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ABSTRACT 

The object ives o f  t h i s  research-were t o  optimize the performance 
of ITO/polycrystal 1 i ne  s i l  icon so la r  c e l l  s, i d e n t i f y  performance 
1 imi ta t ions,  i d e n t i f y  major s t a b i l  i ty problems which would i n h i  b i t  
t e r r e s t r i a l  appl i c a t i o n  o f  these devices, evaluate the impact o f  i n d i  um 
supply and p r i ce  on t e r r e s t r i a l  appl i ca t ions  , and evaluate the economic 
v i a b i l i t y  o f  IT0 sputter  depasited so lar  ce l l s .  These goals were 
successful ly achieved dur ing ,the course o f  t h i s  multipronged e f f o r t .  

Both area scal i ng  w i t h  e f f i c i ency  maintenance were achisved by 
process modif icat ions i n c l  udi'ncj surface preparation and i n - s i t u  pas- 
s i va t ion  techniques. Indium t i n  oxide on Wacker po lyc rys ta l l  ine: 
s i l i c o n  so lar  c e l l s  were fabr icated which achieved 13.7% e f f i c i ency  
f o r  11 sq. cm. devices. Typical open c i r c u i t  voltages were 0,525 vo l t s ,  
short  c i r c u i t  currents, 34 mAIcm2, and f i l l  factors  o f  0.75. 

I n  the course o f  t h i s  project ,  three device measurement techniques 
which assisted i n  improving c e l l  e f f i c i ency  and which' have broad ap- 
p l  i cab i  1 i ty  t o  a1 1 photovol t a i  c devices were introduced. These were 
automated admittance. and surface s ta te  analysis , noise spectral densi ty 
analysis, and automated I - V  and C-V analysis. These measurements were 
combined w i t h  AugerIESCA, EBIC and f l y i n g  spot .scanner, and other 
measurement techniques t o  i d e n t i f y  g ra in  boundaries, i n t r ag ra in  defects, 
edge 1 eakage , and in te r face  1 osses which 'were subsequent1 y a1 1 eviated 
through process improvements. 

A study o f  accelerated aging d i d  not  reveal any degradation mechanisms 
which would i n h i b i t  la rge scale t e r r e s t r i a l  app l icat ions o f  these ce l l s .  
However, f u r t he r  study ' i s  required t o  f i-rmly establ i sh long term device 
s t a b i l i t y .  Indium a v a i l a b i l i t y  i s  such t h a t  production could be increased 
many f o l d  from ex i s t i ng  mine t a i l i n g s  and the p r i ce  increased many f o l d  
before a s i g n i f i c a n t  impact on so lar  c e l l ' p r i c e  would be obtained. There 
i s  some economic advantage f o r  the sput ter  deposited fabr i ca t ion  technol ogy 
used here, p r ima r i l y  a r i s i ng  from reduced a n t i  r e f 1  ec t ion  coating and 
metal i zat ion requirements , over p-n junct ion technol ogy. However, evidence 
ex i s t s  which ind icates t h a t  sputter  deposited ITOISIS c a l l  s could a t t a i n  
improved performance and s t a b i l i t y  on h igh ly  defected s i l i c o n  substrates 
and on advanced mater ia ls.  It i s  concluded from t h i s  work t h a t  prototype 
production o f  c e l l  s and modul es based on t h i  s technol ogy would be warranted 
i n  the near term. 



1. INTRODUCTION 

This report describes the research done under SERI subcontract 

>#XS-9-8232-1. .This project was a systematic investigation of indium 

tin oxide (ITO) on silicon solar cells with a view towards optimizing their 

performance and evil uating eff i ci ;ncy 1 oss mechani sms and peribrmance 
. ' 

' 1 imitations. The focus was on polycyrstall ine sil icon substrates. 

Since indium tin oxide based solar cell s have demonstrated considePab1 e 

promise as an alternative to p-n junctions for large scale' terrestrial 

photovol talc appl ications , a secondary" goal of this research program 
was to eval.uate the stabil ity of these cells, their economic viability 

. . 
using the LSA methodology, and the impact of indium price and supply on 

the viability of IT0 based solar cell s for terrestrial appl ications. 

During the course of this research program all of the above questions 

were successfully addressed in detail. None of the performance limitations 

examined appeared fundamental . Indeed, eff i cienc tes of 1~Ojsil icon devices 

fabricated using neutral ized ion beam sputtering technology proved com- 

petitive with p-n junctions fabricated on comparable material. In the 

course of this investigation, efficiency limitations on presently fab- 

rtkatbtl : devices were uncovered and processing steps modified to overcome 

these 1 imi tations. The nature of the ITO/sil icon interface was studied 

in detail compositionally, structurally, and electronically. It was 

found that a thin interfacial layer of SiOp, with a small grading layer, 

did exist and was critical to the functioning of the device. 

kiradation studies showed that ITO based cell s degraded approximately 

as p-n junction cell s do in the dark. While no fundamental degradation 

mechanisms were discovered for i 1 1  uminated cell s, the question of 1 ifetlme 

in the held under i l  lumination and temperature cycl ing has not yet been 

answered. 
1 - 

The supply of indium is such that it is a biproduct of zinc and 



. .. 
. . .  

copper r e f i n i n g  and, f o r  the amount o f  indium rkquired for  

. large. scale t e r r e s t r i a l  appl i ca t ions  , -supply nor ' p r i c e d i d  not  prove 
. . . . . .. 

a 1 im i t a t i on  .under .a wide range o f  possible scenarios. Indeed, the 
1 t 

supply of indium can be increased by over an order o f  magnitude w l t hou t  
. . 

mining add i t iona l  ores. ; Also, an analysis . o f  the economic. v i a b i l i t y :  

of sput ter  deposited ' 1 ~ 0 / s i l  i con so lar  c e l l  s fndicates that ,  assuming 

DOE LSA goals are met f o r  mater ia ls and substrates ,' they w i l l  'be com- 
. . 

pet1 t i v e  w i t h  p-n junct ion c e l l  s using technology ' present ly envisioned. 
\ 

The f o l  lowing repor t  i s  d iv ided i n t o  sections: ana lyz ing  substrate 
. . 

qua1 i t y ,  device fabr icat ion,  . 
, 

analysis o f  the  1 ~ 0 / s i l  i con i n t e r f b e ,  device 

performarice, device analysis - , device s tab i  1 i ty studies, and process economics. 
,: . 

The resu l t s  o f  each o f  these . sub-investigations , prcivlded i n s i b h t  i i t o  the 

modif icat ions required f o r  the fabr icat ion process.which " l t ima te ly  
. . . -  . . 

.. . l e d  t o  the h'igh e f f i c i enc ies  reported. . , . - . .  . . I' . . .. . 
. . .. 

. .  . 
The f i r s t  sect ion summarizes a study. o f  the l oca l  ized reiponse of. ' the 

. . 1 ' .  . . . 

so lar  c e l l s  Fly ing spot scanner and EBIC  study o f  the iubst ra tes 

indicated t h a t  the two techniques: gave essent ib l  . . ly ident ica l '  i rifo,rmation, 

w i th  d i f f e r e n t  features high1 ighted i n  each technique. A key. cohclusion 
. . . , 

' derived from t h i s  s tudy was t ha t  a gra in  bpundary ,reduces t he  output 

o f  a so lar  c e l l  on ly  i n  a small region .surrounding the boundary. This 

proved consi s tant  .w i th  a .double deplet ion. l ayer  model, :o,f ' a  g ra in .  boundary 
. .  . 

I . . . . 

proposed by recent authors. It a1 so i n d i c a t e d  t ha t  int ragkain.  

propert les, as exempl i f i e d  by etch p i t s  and d is locat ions int.e?sectirig. 

the in ter face,  occupied more geometric area i n  medium t o  large gra in  s ize 

mater ia l  than d i d  g ra in  boundaries. . Therfore, passivation o f  surface 
' 

. * 

defects would be j u s t  as s i g n i f i c a n t  i n  improving j u n c t i o n q u a l i t y  as 
* .  

g ra in  boundary passivation, These resu l t s  guided us i n  our choice o f  
. . . . .  

' , 
surface preparation and hydrogen anneal i ng  techniques. ' . \  

. , ' ! 



The fabr i ' ca t ion sequence attempted t o  in tegrate  the resul  t s  o f  

substrate and f i n i shed  device measurements, a1 ong w i t h '  i n t e r f a c i a l  

analyses - derived from c e l l  s  and special l y  fabr icated devices. 

Opt imizat ion o f  the. pMcess involved a carefu l  study o f  .sources o f  

contamination w i t h i n  the  system and proper substrate preparation along 

w i t h  the use o f  reac t i ve  gas annealing during substrate m i l l i n g .  Using 

these modi f icat ions,  along w i t h  mu1 t i l a y e r  metal iza t ions,  17.6 sq. cm 

ac t i ve  area devices were. fabr icated w i t h  . t yp ica l  . open c i r c u i t  voltages 

o f  ,525 V., short  c i r c u i t  currents o f  32.5 m ~ / c d  and f i l l  facfoor$ 

o f  .77. Devices were rou t i ne l y  fabr icated w i t h  ac t i ve  area e f f i c i enc ies  

o f  12.5 t o  13.7%. Metal i z a t i o n  proved more complicated than o r i g i n a l l y  

envisioned. Conventional metal izat ions had ser ies resistance, adherence, 

and heat cyc l ing  problems. F ina l l y ,  appropriate f ron t .and  back surface 
. . 

metal i z a t i o n  were achieved and, n e a r  the conclusion o f  the con t rac t  . 

period, g r i d  pa t te rn  and area opt imizat ions were being developed. 

A detailed study o f  the ITO/SIO2 i n te r face  establ ished t h a t  i ron,  

a1 uminium, o r  t an ta l  um impur i t i es  severely degraded device performance. 

The existance o f  an S i O e  l ayer  was c l e a r l y  established. Also, the s t ruc ture  

o f  t h a t  layer, which consisted o f  a t h i n  t r ans i t i ona l  region (, 4 o r  5 angstroms) 

fo l lowed by a layer  a'lrnost e n t i r e l y  Si02 was established'. S l l  icon monoxide 
.. . 

was no t  detected i n  the in ter face.  ,The oxygen depth p r o f i l e  ,detected the 

existence of a t r a n s i t i o n  layer. The k i ne t i c s  o f  ox idat ion a t  reduced 

pressure and on sputtered surfaces was investigated, and i t  was found 

t h a t  the sputtered surface does indeed ox id ize more read i l y  than a 

chemical ly etched surface. The r a t e  o f  ox idat ion was measured as a 

funct ion o f  oxygen exposure, and the resu l t s  used t o  guide the growth 

o f  the i n t e r f a c i a l  oxide region i n  our fabr icat ion.  



The next  chapter describes the development of three novel, techniques ' 

f o r  evaluating so lar  ce l  i performance which supplemented conventional 

e l e c t r i c a l  and op t i ca l  sutdies o f  the devi-ce. These techniques were': - '' 

automated so lar  c e l l  analysis ; an automated admittance a n a l y s i , ~  ; and measure- 

ment o f  noise spectral densi ty versus temperature. The automated analysis 

system d i g i t a l l y  recorded the I - V  and C-V curve and extracted the primary 

so lar  c e l l  performance character is t ics  along w i th -  b a r r i e r  heights and 

saturat ion current  densi t ies.  ' The capaci tance-vol tage analysis a1 so 

ext rac ts  b a r r i e r  heights and doping p r o f i l e  around the junct ion.  

The network analysis system provides a measurement o f  the capaci- 

tance and conductance as a funct ion o f  bias, frequency, and temperature. 

From these measurements, p l o t s  o f  surface s ta te  densi ty ,versus energy 

may be obtained. These i n  turn,  are used t o  evaluate the e f f e c t  o f  . . 

processing var ia t ions  on i n t e r f a c i a l  propert ies a t  the ITO-si 1 icon 

inter face.  The speed and accuracy o f  the system permitted i t  t o  be 

used as an in tegra l  pa r t  o f  the fab r i ca t ion  and analysis process. 

