown by t h e  depic ted  d a t a ,  t h e  shor t  c i r cu i t  c u r r e n t  and open c i r cu i t  

vo l t age  w e r e  remarkably  s tab le .  Although t h e  s tab i l i ty  of f i l l  f a c t o r  was  substant ial ly 

improved in comparison t o  t h e  f i r s t  test, t h e r e  s t i l l  appea red  t o  b e  some  degradation.  

Tes t ing  of  t he  t h r e e  ce l l s  under open c i rcui t  condl'tlons was  continued but  at an  

e l e v a t e d  rempet.atilre. For t h e s e  addit ional  measurements ,  t h e  test p l a t e  on which t h e  

ce l l s  w e r e  mounted w a s  mainta ined  a t  6 0 ' ~ .  When t h e  ce l l s  had been exposed t o  

cons t an t  illumination (simulated AMI) for  a set number of hours, t h e  test p l a t e  w a s  

cooled down t o  - 2 1 ' ~  and t r ans fe r r ed  t o  t h e  s tandard  test s t a t ion  for  an  I-V c u r v e  

measurement .  

The l i f e  tes t  at 6 0 ' ~  was  run fo r  990 hours and t h e  resul ts  a r e  presented  in Figure 

3.6-3. A t  t h e  beginning ul t h e  test, the rhrcc cella 1 ' 1 4  approximiltcly t h e  same VOc, 

ISC' and  F.F. va lues  as at t h e  end  of t h e  500 hour,  21°c  test. During t h e  f i r s t  200 

hours at 60°c,  t h e  f i l l  f a c t o r s  continued t h e  decreas ing  t r end  of t h e  previous test. It  

w a s  t h e n  found t h a t  th is  degradat ion  of fill  f a c t o r  was  caused  by t h e  mechanica l  

pressure  probes making a high res is tance  c o n t a c t  t o  t h e  aluminum grid. Af ter  re-  

ad jus t ing  these  probes, t h e  f i l l  f ac to r s  were  r e s to red  t o  the i r  original high values. 
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F i g .  3.6-2 Change i n  Yoc, IS, and F.F. during continuous .illumination 

Load: Open c l r c u f t  Temperature: 21°c I l luminat ion:  - AM1 ELH 



2 Figure 3.6-3 Change i n  V I , and F.F.-  of 1-cm . CuInSe*/C:dS Thin-Fi lm Gel-is During Csntlnuous I l l m i n a t i o n  
L i f e  Tes t  ~~;n i%i t ion :  Simulated L ! i l ;  ie f iperature:  6 0 O ~  



Thereafter ,  t h e  probes were  adjusted before  each  measurement. However, t h e  

observed fluctuations in F.F. may largely be a t t r ibuted t o  t h e  probe . con tac t  condition. 
, 

The open circuit  voltages showed a gradual increasing t rend during t h e  f i rs t  several  

hundred hours but stabilized a f t e r  approximately 600 hours of testing. The gradual 

increase in Vocls may indicate t h e  initial hea t  t r ea tments  had not been optimized. 

Thus, test ing at 6 0 ' ~  .may actually be considered as a continuation of t h e  hea t  

t rea tment .  

Figure 3.6-3 fur ther  shows tha t  t h e  short  circuit  currents  remained relatively constant . . 

during t h e  6 0 ' ~  test. The downward t rend a f t e r  400 hours of test ing was due t o  aging 

of t h e  ELH measurement lamp. After changing t h e  lamp and recalibrating with a Si 

standard cell, t h e  apparent deciease  in short  circuit  current  disappeared. . . 

Testing of t h e  s a m e  th ree  thin-film CuInSe2/CdS cells  under maximum power loading 

condition at 6 0 ' ~  was next conducted. Two cel ls  were  installed with a 12 ohm load 26 
approximate maximum power loading and t h e  third cell  was l e f t  in t h e  open circuit  

condition. Nearly 4200' hours were  accumulated during t h e  test and t h e  results a r e  

shown in Figure 3.6-4. While the re  is t h e  expected s c a t t e r  in t h e  experimental  data ,  it 

can be seen t h a t  a l l  th ree  cel l  parameters  (Voc, Isc, and F.F.) for  t h e  th ree  cells  were  

extremely stable. 