Previously used techniques were so slow as t o  preclude measurement o f  

any s i gn i f i can t  number o f  devcies. The temperat,ure dependent noise 

spectral densi ty t e s t  proved' a useful re1 i a b i l  i t y  est imator f o r  p-n 

junct ion devices i n  a previous invest igat ion i n  the P r i t ~ c i p a l  Invest igator 's  

laboratory. This t e s t  was appl ied t o  various so lar  ce l l s .  While temp- 

erature dependent noise spectral densi ty does no t  co r re la te  w i t h  device 

eff iciency, i t  d i d  co r re la te  w i th  i r r e g u l a r i t i e s  i n  the reverse current  

voltage curve and w i t h  var iab le  f a i l u r e  ra tes under accelerated thermal . 
aging. While promising, the t e s t  s t i l l  required s t a t i s t i c a l  va l idat ion.  

The next chapter describes the resu l t s  obtained from the so lar  c e l l  
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fabr i ca t ion  -phase o f  the program and out1 ines the a1 tera t ions and 

improvements . i n  c e l l  performance. as. a r e s u l t  of various process changes 

; and improvements. During t h i s  contract  period, c e l l  performance..im- 
J 

proved substant ia l  l y  , p a r t i c u l a r l y  on pol yc rys ta l  1 ine  subst f i tes .  De- 
r 

fec t  pass ivat ion w i t h  hydrogen and, improved Fabr icat ion procedures 

reduced the edge leakage problem seen i n  e a r l i e r  devices. Scaling t o  

la rge  areas, w i t h  attendent decreased $ .  peripherey-to-area ra t ios ,  fu r the r  
' ' -  

reduced edge e f fec ts ,  'Large area . devices showed v i r t u a l  1 y no evidence 
. . 

o f  thesc c f f e c t s ,  which tihd l~ lagued the e a r l i e r ,  smaller area devices. 
< . L 

Surface preparat ion and hydrogen anneal i ng  techniques s i g n i f i c a n t l y  i m -  

proved the performance o f  the c e l l  s on po lyc rys ta l l  i ne  s i l  icon. Since 

IT0 has d i f f e r e n t  surface morphological properti,es than d i f fused  si 1 icon 

1 ayers, obta in ing optimized g r i d  pat terns and adherent g r ids  tnok some 

e f f o r t .  By the end o f  our research . q program, progress was being made i n  

g r i d  opt imizat ion,  but the g r ids  s t i l l  occupied 15 t o  20% o f  the c e l l  

area. However, despite the f a c t  t h a t  IT0 forms an a n t i r e f l e c t i o n  coating 

on s i l i con ,  i t  i s  estimated t ha t  another a n t i r e f l e c t i o n  coat ing layer  

would improve e f f i c i ency  by a further, 10%. Also, the pefect ion o f  

snldcr d ipping technology and the dtvt10p111e111 uf  optimined g r ids  w i th  

bounding pads which f a c i l  i t a t e  device-to-device interconnections would 

move the technology even c loser  t o  comnercial izat ion. 

A c r i t i c a l  question t h a t  needed t o  be answered was whether t h  IT01 

S I S  c e l l s  degraded s i m i l i a r l y  t o  t i n  nx ide /s i l i csn  so lar  ce l l s ,  Our 

study o f  thermal l y  accelerated aging indicated t ha t  the she1 f 1 i f e  

i n  the dark would be qu i te  long and t ha t  there d i d  not  seem t o  be any 

s i gn i f i can t  r e l i a b i l i t y  problems a r i s i n g  from thermal aging i n  the dark. 
. . 

Prel iminary measurements on 1 i f e  evaluation under ill umination d i d  not  

reveal any major degradation mechanisms, but  were inconclusive as t o  whether 

there were any open c i r c u i t  voltage reductions s im i l a r  to,  but  smaller , 
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than, those observed i n  t i n  oxide ce l l s .  While long term s t a b i l i t y  
. . 

has not  been conclusively established, r ap id  degradation and major . :.:. .. 

i n s t a b i l i t i e s  e i t he r  i n  the dark,, o f  under 1 1  1 uminatioh:have n o t  bein 

. . observed. e i ther .  , _ . .  . . .  

. . 

The f i n a l  chapter discusses the ecoriomics of ITO/SIS c e l l  

fabr icat ion i n  t h e  context of MIS and Conductor~In,sulator-Semi - 
condbctor (CIS) c e l l  s t ructures based ,"pin po lyc rys ta l l  i ne  and ' 

amorphous s i l  icon. It i s  found t h a t  performance on po lyc rys ta l l  ine, 
. ' 

amorphobs, and h i gh l y  defected s t ~ i k t u r e s  w i l l  be more o f  fac to r  

i n  determining the u t i l i t y  o f  S I S  st ructures f o r  t e r r e s t r i a l '  

appl i ca t ions  than w i  11 fabr icat ror i  ec6nomiis and indium. supply. 

Economically, the ITO/SIS structure,  even using vacuum fabr icat ion,  

appears hmpe t i  t i v e  w i t h  and: s'l i g h t l y  less  expensive than p-n junct ion 

structures. Indium i s  ava i lab le  i n  enough supply t o  provide the raw 

mater ia l  f o r  the small amount o f  I T 0  required. 

~ h ' e  major conclusions deri;edU from t h i s  work 'a re  enumerated i n  the 

f i n a l  section. A l i s t  .of publ icat ions t h a t  or ig inated from t h i s  program 

and students who worked o n  t h i s  p ro jec t  conclude the report .  ' 



2. POLY CRSTALL I NE SILICON CHARACTERIZATION 

The ,qua1 i ty o f  the bu l  k po lyc rys ta l l  ine mater ia l  plays an important 

p a r t  i n  the  e f f i c i e n c y  o f  so la r  ce l l s .  This qua l i t y  can be measured i n  

many ways, many o f  whi ch y i e l d  informat ion which averages the resu l t s  

over the e n t i r e  c e l l .  We have chosen t o  invest igate  the loca l  response 

o f  the so la r  .ce l ls  and re l a te  these measurements t o  the propert ies o f  

the  substrate. 

2 .1 .  E B I C  and SLS Techniques 

For t h i s  research, the eleetron beam induced current (EBIC)  and 

scanning 1 i g h t  spot (SIS) techniques were employed. EBIC u t i  1 izes a scanning 

e lec t ron beam whf le the SLS scans a l i g h t  spot. Both o f  these tech- 

n i  ques have t h e i r  advantages and disadvantages. EBIC y i e l ds  a response 

which i s  approximately the same as the  photoresponse since the  m inor i t y  

ca r r ie rs  are generated near the c e l l  surface f o r  both techniques. This 

i s  demonstrated i n  Fig',2;lwhich i l l u s t r a t e s  the  EBIC and scanning l i g h t  

spot (SLS) (using 6328i) response maps f o r  the same 1 ~ 0 / ~ o n s a n t o  cel l .  

Note t h a t  the major features a r e  the same i n  both but  t h a t  the resolu-  

t i ons  and d e t a i l  o f  the EBIC,map i s  much greater. The SLS reso lu t ion  

can be improved t o  t h a t  o f  the EBIC bu t  the f i e l d  o f  v.iew , i s  g rea t l y  

reduced. I n  order t o  use the EBIC and SLS techniques requfres a junc- 

t i o n  t o  c o l l e c t  the generated minor i t y  ca r r ie rs .  A j unc t ion  was obtained 

by deposit ing a 3000i l ayer  o f  the transparent conductor i n d i  um t i ,n oxide. 

For EBIC a t h i c k  metal, such as A1 can be used but  the SLS requires a 

mater ia l  transparent t o  1 ight .  Fjjyre - 2.:2il l us t ra tes  other modes o f  d i s -  

p lay ing t he  SLS response maps. The i n t e n s i t y  modulated mode o f  Fig..&$b 

allows easy loca t ion  o f  surface features w i t h  some quan t i ta t i ve  information. 



Figure 2.1. : Comparison o f  a) EBIC and b) SLS response, w25X 



~ i ~ * r ~  2.2: SLS maps of pol silicon solar cells a) capacitance coupling. 
z modulating; b 1 Y modulation with a very low frequency ramp 
voltage for the vertical mirror drive. 



The map o f  Fig.2.2a u t i l i z e s  capacitive coupling which d i f fe ren t ia tes  the 

signal and hence in tens i f ies  the local  changes i n  response. The y modu- 

la ted  mode map shown i n  F i622b y ie lds  the best quant i ta t ive measure. 

Simi lar types o f  displays are avai lable w i th  EBIC. 

The resolut ion o f  SLS i s  determined pr imar i ly  by the size o f  the 
I 

l i g h t  spat. The resolut ion and depth o f  beam penetration o f  EBIC are 

determfned by the energy o f  the beam and the d e ~ s f t y  o f  the material. 

This i s  usually discussed i n  terms o f  the electron range o r  the i n te r -  

action volume. ~ i g .  2.3 plots  the electron range vs. beam energy f o r  a 

s i l i c o n  substrate. Note that. a t  30 keV, R ? 8 m and i t  5 keV R @ 0.3 Ilm. 

Thus the lower the energy, the greater the spacial resolut ion and i t  

would appear tha t  lower beam energy i s  the more desirable. However, 

there ar;e two other e f fec ts  t o  be considered. F i rs t ,  the  EBIC signal 

decreases drast ica l  l y  w i th  beam voltage. Therefore the signal t o  noise 

r a t i o  becomes poor belbw 15 keV. Second, the depth o f  sampl i ng changes 

wi th  beam energy. This has both good and bad features. Fig. 2.4shows 

grain boimdaries observed w i th  be& energies from 15 t o  30 keV. Note 

tha t  the width o f  the grain boundary appears to ,  increase great ly  as the 

beam energy i s  increased. Also i n  Fig.2.4 note the gray grain boundary 

marked A and the single EBIC trace. Grain boundary A has a smaller d ip  

i n  the EBIC signal and therefore gray. This i s  explaimed i n  terms o f  

the locat ion o f  the grain boundary w i th  respect t o  the substrate surface. 

Fig. 2.5 shows both an EBIC and secondary electron (SE) mode photomicro- 

graphs o f  the area shown i n  Fig.2.4. I n  the SE photo, the  "dark" grain 

boundary i s  c lear ly  seen, However, the gray graln boundary i s  not  ob- 

served. Fig. 2.6. shows a SE photo of the same area a f t e r  etching away 



ELECTRON BEAM ENERGY 

Ff g. 2.3. Electron range in silicon vs. beaut energy 



Beam Voltage 

15 KeV 

20 KeV 

25 KeV 

30 KeV 

Figure 2.4.EBIC micrographs using different primary beam energies, 300X. 



EBIC Mode 
15 KeVr 3OOX 

Secondary Mode 
15 KeV, 300X 

Figure 2.5 Comparison o f  EBIC response and surface topography. Note the 
absenqe o f  a surface feature corresponding to  the gray grain. 

Figure 2.6. Surface topograph o f  the c e l l  area o f  Fig. 4 a f te r  etching 
the s i l icon surface 1,7 
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Pig. 2 . f i  EBZC iidcrogpaph (25 teV, 165%) of 4 poly6ilicoa solar cell. 
.' The grdn boundaries a p p w  to  be &k or flay lines. 



+ (c) 45 sec 

Fig .  2.7b The secondary m d e  micrographs of  the same region o f  Fig. 4-1 
obtained a f t e r  the etching for  (a) 15 sec, (b) 45 sec, (c)  90 
see, and (d) 150 see. 



t (d) 90 sec 

$ (e) 150 sec 

Fig. 2.7, 



Fig. 2!8. "V-shape" grain boundary intersection is seen in  the middle 
of the EBIC map. 

~ig.2. 9. The high magnification WBIC map of the "-shape". 



% 

1 0 p m  - 

Fig. 2,10. The l i n e  scan .B.BIC respome corresponding to  the indicated 
scans 1 through 6 on Fig. 4-5. 

I 



L I G H T  

Fig, 2.11 . me grain model wed to calculate the current rerpokrc. 
arotnid grain boundarleb . 



I n  order t o  better in terpret  these EPIC results, a theoretical 

calculation was performed. For simp1 l c i  ty, the carr ier  generation due 

t o  the electron beam i n  the bulk i s  assumed t o  be that  o f  a uniform 

monochromatic 1 i gh t  i 1 lumination. Though t h i s  assumption may produce 

a quantitative difference, the analysis should be accurate enough t o  

explain the qua1 i t a t i v e  behavior of the grain boundaries. The grain 

conf i gurat i  on o f  the model considered here i s  shown i n  Fig. 2.1 1 , The 

continuity equation f o r  electrons i n  the grain i s  o f  the form: 

where 

n = minori ty carr fer  concentratfon (electron f o r  the case of 
ITO/p-Si ) 

no - equi 1 i brium minority car r ie r  concentration 

= l i f e t ime  o f  minority carr ier  i n  the equivalent single crystal 
rn matertal 

Dn = d i f fus ion coeff ic ient 

GL(x.y.~) = generation rate 

By using tne appropriate boundary conai t iatis ana generating func t ior~ ,  

a numeral solution i s  obtained. The results f o r  a 1011 and 3011 grain size 

and a d i f fus ion length o f  3511 are shown i n  Fig.2.12, These calculations 

show that  f o r  a d i f fus ion length o f  3511, the photoresponse i s  ~ 9 0 %  o f  

i t 5  maximun~ a t  10v fmm the grain boundary, Thus, mast o f  the genaratad 

carr iers are collected by the surface junction before they can di f fuse 

t o  the grain boundary. A t  a given point, f o r  planar boundary, one-half 

the carr iers are moving towards the grain, and one-half are moving away 

from it. O f  the one-half moving towards the boundary, the transport 

equation solution indicates that  the majority o f  than reach the function 

due t o  geometric generation depth prof i 1 es and veloci ty prof i 1 es. 



Fig. .2,12, Theoretical cumer for current density vr. dir tmce for two 
grain boundary aeparatianr. (a) 10 m, (b) 80 ~ m ,  



€. 1neragrai n Affects 

The intragrain qual i ty o f  noasanto f l oa t  gone r e f h a d  and qcksr 

east po lys i l  icon wtg.~ i .a ls  were wmJned with EBSC. 

Fig. 2.13. t llustmtes the EBfl: response from a pottlbn of a 1 11 

made with a Monsanto polxcrystttl 1 ine substrate. The grain boundarf es 

are clear ly ' s e n  as $a& Ifmes whfch indicate lsw msponse. The gra-in 

size appiqrs small i n  sam regians but large i n  others., En addition to  
- - 

- - -  - .  - -  

t h e  gr6to boundaries, the EBIC map shGPsatafi d r r i  spot; who~; density 

varlcs s ~ ~ s  the all. In sonre large grbln reglms. Ule 'dark spts a n  

dense end these appear €0 dominate the local p h o t o m s p ~ s e ~  Two reglone 

of the m11 of Fjg-2.l3wgr-e wamined -re closely as shmm i n  the higher 

im~lsf?labQon m3C nabs - ~ f  F"fi2.14. Few gr&ln txonjlnc~ariksf are sem tn 

t!hyeye EkTG b~@ CMm 11s a high dmsSty 1~f datl~k spots. RegZm 5 has 

r am&F&l&er ,@mb!tgy k i + t @ ~  spats than dQao Regln, A. - I 

E*&)ng away %he ffD: and an ewfng the e414bon lurFace with a 
d 

Wsb 4 % ~ h  *BV br m i l .  '&&IS mwrty'$hingulsr etch p i t s  as s h m  i n  

locat+ms w h i a  intersect a < I l l >  starface a t  near normal inctdence. 

X-ray d l f f ~ a c t i o n  studies indicate that the crystal l i tes are indeed 

oriented <1.11*, Fig. 2.16, Using a trahsparent overlay, i t  was deter- 

mined that  there i s  a one-to-one correspondence between the EBIC dark 

spots o f  Fig2.14.and the etch p i t s  o f  Fig. 2,.15 thus indicating that 

dark splots o f  the EBIC  nap are caused by reconbination a t  active dis- 

lecations i n  the intragrain regions of the mnsanto p l ys i l i con ,  

A similar study was carrled out an Wacker polysi l  l'con ce l ls  as 

i f  lustrated by the E B I C  map o f  Fig.2.17, It i s  observed that  the grain 

size i s  much larger than .$bat o f  Msnsanto .polysl l  icon. The magnified EBfC 
I ' .  ' , 



Fig. 2.13. The EBIC map of a c e l l  made from a Monranto polysilicon 
substrate. 'Rso regions (A,B) were relected for etch p l t b  
r tudiee . 



f (a) Region A 

+ (b) Region B 

Fig. 2: 14. The high magnification BBIC map (690x1 of the (a) region A 
and (b) region P- 



(a) Region A 

+ (b) Region B 

Fig. 2.1 5. The SE mode rnicrographe of the (a) region A aud (6) region B 
taken after etchbg tbe eurface. 



Figure 2.16. : X-ray diffraction patterns for (a) Monsanto and 
(b) Weker polysil icon. 



Fig, 2.1 7. The EBIC map of 8 cell made from a Wacker plysilicon 
substrate. Two regions (A,B) were selected for etch pits 
studies. 



map o f  region A (Fig.2.Y8)shows that, i n  contrast t o  the Monsanto poly- 

s i l icon,  very few dark dots appear i n  the map o f  the Wacker c e l l .  Etch- 

i n g  the surface w i th  Dash etch causes the appearance o f  many defect etch 

p i t s  o f  i r regu la r  shape (Fig.2 .I 9) but there i s  very 1 i t t l e  correspondence 

between the EBIC spots and the etch p i t  locations. I n  fact, there are 

many more etch p i t s  than EBIC spots. The i r regu lar  shape o f  the etch 

p i t s  on the Wacker materials i s  i n  keeping w i th  the random or ientat ion 

a f  th@ e r y s t a l l i t e  surface, as st~uwn by the x-my diffraction pattern of 

Fig.2.16b The dis locat ion l i nes  therefore in tersect  the surface a t  odd 

angles. As seen i n  Monsanto polysi l icon, a dis locat ion which i s  an 

act ive recombination center and which intersects the surface a t  n o m l  

incidences y ie lds  a dark spot on the EBIC map. There i s  some question 

whether s im i l a r  resu l ts  are obtained for dislocations which in tersect  a t  

an odd angle. I n  order t o  determine if the lack o f  EBIC spots i n  the 

Wacker po lys i l i con  i s  due t o  the odd angle intersect ion o f  the disloca- 

t ion,  two etch p i ts ,  p and q o f  Fig.Y.18 wen investigated. High mag- 

n i  f i c a t i o n  micrographs o f  these two etch p i t s  F i  j 2.20 shows tha t  etch p i t  q 

intersects the surface a t  n o m l  incidence while p i s  inclfrred 3J t o  50". 

I n  the EBIC map o f  Fig. 2.18, an etch p i t  p, although an inc l ined disloca- 

t ion,  appears t o  be a dark spot but the p i t  q has no corresponding dark 

spot. Thus, act ive odd angle d is locat ion can be observed w i th  EBIC and 

the lack o f  EBIC spots can'not be attributed t o  the angle of intersection. 

These resul ts  lead t o  the conclusion tha t  most o f  the dislocations i n  the 

Wacker polys i l fcon are ,passivated. Note also tha t  some grain boundaries 

tha t  do not  appear i n  the EBIC map, appear i n  the secondary mode micro- 

graphs a f t e r  etching. This implies tha t  some o f  the grain boundaries 

are also passivated o r  l i e  s u f f i c i e n t l y  below the surface so as not t o  

be detected by EBIC. 



Fig. 2.18. 'Magnifted EBlC IMP o f  region A o f  f igure 16. 

Fig. , . 2.19. The surface o f  figure 17 a f te r  etching. 



(a) Inallned dislacatioa 

(b) Normal dlelocation 

2 8J Etch p i t @  m-ting (a) ?.nclhed di.loutian, p, 
@) mxIMJ. di.lo.cation, q. 



TO quant i fy  the e f fec ts  o f  the defects, the l oca l  current  response 

and d i f f us i on  length were measured i n  several regions o f  a Monsanto poly- 

s i l i c o n  c e l l  w i t h  a focused l i g h t  spot. Two wavelengths o f  l i g h t  (7000 

and 8000i) were used t o  measure the d i f f us i on  length. The concentration 

o f  d is locat ions i n  each o f  the regions was estimated by counting the 

dark spots o f  an EBIC map o f  the regions. The resu l t s  o f  these measure- 

ments are given i n  Fig.2.21 which p lo ts  the loca l  d i f f u s i o n  length as a 

function o f  the average distance between dis locat ions , i . e. (concentra- 

t i o n  o f  defects)". There are a number o f  factors which add t o  the un- 

ce r ta in ty  o f  the' measurements f o r  Fig.2.21, These are the uncerta inty 

i n  the loca l  adsorption coe f f i c i en t  o f  the po lys i  1 icon and uncerta inty 

i n  co r re la t ing  the pos i t i on  o f  the EBIC and loca l  d i f f us i on  measurements. 

Thus, the values o f  the d i f f us i on  length shown i n  the Figure should be 

taken as r e l a t i v e  values and not  absolute. There i s ,  however, sur- 

p r i s i n g l y  l i t t l e  scat ter  i n  the data which would indicate. . that  the 
. . . . , 5 .  , , 

' . ,  . 
measurements are and t ha t  there,:i's a correlat ion:  between de- 

. .  . . s . . ,  . . : .  

f e c t  density and 'd i f fus ion  length. As the defect  density i; reduced, the 
, . 

d i f f u s i o n  length  becomes dominated by,  impu r i t i es  . and . generatiorbrecombination 
. . .  

tenters  etc. , and hence the curve shown i n  F ig  2.21 w ' i l l  degin t i  f l a t t e n  out. 
. .  . 

, . 



. .  . . =  

Fig .  2'. 21 Experimental re la t ionsh ip  betheen d i f f i s i o n  1 erigthe and defect  
- densi ty .  



3. FABRICATION OF ITO/Si SOLAR CELLS 

The fabr i ca t ion  o f  ITO/Si SIS photovol t a i c  'devices u t i l  i z i n g  

neutral ized ion  beam sputter  deposit ion technology has y ie lded reproduc~b le  

high e f f i c i ency  la rge  area so lar  c e l l s  on both single. and po lyc rys ta l l  i ne  

substrates. This chapter i s  concerned w i t h  the f ab r i ca t i on  o f  the devices. 

3.1. FABRICATION SYSTEM . 

The vacuum system used i n  the fab r i ca t ion  process was a modif led 

NRC 3117. The schematic diagram o f  the.system i s  shown i n  Figure 3.1. 

The vacuum i s  achieved by means o f  a s i x  inch diameter, three-stage, 

l i q u i d  ni t rogen trapped o i l  d i f f u s i o n  pump. The pump has a pumping 

capacity o f  2000 a/s and can achieve a vacuum o f  1 x lo-' T o r r  i n  the 

, chamber. 

The high p u r i t y  gases (argon, hydrogen and oxygen) needed i n  ' f ab r i ca t ion  

processes ari introduced d i r e c t l y  i n t o  the ion  source. The gases were , .  

control  1 ed by Brooks 581 0 1 eak valves which a1 1 ow repeatable se t t i ng  o f  

f low rates. The gas f low r a t e  was monitored by Brooks model 5810--1 CZDYA 

thermal mass f low sensors w i t h  t h e l r  analog outputs fed i n t o  Brooks model 
I 

5820-1 -YA'  meters ca l  i brated i n  0-5 sccm. This permits reproducible f l ow 

ra tes accurate t o  w i t h i n  - + .05 sccm. 