Since degradation in cell  performance could not be de tec ted  a f t e r  many thousands of 

hours at 60°c, i t  was decided t o  increase t h e  test t empera tu re  t o  8 0 ' ~ .  A fourth cel l  

was also added to t h e  test program. Initially, two  cells  were l e f t  open circuit  and two  

had t h e  12 ohm load. However, t h e  contact ing probes for  cell  loading were  observed 

t o  be damaging t h e  cells  and, a f t e r  about 1500 hours, only open circuit  test ing was 

conducted. The 8b0c  test results a r e  shown in Figure 3.6-5. Definitive conclusions 

regarding t h e  cell  stability at 8 0 ' ~  arc somewhat difficult t o  make at this time. In 

general, t h e  stability continues t o  look qui te  good but the re  appears t o  be a downward 

trend in t h e  cell  performance, particularly a f t e r  2000 hours. Microscopic examination 

of t h e  cells  has revealed considerable mechanical damage caused by t h e  repeated 

probing for loading and cell  measurements. For example, the re  were  several  a reas  

where t h e  selenide/sulflde layers had been f ractured creat ing voids in t h e  film layers 

t o  t h e  Mo metallization. These voids were  most severe  on t h e  two  cells  which had 

experienced t h e  12 ohm loading conditions. As can  be seen, these  same two  cells  

exhibited t h e  greates t  decrease  in fill factor.  Whether shunting e f f e c t s  associated 
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Figure 3.6-5 Thin-Film Cell Parameters as  a I ;ion of Time During Constant Il lumination 
Life Test .  I1 lumination: Simulated A t l l ;  Temperature: 80°C 

. ., 
After 500 hrs  a t  2 2 ' ~  and 9.90 hrs  a t  6 0 ' ~  

80°C under . o ~ e n  c i  rcui t .condition 
535A (open) ,4185 .hr.s a t  60°. under 122 load condi t i on  

L+ All c e l l  open c i r c u i t  



with t h e  voids and exposed junctions is responsible for t h e  observed performance is not 

known. Based upon t h e  experience acquired during these  tests, in future  life t e s t s  we 

would, however, a t t e m p t  t o  improve t h e  contacting method in order t o  minimize o r  

avoid t h e  mechanical  damage. Even with this damage, t h e  stability of t h e  cells  under 

extremely severe test conditions is st i l l  regarded as being excellent  and showing grea t  

promise for t h e  CuInSe21CdS device. 

Discussions with Battel le were  then made for t h e  purpose of initiating l ife test ing of 

our cel ls  in their  laboratories. The plan was t o  provide Battel le with approximately 12 
2 existing, l c m  high efficiency cel ls  (greater than 8% without AR coating). 

'Phe twelve cells were  se lected which hod been fabricated by the  standard process 

methods and device structure.  One cel l  (no. 6998) had, however, been prepared with a 

mixed ZnCdS layer instead of t h e  pure CdS. The basic photovoltaic properties of these  

cel ls  as measured under simulated AM1 illumination (ELH lamp) a r e  listed in Table 

3.6-1. In addition t o  these  properties, the  shunt resistance, series resistance, diode 

factor(A), reverse sa tura t ion current  ( J  ), quantum efficiency, and spectral  response 
0 

were  measured fo r  e a c h  cell. 

Because our previous life-testing experience had shown the  difficulty of making good 

e lec t r i ca l  con tac t  t o  both the Mo bdse and A1 grid metallizations over a long period of 

t ime,  i t  was  believed t h a t  a more reliable con tac t  a r e a  metallization would be highly 

desirabled Gold film metallizations seemed t o  be t h e  best choice and processes lor 

depositing gold pad c o n t a c t  a r e a s  were  ir~vcstigated.  