The ion  source used i n  the fab r i ca t ion  process was a model 10-1000-200 

manufactured by Ion Tech, o f  Ft. ~0.11 ins ,  CO. A schematic diagram o f  the 

i o n  source i s  shown i n  Figure 3.2. The. gases, are introduced i n t o  t h e '  i on  

source behind the anode pole piece assembly. Both the anode and cathode 

assemblies are e l e c t r i c a l l y  i so la ted  ,from the ,aoprce, @fly; ; ,El.ectrons 
. . 

thermionical l y  emitted from the tantalum cathode experience increased path 

lengtili due t o  the magnetic - .  f i e l d ,  .. . - .  eroducpd . py, .the anode assembly. : J h i  s 

increased path length Increases the probabil  i t y  o f  the e lec t ron s t r i k i n g  

an atom t o  produce an ion. The i on  source i s  capable o f  generating ions 

w i t h  energies from 50 t o  1500 eV. Depending on the mode o f  operation, the 
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Bigure 3..1.Sche1uatic diagram of IT0 sputtering system. 
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Figure 3.2. An Ion  Tech. Engine used f o r  Ion-Beam Sputtering. 
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beam d e n ~ i  ty can"atta.i,n values i.n excess Of 2.5 mA/=m2; with. a divergence "' 

ha1 f angle o f  l e s s  than  7'; 

The operat ion o f  an i on  source can lead t o  the generat ion o f  'a' space 

charge region i n  the path o f  the beam. The creat ion o f  such a region can 

inf luence the density, p r o f i l e  and divergence o f  the i on  beam, The f i e l d  

due t o  the space charge region can become s u f f i c i e n t l y  intense as t o  cause 

the ions t o  be repel  l e d  back toward t h e  source. This could r e s u l t  i n  term- 

i na t i on  o f  the ton beam, 'To prevent t h i s  process, a neu t ra l i z ing  wire i s  

placed across the accelerator  g r i d  structure,  When a current  i s  passed 

through the neut ra l  i z e r  , electrons are re1 eased by thermonie emi sulon. The 

cur rent  can. be con t ro l led  t o  e f fec t  a net  volume neu t ra l i za t ion  o f  the beam, 

even though r l ectron- ion r e c a ~ ~ b  l nat lot i  may not  take place. 

A major disadvantage o f  the use o f  neu t ra l i ze r  w i re  i s  t h a t  mater ia l  

from the  wi re  i s  m i l l e d  o f f  by the ion beam. This mater ia l  contaminates 

both sput ter ing . . ta rge t  and substrates. Tantalum from the neu t ra l i ze r  wire 

has been detected i n  t he ' so la r  c e l l  s using Auger/ESCA p r o f i l  i n g  techniques. 
. . 

For t h i s  reason.~a b r f  dgc netural  izer has been constructed. This 

systcm o f  neu l ra l l za t~ l un  i n j e c t s  a beam o f  electrons i n t o  the ion  beam by 

~radrls o f  -argon propel lant  and e l ec t ros ta t i c  accelerat ion. I n  t h i s  manner 

reduced contamination 'and more complete neutral  i z a t i o n  are achieved. 

Bet ter  neut ra l  i r a t i o n  resul  ti i n  lower beam divergence and i u r t h e r  reduced 

contamination by reducing sp,uttering. o f  tho f i x t u r i ng .  " 

. . 
The substrat.e%eater was'comprised o f  a c o m e r c i a l l y  a v i i l a b l e  heating 

element bonded t o  a s ta in less steel  p l a te  which was m i l l e d  t o  accomodate . .  a 

the s i l i c o n  subst r i te :  'The heater maintain; less than a 2 ' ~  gradient  across 

the s i l i c o n  wafer a t  400'~. The s ta in less steel  p l a te  i s  protected from 

the m i  11 l n g  process by a carbon mask,. . Carbon was chosen because o f  . i t s  11 ow 

m i l l i n g  r a t e  and i t s  low coe f f i c ien t  o f  thermal expansion. The mask ' 

i s  used t o  define the . ' ce l l  areas on the substrate. 



The sputtering target  was co&posed of 90% indium oxide and 10% t i n  

oxide, this i i  the optimum ra t io  of the oxides for  c6~dlctivity/transparency 

tradeoff i. [ 13 . 
  he IT0 target u t i l  ized i n  the system was pressed comnerical l y  by 

. Metals Mart, Great Neck, New York, The target material was hot 

pressed and sintered, yielding a' s t ructural ly  sound e lec t r ica l ly  conducting, 

dense d i s c .  I t  may be worth noting that the target i s '  n6minally'99% pure, 

Bnd tha t  eff icent  i e l l s  do not require stringent purity i n  the target.  

The target material was a nominal thickness of .3/8 inch and a diameter of 

8 inches. T h i s  IT0 disc was indium soldered to  a chrome plated water cooled 

'copper backing p1 ate.  . . 

The. mechanical stabi 1 i t y  offered by thi  s target  a1 1 owed fo r  complete 

,, cdntrol of the target  angle. T h i s  permitted placement bf the substrate 

heater in the central lobe of the sputter beam. To t h i s  date the sintered 
. . .  

target  has survived 775 runs w i t h  no vls ible  degradation. 

3.2. FABRICATION SEQUENCE OF I T O / S ~  SIS CELLS . . . . 
. . .  

' The .fabrication of ITO/silicon sdlar ce l l s  1s . :bas?c.iil:ly . .  . . . . .  a f ive  step 
, . . . 

process. F i r s t ,  a substrate is  selected and placed.bn . . the.'heater surface, 
. . . . . . . . . 

and a carbon mask i s  selected, depending on . . t h e  i .Mb& '6d:'iife of the 
. .  , ;. ,. . . . . .  n . .  . 

cel l  s desi red, and i s pl aced over the .wafer,  he syit& is:.kvacuated and 
. .'.I . . . , . 

' . '  . . 
the substrate heater i s  activated. ~ u r i n ~ t h e  t ine  v&,cji.ir=d'for the sub- 

: ' . .  . . . 
' .  . . . , . , . . . 

s t r a t e  heater to  reach the desired temperature, . . argon',;.ti$dr.ogen _ . .  . and oxygen 

flow rates  are adjusted and allowed t o  s tabi l ize .  . 
. . 

The argon, hydrogen, and oxygen gases were adjusted to  a partial  pressure . . .  , .  . .  
. . 

of 4 x 1 om5, 2 x 1 o - ~ ,  and 2 x 1 o - ~  ~ 6 r r  respectively,  fo r  a ' to ta l  system 

pressure of 9 x 10-"orr. Secondly, the ion beam source was adjusted t o  a 
beam energy of 800 eV, current density of 2 m ~ / c m ~ ,  and a1 lowed to  mil 1 

the s i l icon 'substrate  for  approximately f ive minutes. Studies have shown tha t  

ion milled sil icon oxj:dizes much more rapidly than a chemically etched surface, 
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thus f a c i l i t a t i n g  the needed oxide growth. ~ h i r d ,  a f te r  the required m i l l i n g  
. . 

time, a shut ter  was. ro ta ted  between the i on  source and substrate "heater t o  

a1 low the i n t e r f a c i a l  ,oxide to'.folm. The .substrate heater .was ro ta ted i n t o  

deposi t ion pos i t ion  and, a f t e r  the oxide growth. time, t he  shutter  was 

removed and the i o n  beam a1 lowed t o  impinge on the sputter ing target,  
. . 

thus sputter ing,  IT0 onto the thermally grown oxide. . 1t has been shown 
. .  . 

t h a t  t h e  IT0 layer  forms an a n t i r e f l e c t i o n  coating on s i l i c o n  w i th  a 

thickness o f  750 8 [ 2 ] .  A t  t h i s  thickness, ITO farms a 1/4 wavelength 

coat ing f o r  the peak i n  the v i s i b l e  spectrum o f  6000 8 wavelength. 

When t.k IT0 fllm has reaehed the desired thickness o f  750 1, the 

sput ter ing process i s  stopped and"the ITO/si 1 i con so lar  c e l l  s removed from 

the system. 

To complete the fabr i ca t ion  process, a f r o n t  g r i d  contact i s  evaporated 

through a shadow mask. 'Considerable e f f o r t  was expended i n  obtaining r e l i a b l e  

f r o n t  contact g r ids  t o  ITO/Si SIS so lar  cells .  Experimental resu l t s  show 

t h a t  s i l v e r  forms an exce l lent  ohmic contact t o  the ITO, but exh ib i t  poor 

adhesion t o  the ITO. ' Due t o  h igh current  assoc-iated with large area devices 

2 
( %  31 5 mA for  11.46'cm devices), the f r o n t  contact must exh ib i t  Iow series 

2 resistance. Measurement o f  a t yp ica l  11.46 cm device shos as much as 187 mV 

drop across the main bus bar f o r  a 3.5 pm s i l v e r  gr id ,  a t  the maximu~t~ power 

point,, which y i e l ds  poor f i l l  fac to r  (FF < 0.60). Attempts t o  solve th is .  

problem by increasing the g r i d  thickness d i d  not  prove sat is factory  due t o  

adhesion problems possibly caused by d i f f e ren t i a l  thermal expansion problems. 

One possible soluf ion was t o  develop mu l t i l ayer  meta l l iza t ion consist ing . 

of a "bonding" laYer,..a low ' r e s i s t i v i t y  l aye rand  protect ing t h j r d  . . layer, 

su i tab le  f o r  solder coating. . ~ h @  fo l lowing m ~ t a l l i z a t i o n  . ... . system have been 
I .  

attempted w i t h  ranging resu l t s  a s  shown i n  ~ a b i e  '3.1. ,. 

. . . . 
. . . . 

. , 
, . 

. . . a . . 
, . 
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.I .OU X : , N i 4 0 0  C r 11o11cS ' . Exdel-. Exce l .  .- ' fi"* .: 

. . .. . n I L I . I I I ~ \ I ~  - Al~~lni.lium SIIOWS C : < C C ~  l.cnt o d l ~ c s i o n  t o  T'TO, b u t  due t o  t h i c k n e s s  
. . I . I  .'\l r l l n i l i ~ l n l .  , g r  i t l s  ~.;l~owc.tl sLrc:sx i n  f i l l n  a s  i n d i c a t e d  hy d i s t o r t j o ~ l .  a t  

'slt.,,low 1n;lsk. I'rbcess s l io~~. l t l  prove c!xt.c'llcnt j.f ilsed w i t h  a p h o t o l i t h o g r a p h y  
pr~t.c:ss a s  oposscd , t o  e v a p o r a t i o n  t l i ru  n shadow mask. . .  < 

b A t l l ~ t  :;ion was liot gootl n F t c r  ; ~ t t c m p t s  t o  s o l d e r  d i p  t h e  c o n t a c t . .  T h i s  was 
pro! , .~l>ly  due t o  . igsuiEic: ient  Ti t l ~ i c k l ~ c s s .  

c l i ~  W;.IS e x c c l I . e n t ,  ' l ~ ~ t .  ~ lo t . i cc t l  some problems w i t h  s o l d e r n h i  l . i ty  
I I. I l n e s  (i.~. i1rcoml)lctc c;o.ldoring o f  1 i n e s . )  

. . 

d i o f  a l l  l .aycr seemed t o  be e x c e l l e n t ,  but s o l d e r a b i l i ~ y  o f  f i n e  
1 i . 1 . c . : ;  w a s  n o t  uniform.  

F S l ~ ~ ; . . s . * t l  problems, ; IL C:r - Af: i nl:cor i;icca, s i l v e r  sometimes pcc.l(.cl 1.1 l f . 
. . 

. I: !.;II.>:.:: ix:rc.c!l l.i?ul: p r o p e r t i e s , ,  rxccl. l .ent n d l ~ e r c n c e ,  e x c e l l e n t  so l .d t~~ : ;~ l )  i 1. i ty.  



As seen f rom Table 3.1 , there are three systems t ha t  show good ,. 

po ten t ia l  f o r  ohmlc c o n t a c k  t o  ITO. The f i r s t  i s  fitanium-d,luminum. 

This process demonstrates exce l lent  adhesion and low r e s i r t i v i t y . g r i d s ,  
. . ( .  . .  . . 

"!. 

as evidence by FF greater than 0.75 w i t h  t h i s  system.   ow eve, due. t o  . . 

the  thickness o f  the At,. i t  does not  seem compatible w i th  evaporation 

through t h i s  shadow mask. ' 

The second system ti tanium-st1 ver-nickel  , a1 so proved t o  have 

excel 1 en t  adhesion propcrt fes and so I ger-ab'11 l ty . nowever,' ttii s &stem 

i s  less des i rab le  . . due t o  the need f o r  three.evaporations' r esu l t i ng  i n  

a longer f ab r i ca t i on  time and also d y e t o  the '  h igh -cdst o f  s i l ve r .  : The . ' . ^ L  . . , . - .  . . 
.. 

t h i r d  system, chromium-ldickel seems the most des i rab le  , . .  o f  a l l  sys%s 
. . . . 

. . 
. , ., 

invesGgated t o  t h i s  date. Both material s are r e l a t i v e l y  inexpensjve . . 
. . . . :. . 

and requ i re  the l e a s t  amount o f  t ime w i t h i n t h e  vacuum systeh. ; . ' '  ; 

As an a1 t e rna t i ve  t o  indium t i n  oxide ' ( ITO) , we have invest igated ' 

Moog as the top contact for S I S  Solar c e l l s . .  The  s t a r t i n g  substrate was ' 
. . 

p-type s ing le  c r ys ta l  s i l i c o n  w i t h  r e s i s t i v i t i e s  of 0.1, 1 .Q, and 10 ncm. 
. . . . 

The s i l  i con  mater ia l  was p rocess~d .  by standard i ndus t r i a l  techniques ., . 
. . 

The wafers were oxidized' and metal 1 lzed by the Hewlett-Packard, 1 . n ~ ; ' :  o f  .. :.'.:<, . . . . 
. . . . . . 

Loveland, Colorado. Approximately 1 .+un o f  .an a1 umlnum-copper-silicon.. . ., , . . 
. . 

eu tec t i c  was deposi ted  onto t h e  back ' s i de  f o r  ohmic contact. 1; order . 
. . 

. . . . .  . .  . . . . . . , , . . . . 

t o  f ac i l  i t a t e  the i s o l a t i o n  o f  many smal I 'diodes on a s ing le  . . wafer; there' 
. . . . , . .  

. . .  . . 

was 1000 8 of thermal l y  grown s i l  icon d iox ide . . ' the f r o n t  side. The . ; .. . ' . . .  * 
' . .. . . . . 

oxide l aye r  was used merely t o  del inkate  t h e  many d l o d e i  on a wafer 'and ' : 
. . 

. .. _. ' 

i s  not  an essent ia l  fab r i ca t ion .  feature,. . 
. ... 

. . . .  : 
. . .  . . . . .  :.. . ' . .  . .  . .  

, . . . .  . , .  ,. .:. . ' ... . 
- . .,.::. ' . . .  '?< :. 

The sputter in^ t a rbe t .  used wa~ . :~ repa red  b y  apply ing h ' paste : o f  M003:';'. 
. . . . , . .  . , 

. . ,  . 

t o  the f r o n t  s ide o f  a water coo led~s$r ih less  s.tee 1 backing plate., . : * -  .. ., 

. . ,.' . 

subseguent backout o f  90' C ' f o r  30 hours was "sed t q p ~ e p a r e  the target, ' 



f o r  vacuum cond i t ions .  An argon i o n  beam source was used t o .  spu t te r  the  

 MOO^ f i l m .  This  technique i s  s i m i l a r  t o  t h a t  we have used i n  the  f a b r i c a -  

t i o n  o f  e f f i c i e n t  ITOIs ing le  and p o l y c r y s t a l l i n e  s i l i c o n  s o l a r  c e l l s .  

The i o n  beam was used t o  spu t te r  c lean both  the  Moo3 t a r g e t  and the  

exposed s i l  i con  sur face through a  carbon mask p r i o r  t o  deposi t ion.  

Carbon was used t o  mask the  wafer because ' o f  i t s  low c o e f f i c i e n t  o f  thermal 

expansion and i t s  low spu t te r  r a t e .  The Moo3 was r e a c t i v e l y  s p u t t t e r e d '  

onto the c lean s i l i c o n  surface i n  oxygen p a r t i a l  pressures o f  5 x  To r r  

and 2  x  Torr .  The oxygen int roduced i n t o  the  system helps form the  

ox ide i n t e r f a c i a l  l a y e r  as we1 1  as e f f e c t i n g  the  r e a c t i v e  spu t te r i ng  process. 

The pr imary argon i o n  energy was 1000 eV.and the  Moo3 has an impingement 

energy o f  Q 30 eV. The wafers were maintained a t  a  temperature o f  3 7 6 ' ~  

dur ing  deposi t ion.  The depos i t ion  requ i red  26 minutes t o  ob ta in  t h e  'des i red  

th ickness o f  % 3000 1. These cond i t ions  ' i nd i ca te  a .  spu t te r  depos i t i on  r a t e  

o f  about 120 Rlminute. Contact was made t o  the  Moo3 sur face by u s e  o f  a  

mercury t ipped go ld  probe. The c e l l  diameters were 1/8 inch. 

A g lass s l i d e  moni tor  was inc luded i n  each.run and t h i s  s l i d e  was used 

t o  ob ta in  f i l m  t r a n s m i t t i v i t y  and f i l m  r e s i s t i v i t y  in fo rmat ion .  These data 

are  given be1 ow : 

Oxygen P a r t i a l  Pressure 2 x ~ o r r  5 x  1 0 - ~ ~ o r r  

F i lm  ~h. ickness  3400 8 31 50 8 
F i lm  Transmi t t i v i , t y  76 percent . 64. percent  

Film' ~ e s i . s t i v i t ~  160 ncm 63 slcm 

Index o f  Ref rac t ion  2.06 2.68 

Deposi t ion  ate 110 W/min. 120 R/min. 
i .  . 

The i n teg ra ted  wh i te  l i g h t  f i l m  t ransmiss ion was measured w i t h  a  NASA . 

~ a l i b r a t e d  s o l a r  c e l l  a t  AM1 i l l u m i n a t i o n .  The index o f  refraction and 
i 

, . f i l m  th ickness were measured w i t h  an e l  1  igsorneter. The above r k s u l  t s  shows 
. . I 

a dependence on oxygen p a r t i a l  pressure o f  t he  measured f i l m  p rope r t i es .  



The devices fab r i ca ted  w i th  p a r t i a l  pressure' o f  2 x l oo5  Torr o f  oxygen, 

resu l ted i n  1 inear  r es i s t o r s  'corresponding t o  a resistance o f  = 160~62. 

The devices fabr icated w i t h  p a r t t a l  pressure of b x l o w 6  Torr o f  oxygen, 
. . .  I , 

exhi  b i t ed  photodiode behavior. 
. . L . # '  . " '  . . . . . 
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4. PERFORMANCE OF lTO/Si S I S  SOLAR CELLS: 

1 n ' t h i s  sec t ion  the  performance o f  ITO/SI SIS (s ing le  and po ly )  

so la r  661 1 s evaluated by current-"01 tage ( I -V)  , capaci tance-vol tage : 

(C-V) and conductance-voltage (G-V) c h a r a c t e r i s t i c s  are described. 

I n  addi t i o n ,  the  photovol t a l c  c h a r a c t e r i s t i c s  o f  Mo02/singl e c r y s t a l  

S i  so la r  c e l l  s a re  a1 so discu.ssed: 

4.1. E f f e c t  o f  i n t e r f a c i a l  l a y e r  on device performance: 

The thickness, composition- and' e l e c t r o n i c  proper t ies  o f  the  i n t e r -  

f a c i a l  l a y e r  .are c r i t i c a l  determinants o f  t he  device conversion e f f i c i e n c y .  

The existance o f  the  i n t e r f a c i a l  l a y e r  (Slop) was detected by Auger 

ana lys is  [I]. The proper t ies  o f  t he  i n t e r f a c i a l  layers  depend c r i t i c a l  l y  

on the  system temperature and oxygen p a r t i a l  pressure dur ing the  growth 

o f  t h e  layer .  

Cel l  performance i s  h i g h l y  dependent on depos i t ion  parameters used 

I n  a f a b r i c a t i q n  sequence. Through systematic deposi t ions we have ob- 

served funct ional  dependence o f  var ious c e l l  c h a r a c t e r i s t i c s  on sub- 

s t r a t e  temperature, O2 p a r t i a l  pressure, i n  t h e  ambient, and i n t e r -  

f a c i a l  ox ide growth times. l hes,e c e l l  c h a r a c t e r i s t i c s  inc lude open 

c i r c u i t  voltage, shor t  c i r c u i t  cur rent ,  f i  I 1  f a c t o r  and e f f i c i e n c y .  We 

have observed t h a t  the  f i l l  f a c t o r  i s  t he  parameter most a f fec ted  by small 

changes i n  ox ide thickness, induced by v a r i a t i o n  i n  oxygen p a r t i a l  

pressure, substrate temperature, temperature gradients across the  wafer, 

and f i l m  un i fo rm i t y .  . The data obt ianed from previous experiments 

have ind i ca ted  t h a t  an optimum substrate temperature range e x i s t s  fo r  

our  system, v i r t u a l l y  independent o f  o ther  parameters. This temperature 

i s  i n  the  range 373 + loOc. The opt imized value f o r  oxygen pressure i s '  

1 - 3 X 



One po ten t ia l  problem w i t h  i n - s i t u  oxide growth employed i n  the 

present study i s  t h a t  o f  "pinhole" formation. Dry oxides seem t o  have 

a higher p inhole dens i ty  than oxides grown i n  moist ambients (Huibrigtse, , 

p r i va te  communication). These pinholes' have not  appeared on the f l y i n g  
. . . ! 

spot scanner resu l t s ,  but  they. may have a net  in tegrated ef fe 'ct  upon the 

overa l l  c e l l  performance. I n  the case o f  Si02, which i s  not  a llnucleationll 

type o f  f i l m ,  pinholes may represent oxide sections less  than 10 8 th ick .  

4.2. Current Conduction Mechanism i n  1 ~ 0 / s i n g l e  c rys ta ls  S i  Solar Cel ls: 

.The effect o f  temperature on' the  'dark I - V  character i  $ t i c ;  i s  ,a sensi= 

t l v e  probe whereby the cur rent  conduction mcchani.sm o f  s s d a k  c e l l  !]lay 

be understood. ~ i g  . 4.1:. shows the ca l  cul'ated dark I - V  character i  s t i c s  

as a funct ion o f  temperature f o r  a n  ITO-S102-(p-Si ) S i  diode [3 ] .  The 

temperature was v a r l  ed from 200° K - 4 0 0 ~ ~ .  The deplet ion 1 ayer 1 i fetime 

was taken t o  be one order o f  magnitude less  than the, b u l k  semiconductor 

l i f e t i m e .  The ca lcu la ted curve shows two d i s t i n c t  regions o f  slope 1 

and 2 i n  the voltage range o f  i n t e res t  f o r  so lar  ce l l s .  A t  lower temp- 

eratures , the recombination-generation current  i n  the deplet ion region 

don~irlates, whi le a t  the.h lgher  temperatures the  d i f f us i on  cur rent  dominates. 

The experimental l y  observe dark I - V  character is t ics  as a funct ion 

o f  temperature f o r  a t yp i ca l  ITO-p-Si diode (12-6) are shown i n  Fig. 4.2. 

A carefu l  inspect ion gf t h i s  data shows t h a t , t h ~  dark 1-V consists s f  

two regions, one w i t h  slope n, = 1.3 and the other w i th  slope n2 = 2.0. 

The following parameters were heasured f o r  t h i s  device under AM1 (.I00 mwlcn?) 
. . 

i l j um ina t ion :  I 



F i g u r e .  4.1.:. 

C a l c u l a t e d  e f f e c t  o f  t e m p e r a t u r e  upon t h e  f o r w a r d  d a r k ' ,  

I-V c h a r a c t e r i s t i c s  o f  ITO-SiOx- (p- type)  S i  t u n n e l ,  d i o d e .  

The. s u b s t r a t e  r e s i s t i v i t y  is 0 . 2  Q-cm and  ' t h e  i n s u l a t o r  . 

O .  . 
t h i c k n e s s  is 15  _A. 



VOLTAGE , (Vol ts )  

. . 