A s u c c e s s f ~ ~ l  process was developed using straight thru-metal  mask deposition. A 

Bc-Cu, 5-mil thick maqk was  fabricated,  a n  a l~gnnsent  t e c l ~ ~ l i q u e  Jcvelaped, and t h e  

deposition process established. In this process, the  cells  were  f i rs t  vapor degreased in 

trichloroethylene for 10 minutes, placed in a subst ra te  carr ier  and t h e  stencil mask 

aligned t o  the  proper position. Thls a s s e ~ ~ ~ l l y  w a s  then installed in a high varllllm 

chamber for t h e  e lect ron gun evaporation of rhe pad h y n .  consisting of 1000 1 of A&,  

5 0 0 a  of Mo, and 500 a of Au. The Mo film was included t o  act as a diffusion barrier 

between the  A1 and Au films t o  prevent t h e  formation of undesirable intermetall ic 

compounds. 



Table 3.6- 1 Photovol@c. Properties of CuInSe2 Thin-Film 

Cells To Be Used In Battelle Life-Test Studies 

Sample No. voc (mV) I,, (mA) F.F. Eff. (%I 



After verifying that the above procedure was not detrimental t o  ce l l  performance, all 

of the  Battelle samples were then processed, characterized, and shipped t o  Battelle 

101- thcir studies, 



4.0 CONCLUSIONS AND RECOMMENDATIONS 

Through a series of cell  design and technology improvements, t h e  conversion 

efficiency of t h e  polycrystalline CuInSe2 thin-film solar cell  has been increased f rom 

7.5% t o  10.6% under simulated AM1 illumination. An increase in cell  voltage resulting 

from t h e  use of a mixed ZnxCdl-xS layer instead of CdS has been a major fac to r  in 

t h e  cell  improvement. The general ce l l  fabrication technology and experience has 

been sufficiently advanced t o  make possible t h e  repeatable  preparation of cells  with 

efficiencies of - 7.5% before AR-coating. A key fea tu re  of t h e  high efficiency cells  

has been t h e  development of a two-layer selenide film deposition process. The top  o r  

second selenide fi lm has appeared t o  have undergone a semiconductor type conversion 

as t h e  result of diffusion mechanisms. Preparation of t h e  selenide film layers with a 

planetary apparatus has been shown feasible by t h e  achievement of a 7.5% (without 

AR-coating) cell. Finally, t h e  thin-film CuInSe2 cells  have been found t o  be  

remarkably s table  when tes ted under accelera ted aging conditions. After  an  

accumulated 9300 hours of constant illumination, e levated t empera tu re  test ing in a n  

open environment of unpassivated or  encapsulated cells, l i t t l e  cell  degradation has 

been observed. 

To continue t h e  development of this highly promising thin-f ilm cell,  t h e  following 

additional research studies a r e  recommended: 

1) Detailed cell  analysis t o  clarify important cell  mechanisms, determine per- 

formance limiting factors,  and define approaches for  ce l l  improvement; 

2) Basic properties of t h e  deposited selenide film mater ia l  and cell  structures;  

3) Detailed investigation of t h e  back cell  con tac t  to determine i t s  impact on cel l  

performance and, if appropriate,  development of a subst i tu te  for  t h e  Mo 

metallization; 

4 Improved Cu/In vapor source s t ructures  for increased selenide film uniformity 

and reproducibility; 

5 )  Selenide grain s ize  e f f e c t s  on t h e  cel l  characterist ics;  

6 )  Alternate N-type layer rrlaterlals and ternary modifications, e.g., part ial  sub- 

st i tution of Ga and S; 

7) ~ e t h o d s  t o  reduce t h e  high degree  of compensation in t h e  deposited selenide 

films; 



8) In depth analysis and optimization of the cel l  grid structure, base metallization, 

and anti-reflection coating; 

9) continued optimization of the semiconductor f ilm deposition processes with 
respect to  ce l l  performance; 

10) Alternative selehide film deposition methods, e.g., sputtering, spralirig, CVST, 

hot-wall evaporation, etc.;  and 

1 I) single crystal cell  fabrication and analysis. 
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