- I 

Figure 4.2. 

lo 

~xperinlental ly measured forward dark forward I - V  charac- 

Diode 12- G 

t e r i s t i c s  of ITO-(p-Si) s o l a r  Cells No. 1 2 - G  as  a func- 

t ion  of temperature. , 

, . 



I he s e r i e s  r e s i s t a n c e  o f  t h i s  d e v i c e  w a s  m e a s u r e d  by f o l l o w i n g  

t h e  m e t h o d  o f  r e f e r e n c e  1 7 .  

w t i e r e . . ~ '  i s  t h e  v o l t a g e  f r o m  t h e  d a r k  1-V a t  t h e  p o i n t  w h e r e  I = IS, 
I .  

, .. 
. . .  ... 

Figure 4 . 2  were curve f i t t e d  by using the  fol lowiqg equations: 

w h e r e  

and 



The reverse saturat ion cur rent  given by equation 4.2, i s  the 

d i f f us i on  cur ren t  and equation 4.3. represents the recombination- 

generation cur rent  i n  the deplet ion layer .  The values o f  nl = 1.3, 

7 n2 = 2, Rs = 5 n and Rsh = 5 x 10 n were used t o  f i t  the experimental 

curve. It i s  observed t h a t  a f a i r l y  reasonable f i t  i s  obtained, as 

shown i n  Fig. 4.5. 

We have calculated Fig. 4 1. by tak ing )osi = 3.3 eV, 

based on the best informat ion ava i lab le  from the l i t e r a t u r e .  If, we 

a generate another set  of curves w i t h  a higher value o f  qosi majorit.y 

ca r r i e r s  w i l l  provide addi t iona l  current,  and s h i f t  the charac te r i s t i cs  

, c loser tn  the  experimental ones. Such an exercise, alurlg w i t h  o ther .  

parameter va r ia t ions  would feellitate an exact fit b u t  would not'  impact 
. . 

the case f n r  t.he SIS mndel. 

4.3. Optimum Thickness o f  Indium Tin Oxide 

We have studied the short c i r c u i t  cur rent  density o f  ITO/Si so lar  

c e l l s  as a func t ion  o f  IT0 thickness. The d e t a i l s  o f  t h i s  work are 

reported i n  reference 10. Based on both the simple ca lcu la t ion  o f  the 

op t i ca l  r e f l e c t i o n  and a1 so on comparison w i t h  the small area experimental 

devices' i t  was c ~ n c l  uded t ha t  tU Oprlmu. t h l  cknrss o f  ITIJ 1 s ahnut 750 fi - 
However, r e f  1 e c t i v i  t y / r e s i  s t i v i  t y  and g r i d  coverage tradeoffs f o r  !arge 

< \ . . 

. area devices ind ica te  t h a t  best r esu l t s  may be obtained w i t h  IT0 thickness 

o f  about 2250 8. .. 

4.4. Angle o f  Incidence Ef fects  i n  ITO/Single c rys ta l  S i  Solar Cel ls:  

We have performed experiments t o  determine i f  the angle o f  incidence 

between the sput ter ing tarmyel dtlll l l ~ e  ~~~~~~~die lids drr e f f w l  urr lire 

conversion e f f i c i e n c y  and, i f  so, what IT0 f i l m  parameters are p r ima r i l y  

responsible f o r  t h i s  effect. A ser ies of f i lms were sputtered a t  d i f -  

ferent  target-substrate angles. The thickness o f  the f i l m s  were ap- 

prox i~nate ly  750 t, and the co lo r  o f  the .fi lms appeared deep blue. The 

angle between the sputtered mater ia l  and the substrate was var ied from 



-51 - 

50' t o  120'. ' ~ h r e e  rep1icate:experiments were ~ e r f o r m e d  wh i l e  vary ing 

the  angle o f " the  t a r g e t  w i t h  respec t  t o  the  substrate.  A l l  f a b r i c a t i o n  

parameters were he ld  constant  as descr ibed above. A f t e r  spu t te r  depos i t ion  

o f  t he  ITO, 10,000 8 o f  s i l v e r  was r e s i s t i v e l y  evaporated through a 

shadow mask tb form a f r o n t  contact.. The c e l l s  had an a c t i v e  area of 

2 
a.pproxirnately 2 cm , a f t e r  subt rac t ing  f o r  coverage o f  the  gr ids .  The 

so la r  c e l l  s parameters were measured under AM1 i 11 uminat ion.  

~t was n o t e d  t h a t ,  as  t h e  a n g l e  o f  i n c i d e n c e  was i n c r e a s e d  

f r o m  n o r m a l  ,: t h e  ap.pearance o f  t h e  c e . 1 1 ~  became n o n - u n i f o r m  i n  c o l o r ,  

t h u s  s u g g e s t i n g  v a r i a t i o n  i n  t h e  t h i c k n e s s  o f  t h e  I T 0  f i l m .  T h i s  

was c o n f i r m e d  b y  e l l i p s o m e t r y  measuremen ts .  I t  i s . b e l i e v e d  t h a t  . 

t h i s  v a r i a t i o n  i s  due t o  r o t a t i n g  t h e  s u b s t r a t e  o u t  o f  t h e  c e n t r a l  

s p u t t e r  l o b e  o f  t h e  t a r g e t .  However ,  t h e  t h i c k n e s s  v a r i a t i o n  o f  

t h e  I T 0  f i l m ,  when r e f l e c t e d  b a c k  t h r o u g h  J S c  l o s s e s  c a n n o t  e x p ' l a i n  

the  obsewed va.ri.ati.on i:n open c i r c u i t  vo l tage.o f  12.percent .  It was thought 

t h a t  if the  substrate was r o t a t e d  o u t  o f  t he  cen t ra l  spu t te r  lobe, poss ib le  

v a r i a t i o n s  i n  sto ichiometry could be present i n  the  IT0  f i l m .  Sincey vary ing 

indium ox i 'd i  t o  ti;n oxide r a t i o s  vary open c i r c u i t  vo l tage [ 6 ] ,  Auger and 

ESCA ana lys is  were u t i l  fzed t o  determine i f  any composit ional change can be seen 

i n  the  bu lk  of. the IT0 f i lms,  As shown i n  Fig. 4.3. w i t h i n  t h e  r e s o l u t i o n  

of Auger and ESCA ana lys is  there  was no detec tab le  composft ianal changes 

i n  the  f i lms.  

The angle of incidence o f  the  sput tered p a r t i a l  beam of t he  subst ra te  

may cause v a r i a t i o n s  i n  the  c r y s t a l l i t e  s i ze  w i t h i n  t h e  IT0 f i l m .  By 

depos i t ing  IT0  on glass substrates w i t h  d i f f e r e n t  angle o f  incidence, and 

main ta in ing  a l l  o the r  depos i t ion  parameters constant, we have observed 

c o n d u c t i v i t y  changes i n  IT0 by an order  of magnitude. The h ighest  conduct- 

i v i t i e s  a l so  crrespond t o  the  highest  open c i r c u i t  voltages, I n  t h i s  

regard, c o n d u c t i v i t i e s  u s u a l l y .  a re  associated w i t h  a more degenerate f i l m ,  



Figure 4.3.  ~ u ~ e r  Depth p r o f i l e  for two IT0 f i lms deposited a t  the Angle 
. of ~nc idence  a t  55' and. 1 1 0 ~ '  



a reduced work function and hence a higher barrier 'height. This may 

be the origin of observed increased open circuit voltages. 

Reverse I-V Characteristics of ITO/Single Crystal Si SIS Solar Cells: 

We have used reverse I-V characteristics under. illumination to examine 

whether 1 eakage current orginating from edge effects i s , present in our' 
. . 

present devices. . The following' parameters were measured for the device 

2 0 R-339 at one sun (AM1, 100 mW/cm ) : -temperature -25 . C, Voc = 508 mW, 

2 
Jsc = 28.39 m ~ / c m ~ ,  FF = 0.74, active area.= 3.28 cm .andefficiency = 10.67%. 

The reverse I-V characteristics under illumination are shown in Fig. 4.4. 

The reverse bias was varied from 0 to voltas and the intensity was varied 

2 2 from 18 mW/cm to 144 mW/cm . As can be seen from Fig. 4.4., the photo- 

current remains practically constant as the reverse bfas is increased. 

At the 1 ower intentsi ties the photocurrent increases very slowly with 

reverse bias, which indicates that recombination current is contributing 
. , 

slightly to the photocurrent. In recent devices such as these the edge 

leakage problem observed earl ier has been slgnlf lcantly reduced. 

In order to determine the area dependence of.the reverse I-V charact- 

eristics we tested a small area device R-507B with the following parameters: 

temperature - 2 5 O ~ ,  V = 493 mV, J = 27.35 m ~ / c m ~ ,  FF = U.645, Area = 
OC SC 

0.079 cm2, and Efficiency = .70%. The reverse I-V characteristics under 

i l  l umination are shown in Fig. 4. $ 1 .  The intensity was increased from 

2 2 7.1 mW/cm to 144 mW/cm and the reverse bias varied from 0 to 7 volt, 

In this case the photocurrent was not quite constant, but increased 

slightly with bias even at higher intensity, This increase in reverse 

current is due to leakage current and could be due to the.following two 
I . .  

contributions : (1 ) the surface generation of minority carriers, occuring 

in the region where the junction. intersects the surface of the silicon; 
. . 

and (2) the generation of minority carriers inside the depletion layer. 
. . " . . - ' I 
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Figure 4.4. Reverse I-V characteristics df ITO/Si SIS solar cell (R-339) under 
illumination with intensity as the variable parameter. 
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Since f o r  l a r g e  area devices almost no leakage cu r ren t  i s  observed, 

t h e  surface and edge generat ion of m i n o r i t y  c a r r i e r s  i s  1 i k e l y  t o  be 

responsib le f o r  t h e  leakage cu r ren t  i n  small area diodes. Moreover, 

t h e  diode reverse cu r ren t  i s  l i k e l y  t o  be reduced i f  the  sur face i s  

moved deeper i n t o  i nve rs ion  by a combination o f  lower work func t i on  o f  

t he  oxide and'or reduced i n t e r f a c e  state.densi ty :  
. , 

.6. F f f e c t  o f  Subs,tra t e  Surface Preparat ion and Hydrogen, Passi va t i on  
g.n the  Performance o f  ITO/Wacker P o l y s i l  i con SIS ..-.,.-.. Sojar k Cel l  s : 

P r i o r  t o  f a b r i c a t i o n ,  some o f '  t he  p o l y c r y s t a l l  i n e  substrates were 
. . .  

etched I n  a rn l i fu re  o f  hydro f luor lc  and n i t r i c  acids f o r  approximately 
/ 

2 minutes t o  remove surface contaminat ion and saw damage The etched 

wafers appeared smooth but  some evidence o f  saw damage was s t i l l  v i s i b l e .  

The l i g h t  and dark I - V  c h a r a c t e r i s t i c s  o f  th ree ITO/po lys i l i con S I S  
.. I _  

so la r  c e l l s  a re  shown i n  Fig. 4.6. and 4 .7 .  Sample 661 i; a diode 

t h a t  was fabr ica ted w i t h  W a c k ~ r  p ~ l y s i l i c ~ n  as i t  war o b t a i n c d f r o m  the 

supp l ie r .    he sur face o f  sample 664 was prepared by chemical e t c h i n g  

as described e a r l  i e r  t o  reduce the '  surface damages. . During the  f a b r i c a t i o n  

o f  diode 660B; hydrogen was incorporated dur ing  m i  11 inp  and. nx ida t  i o n  t o  

pss iva te  the. sur face defects, As can be 'seen from Fte. 4.11 and 4.12 
.I . 

t h e  diode c h a r ~ c t e r i . s t i c s  were improved: by chemical treatnient o f  t he  

surface. Since no g r i d s  were. app l ied  t o ' t h e s e  diodes, the  f i l l  f a c t o r  

i s  low. The hydrogen pa.ssiyaf I o n  f u r t h e r  reduces the  s t a t i c  and dynamic 
,..' . .. , 

. . 
r o l e  o f  sur face states.  Since the  open , 



VOLTAGE (volts)  

Figure 4.6. .: Current-Vol tage- I'll uminated (AM1 ) characteristics of 
1TO)Wacker polysil icon SIS sol.ar cell s for various surface 
treatments. 
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F igure '4.7. : i n  Figure 



c i r c u i t  voltage, Voc o f  hydrogenated c e l l s  i s  b e t t e r  than the  o ther  

two diodes, hydrogen a t  t he  i n t e r f a c e  must reduce t h e , e l e c t r o s t a t i c  

e f f e c t  o f  surface s ta tes  and thereby enhance the  open c i r c u i t  voltage. 

This i s  supported by t h e  b a r r i e r  he ight  measured by C-V method. These 

r e s u l t s  a re  shown i n  Table 4.1 ; the hydrogenated c e l l  has the  h ighest  

b a r r i e r  height .  The increase i n  shor t  c i r c u i t  dens i t y  Jsc w i t h  surface 

e tch ing and hydrogen incorpora t ion  i nd i ca tes  t h a t  t he  de le ter ious  

e f f e c t  of surface s ta tes  i s  minimized. This i s  f u r t h e r  compared by 

spect ra l  response measurements which ar,e shown i n  Fig. 4,8. . For 

the  diodes w i t h  untreated surfaces t h e  spectra l  response i s  reduced a t  

a1 1 wavelengths. A low b a r r i e r  height  enhances the  e f f e c t  o f  a h igh  

dens i ty  o f  surface s ta tes  and hence decreases the  spect ra l  response [7]. 

The reduced b a r r i e r  a l so  leads t o  a higher concentrat ion o f  m a j o r i t y  

c a r r i e r s  a t  the  insulator-semiconductor in ' terface which increases 

recombination a t  surface s ta tes  and a1 so caused degradation i n  the  

spectra l  response a t  a1 1 wavel engths L7]. With hydrogen treatment, 

t he  spectra l  response a t  lower wavel engths increases s l  i g h t l y ,  i n d i c a t i n g  

due t o  pass iva t ion  o f  g r a i n  boundaries near the  surface. 

4.7, C-V and 6-V Charac ter is t i cs  o f  ITO/polys i l  i con  S I S  Solar  Cel l  s: 

Three samples were selected i n  t h i s  work. Sample #661 i s  a diode 

t h a t  was fab r i ca ted  w i t h  Wacker p o l y s i l i c o n  as i t  was obtained from 

the  supp l ie r .  The back surface o f  sample R710 was prepared by chemical 

etching as described e a r l i e r  t o  ensure good ohmic contact,  bu t  t he  

f r o n t  surface was untreated. 



E f f e c t  o'f Various Surface Treatment on thc  C h a r a c t e r i s t i c s  of 
, ITOIWacker Po lys i l i con  SIS Solar  C e l l s  

~ c v . i c e  ~ur f : i cc  To ta l  1llum:i.nation Bar r i e r  V J FF . Eff ic iency  
No. ~ r e a  tmc'n t Ar2n . ' anrl lleigll t 0.c S C  . 

. . 2 .  '(cm ) Teniperature (mV) (mV) ml\/cm .Z . 

'R661 ' No Surface 0.079 100 mW/cm 798 ' , 335 . 18.1  0 . 2 7 3  1.75 
Treatment 28OC 

11i)GOB Clicvnical 0.079 ' ' .100'h~/cm 956 512 33.2 0.456 7.73 
Etcl~ccl and  28OC 
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During t h e  fab.ri:cation o f  diode R710 hydrogen , .  w.as i:ncokp- 

o ra ted  du r ing  t h e  m i l l i n g  and ox ida t ion  t o  passivate t h e  surface 

defects.  Both f r o n t  and back surfaces were chemical ly etched f o r  

sample R660B and hydrogen was incorporated dur ing  the  m i  11 i n g  

and ox ida t ion  as i n  diode R710. Table 4.2. shows the  photovo l ta ic  

ou tput  and b a r r i e r  he ight  data measured from lMHz C - V  character i - .  

i s t i c s .  The admittance measurements were c a r r i e d  ou t  by the  .auto- 

mated technqiue described i n  Seciton 5.2. 

The C - V  and G . - V  c h a r i l c t e r i  s t i c s  o f  t .llree sa111lsl e s  r l ieasured a t  

30 KHz and 3 KHz respec t i ve l y  are  shown i n  Fig. 4;9. and 4.10. I n  fa r  

fo r&& bias the  sample becomes h i g h l y  conduct ive and the  phase o f  t he  

-1 w c  admi:itance ( fi = t a n  - 1 tends t o  zero as G becomes much l a r g e r  

than uC. The minimum phase t h a t  can be measured by the network analyzer 

w c  system i s  O.U1 degree. This.corresponds t o  a minimum 6 r a t i o  o f  1 . 7 5  x 

On comparing admittance measurements o f  d i f f e r e n t  samples (Fig. 4.9. and 

4.10), t h e  lower e f f i c i e n c y  samples (R 661, R 710) and C-V c h a r a c t e r i s t i c s  

had lower t u r n  on vol tages than the  h igher sample ( R  ,660B) as seen i n  

b i g .  4.9. Therefore, f o r  the poorer devices t h e  phase becomes too small t o  

measure a t  lower voltages than f o r  R 6608, and the capacitance cannot be , 

measured, as seen i n  F ig.  4.10. As shown i n  Fig.  4.9. a t  zero b ias,  

t h e  30 KHz value of the  capacitance i s  v i r t u a l l y  independent f o r  

device R710 and R660B. Under reverse b ias,  t he  semiconductor cannot 

generate minor1 ty  ' c a r r i e r s  s u f f i c i e n t l y  r a p i d l y  t o  mainta in an inve rs ion  

l aye r .  Hence, the  dep le t ion  reg ion a t  t he  ox ide-po lys i l  i con  i n t e r f a c e  

expands t o  absorb the  reverse b ias  and the  capacitance decreases. 

The l a r g e  value o f  capacitance a t  zero b ias  fo r  devcice R661 ind i ca tes  

t h a t  t he  surface i s  e i t h e r  no t  i nve r ted  o r  even poss ib ly  depleted and 

the w id th  o f  t h e  dep le t i on  l aye r  i s  smaller than i n  device R661 and R710, 

St rong ly  depleted o r  weakly i nve r ted  surfaces remain up t o  small +forward 
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. (  R661)8 - NO SURFACE 
TREATMENT 

------ (R710) - BACK CHEMICAL 
ETCHED 

--- ( ~ 6 6 0 ~ ) -  FRONT 8 BAC:K - '1 ! 
CHEMICAL ETCHED, . . 

*.+ I 1,- 
FREQUENCY =30 kHz 

VOLTAGE ( volts) 
Figure 4.9. c-v characteristics.measured at 3 O K H z  for de-dices R661, R710 
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TREATMENT 

_ _ _ _ _ -  ( R f l O )  - BACK CHEMICAL 
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-2.00 -1.46 -0.92. -0.38 0.16 0.70 
VOLTAGE ( volts) 

Figure 4.10.: G-V characteristics measured at 3 KHz for devices 
R661, R 71 0 and R660B. 



bias ( %  0.2V) SO, that the depletion mode of.behavior conti'nues into this 

direction. At out 9.4V, the capacitance breaks off from this mode behavior 
. . 

and, reverts to the normal MIS behavior by about 0.6 V .  It is within i . 

the regionof bias; about 0.4 to 0.6 volt, that a large hump appears: 

in the C-V characteristics. The hump is due to the unclamping of the 

. inversion region as the diode becomes mare .positive. . In terms of the '. . :' 

interface characteristics, device R661 ,appears to be weakly depleted 

with smaller barrier height. The barrier height of device R660B should 

be greater than device R710. This is indeed the case, as can be seen. 

from Fig.  4.11 and Table 4.2. Fig. 4.11 shows the llght 1-V character- 
/ 

istics of three samples, and the high Voi device R660B further indicates 

high barrier height. As expected, the barrier height of device R660B is 

higher than either devices R661 or R710. 
I 

The G-V characteristics of the three samples are shown in Fig, 4.10 
. . .,- 

In reverse bias and small forward bia,s the minority carr,ier , concentra- ' ' - b  

. , 

tion does not change appreciably and the conductance v a r i e s  slowly w i t h  

the bias. At about; 0.2 volts, the current flow Increases rapl'dly wl'th 

appl'ied . . bias. In this, region the device conductance at a given bias i s  

high for device R661 and low for device R660B. This imp1 ies that 

the dark current in forward bias will be low for device R660B and high 

for device RR661. The .values of conductances for device R710 1 ie in 
i 

between that of R661 and R660B. This is supported by the measured , 

forward dark I-V characteristics shown in Fig. 4 - 1 2  for the three samples* 
. T t l ~  i - V  a ~ , d  b-V characteristics o f  d,ev.~ce Hbbub as' a function of " . 

frequency are shown in Fig, 4,13 :and 4.14. At high frequencies the capaci- 

tance can be measured up to 0.65 volts. . Howher, for low frequencies 

(1 00Hz) the ratio becomes too small and the capacitance cannot be 

measured past 0.2 volts forward bias. For conparison, in Figs. 4.15 and 4-16 

we have a1 so shown the theoretical C-Y and 6-V characteristics of ITO-SiOx- 



VOLTAGE (vol ts )  
Figure 4.11 : Comparison o f  Light- I-V Characteristics 

of IVl'O/Si solar cell s with no' surface 
treatment versus the chemically etched. , w 

and chemically etched and hydrogenated 
devices . . . I .  



VOLTAGE ( v o l t s )  

Figure 4.12: Dark I - V  c h a r a c t e r i s t i c s  o f  the three  devices shown i n  
the previous f i g u r e .  
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Figure 4.13,: 
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Figure 4 .14 :  Conductance-Voltage c h a r a c t e r i s t i c s  o f  device R660B w i t h  

frequency as a parameter. 
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BIPS TO ~ ~ r ~ ~ r r r , r \ ~ n ~ ~ c l ~ o ; i  
Figure 4.16: Theoretical 1 y computed conductance-vol tage characteristics 

of ITOISi solar 'cell s. Frequency. is shown as the parameter. - 



(p-type) s i n g l e  c r y s t a l  S i  so la r  c e l l  as a  func t i on  o f  s ignal  frequency [ 3 ] .  

The t h e o r e t i c a l  . ca l cu la t i ons  are based on the  equivalent  c i r c u i t  approach 

o u t l i n e d  by Green [,I. The absolute values cannot be compared due t o  the  

fo l lowing reasons : (a) t h e o r e t i c a l  resu l  t s  a re  f o r  sing1 e  c r y s t a l  s i  . 1  i con  . 

and t h e  experimental r e s u l t s  a re  f o r  p o l y s i l  icon, (6) t h e  device parameters 

i n  experimental devices and theo re t i ca l  ca l cu la t i ons  are d i f f e r e n t .  However, 
% . . 

the  func t i ona l  dependence i's roughly the  same. S l  i g h t  ,frequency d ispers ion  

i n  the  .reverse b ias  C-V c h a r a c t e r i s t i c s  could be due t o  p o l y c r y s t a l l  i n e  

nature o f  t h e s u b s t r a t e  and/or an i n t e r f a c e  t h a t  i s  no t  stron.gly inver ted.  

The himp i n  the  C-V c h a r a c t e r i s t i c s  a t  about 0.4 v o l t  i s  due t o  the  'clamping 

o f  t he  i nve rs ion  l a y e r  as explained before. As expected, G-V . . c h a r a c t e r i s t i c s  

o f  Fig. 4.14 shows frequent$ d ispers ion  i n  reverse and small forward b ias.  1 

Due t o  t h e  l a r g e  amounts of cu r ren t '  f l ow ing  i n  these u l t r a  t h i n  i n t e r f a c i a l  

l a y e r  (l 10 - 15 8. ) based devices, we could no t  measure t h e  C - V  and G-V 

c h a r a c t e r i s t i c s  above about 0.7 v o l t .  

4.8. . Results o f  ITO/Si l icon on Ceramic Solar  Ce l ls :  

Devices were a lso  fab r i ca ted  on h i g h l y  defected s i l i c o n  substrates 

such'as Honeywell d i p  coated p o l y s i l i c o n  on ceramic substrates. The un- 

a v a i l a b i l  i ty o f  substrates prevented any ~ p t l m l z a t i o n .   everth he less, good 
. . 

photovo l ta ic  behavior was observed. The device parameters measured a t  

~oneywel  1  Center a te  the f o l  lowing : 

A c t i v e  Area = 1 .17 cm' 

E f f i c i e n c y  = 8 .9% 



lt is worth mentioning here that the fill factor 0.75 observed in 

our ITO/S,i' SIS solar cells is the highest ever seen in any p-n junction 

device fabricated at Honeywell [ g ] .  Also, the sample used in this work 

is not one of the best available and we have not optimized the fabrication 

procedures. The device was made near the edge of the substrate, owing 

to our mask pattern, and not in the center of the substrate where Honey- 

well claims they obtain their best devices. The results are consistent 

wi'th the hypothesis that ion beam 'sputtering technology is promising , 

and may even have advantages for 1nw qwaiity . . qghly defected substrates. 
I 

4.9. Photovol taic Characteristics of MoO,/Single Crystal Si Solar Cells: 
L 

An I-V curve of a Mooj photodiode on 1.0 n cm sil icon is shown in 

Fig. 4 - 1 7  Photodiode parameters for this cell were VOc = 225 mV, JSc = 

14.b m ~ / c m ~ ,  and TI = 1.7 percent. This I-V curve is characteristic of 

each of the three sllScon resistivities used. In this diode, the photo 

response in forward bias is reduced because of the high value of series 

resistance. A probable explanation for the high value of series resistance 

could be the Moo3 film resistivity. In conparisen to IT0 films, where 

p = 2.5 x 1 o - ~  n cm, these Moog films are 5 orders of magnitude more 

resistive. Further study needs to be done to identify fabrication parameters 

that may lower the Moo3 film resistivity or reduce the impact of this effect. 

The photovol taic output of MoOj/Si SIS solar cells is poor. As described 

above, the high resistivity of Moog films may be responsiblefor this. 

Another reason could be the hi.gh work func'tion of Moog (4.58 ell). 

More experimental work needs to be dona on MoOg/si solar cells 

in the following two directions, before .final judgement about 
_ 

it suitability or uqsuitability can be passed: . ,  



77 = 1.7% 
Area = 0i0445 cm2 

Figure 4.17: Photovol taic characteristics of MoOg/Si solar cells. 

I I .... I - .  I 



t i  ) Control on t h e  r e s i s t i v i t y  o f '  Moo3 f i lms  

(11) Measurement. o f  work funct ion and i t s  v a r i a b i l i t y  

4.10. Best ITO/Si SIS Solar .Cel ls: 
. . 

The photovo l ta ic  o,utput of .best la rge area ITO/single and po lys i l i con  . , 

S I S  so l a r  c e l l s  are 1,isted i n  Table-,4;3. It is.noteworthy t ha t  the 

e f f i c i e n c i e s  obtained on Wacker po lys i  1 icon devices approach those of 

sing1 e crystal s i  1 icon. This supports the concl usions concerning the 

r e l a t f v e  e f f e c t s  o f  gra in  boundaries and i n t r ag ra in  defects. 



TABLE . 4 , 3  

Photovoltaic Output of Best ITO/Si SIS So,lar Cells Measured at AM1 
(100 rnw/cm2) 28OC 

Sub- Total Active Voc =sc . FF Total Active Area 
strate Are9 Area 

2 (mV) (mA) 
Area 'Efficiency 

(cm > (cm 1 Efficiency % % 

Single 11.46.' 9.67 526 328.9 0.79 11.9 
Crystal 
p-Si 
< 1 oo> 

P O ~ Y  
Silicon 11.46 9.67 522 322.1 0.79 11 ..5 

Wacker 
Poly 18.64 16.02 522 485.3 0.70 9.5 
S i.l.icon 

, . 
Monsanto 
P O ~ Y  11.46 9.67 496 267.0 0.77 10.5 
silicon 
P-type. 

' . I. . .  
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5. ITOISILICON INTERFACE 

- The ITO/Sil icon solar cell function is fabricated by sputtering the 

si 1 icon substrate, exposing the sputtered surface to a background oxygen 

pressure of 2 x low5 Torr B t  a temperature of 375' C for a short' period 
. 1;. . . .' .- . i. 

of time (20-60 sec. ) and then depositing IT0 over the surface. The 
. . . . .  !:, - ' I .  

interfacial region is a critical part of the ITO/silicon solar cell for both 
. .. . '  ' 2  ' 

its experimental and theoretical aspects. We 'investigated four aspects of 
;. . .  

the interface: 

1 . Impurities 
. . 

2. The presence of a SiOZ layer 
1 . '  - 2: . . . > 

3. Growth rate of Si02 at reduced pressure 

4. Long term stability of the interfacial region ' 

We used Auger sputter profiles to investigate the first three of these. 

The fourth was considered from a thermodynamic viewpoint.and was part of 

the degradation studies. The results of the investigations are summarized 

be1 ow. 

A. Interface Impurities 

The freshly sputtered si 1 icon surface. is highly reactive and subject 

to contamination as we1 1 as oxidation. Interfacial ' impurities can arise 

from a, number of sources within the be1 1 jar: residual gases, materials 

sputtered from the fixturing , impurities within the target, and outgassing 

from'system components, cells revealed little or no impurity contamination 

in most of the cells tested. Contamination such as carbon, wh5ch would 

indicate the presence of an organic, was not detected despite the presence 

,of carbon in the target. A set of cells had considerable Fe, Ni and A1 

contamination at the interface as shown in F ig . ! j c l ,  These elements 

resulted from sputtering of the fixturing on to the IT0 target. 



. 
' '  F i g ~ r e . ' ~ .  J -&er Depth Profile and Energy 5c;n of 2 Cell containing A1 and Fr  impurities 

. . 



The contaminants great ly effected the c e l l  output as shown i n  Fig5.2. 

Ta was also found d is t r ibuted throughout the IT0 layers, Fig5.3. It i s  

thought tha t  the Ta originates from the Ta neutra l izer  wire o f  the ion  . 

B. In te r fac ia l  Si02 

We have determined tha t  a t h i n  layer o f  'sio2 forms during the short 

time tha t  the sputtered s i l i c o n  substrate i s  exposed t o  2 x lo-' Torr O2 

pressure o f  the vacuum chamber. This was accomplished by Auger sputter 

p r o f i  1 i ng  t h i n  ITO/si 1 icon c e l l  s. The detection o f  oxygen and s i l i c o n  

a t  the ITO/Si interface i s  not s u f f i c i e n t  t o  establ ish the presence o f  

Si02 since the IT0 contains oxygen and the substrate i s  s i l icon.  We 

used the S i  LVV l i n e  shape as an ind icat ion o f  the bonding s ta te  o f  the 

St, A t yp ica l  p r o f i l e  and set o f  l i n e  shapes are given i n  FIgbA. The 

negative peak a t  76 eV and the posi t ive peak a t  65 eV e lear ly  indicates 

the presence'of s ~ o ~ .  There i s  also an excess layer of oxygen which 

correlates wi th  the region o f  Si-0 banding. Thus, a t h i n  Si02 layer 

forms during c e l l  fabrication. Further de ta i l s  are given i n  3 .  Appl. 

Phys. 50, 4172 (1979). 

C. Growth o f  S iO9 

We examined the oxidation of chemically cleaned and sputtered 

s i l  icon surfaces. The oxidation o f  chemically cleaned surfaces was 

useful f o r  establishing Auger signatures f o r  t h i n  oxides and allowed us 

t o  examine the Si02/SI t rans i t ion  region. The apparent width o f  the 

t rans i t ion  region f o r  various thicknesses of Sloe I s  p lo t ted  i n  Fig5.5. 

From these curves, and a knowledge of the mean escape depth o f  the Auger 
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I 

*\ lrc = 1.7 n A  

Figurn 5.2. d S ~ S  map and an I-!! curve for a cell containlag Al and Fe irp~dritias. 
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'igure 5.3. SIMS W ~ ~ ~ ~ r '  Scans &owing 
gxidence af Ta in the IT0 



Figurn 5-40 Auger profile of a ITO/Si solar cell showing the excess oxygen awd the silicon LVV l ine  for SiO2 



9
0
1
1
0
 

IN
T

E
R

F
A

C
E

 W
ID

T
H

, 
A

 



e lec t rons  and spu t te r  broadening a f f e c t s ;  i t  was determined t h a t  the  
0 

ox ide layers  were almost 100% Si02 w i t h  a small (3-5A) t r a n s i t i o n  region. 

However, t h e  th ickness o f  t he  t h i n  oxides i s  thought t o  be h i g h l y  non- 

un i fo rm as shown i n  Fig. 5.6. 

I n  t h e  experiments on t h e  ox ida t ion  o f  sput tered surfaces, s i n g l e  

c r y s t a l  s i  1.icon. wafers were heated t o  a g iven *temperature i n  an UHV 

'system which has a background o f  l ess  than lo-' Torr.  'The sur- 

face was sput tered,  t h e  chamber back f i  1 l e d  w i t h  oxygen t o  a pressure 

o f  2 x T o r r  t o  expose t h e  sur face f o r  var ious lengths o f  t ime. The 

r e s u l t i n g  oxides were then Auger spu t te r  p r o f i l e d .  The thicknesses o f  

these oxides were est imated by comparing t h e i r  p r o f i l e s  w i t h  those o f  

standard oxides grown outs ide  t h e  vacuum chamber. 

Oxides grown on sput te red surfaces' a t  50, 275 and 3 5 0 " ~  were i n -  

vest igated.  A t  a subst ra te  temperature o f  275°C oxides were grown w i t h  

exposure t o  2 x 1 0 ' ~  T o r r  f o r  10, 30 and 300 seconds, a t  T o r r  O2 

f o r  5400 seconds and f o r  no i n tens iona l  O2 exposures. The normalized S i  

Auger LVV l i n e s  p r o f i l e s  f o r  these oxides are  i l l u s t r a t e d  i n  Fig. 5.7. 

One can observe t h e  monotonic progression o f  t he  curves i n d i c a t i n g  i n -  

creased ox ida t ion  w i t h  exposure time. F ig.  5.8. compares t t ie  p r o f i l e s  

o f  a 17A t h i c k  standard oxide w i t h  t h a t  o f  t h e  l o W 3  Tor r  5400 sec i n  
. . 

s i t u  grown oxide. A . . .  c lose s i m i l a r i t y  i s  apparent. 

In order  t o  ob ta in  a more q u a n t i t a t t v e  growth curve, t h e  estimated 

in-s i tu-grown oxide thickness vs. t h e  l o g  o f  O2 exposure i n  Langmuir's 

i s  p1otte.d' i n  F ig.  5.9. The oxide thickness was estimated by c a l i b r a t i n g  

t h e  sputt'dv +ate a d d t a k i n g  t h e  90% l e v e l  as. t h e  substrate surface. Th'e 

r e s u l t i n g  p l o t  i s  a s t r a i g h t  l i n e .  Th is  suggests t h a t  t he  oxide growth 

i s  a l o g r i t h m i c  func t i on  o f  O2 exposure. Using t h i s  graph.a p re l im ina ry  

est imate o f  t h e  oxide thickness grown dur ing  'ITO/Si c e l l  f a b r i c a t i o n  can 
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Figure 5.6. Model fur nonuniform SiOp growth. 

, . 



4 it 'I .5 I i t . ~ .  i \ L  1 x 1 0 - '  T 
4 3ClO scc  a t  2 x 18"" T 

4 30 sec  a t  2 :: lo - ' :  f 
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be made. The exposure o f  the sputtered S i  surface i n  c e l l  f ab r i ca t i on  

i s  not  a constant 'but var ies from'20 t o  60 seconds..which corresponds t o  , 

an O2 exposure o f  between 400 a n d  1200 Langmuirs. From the graphs i t i s  

est imated t h a t  t h i s  would resu l t s  i n  7 t o  11 1 o f  S i 0 2  . These values 

should be considered as estimates but  appear t o  be reasonably accurate. 
. . 

Addi t ional  data obtained from i n t e n s i t y  r a t i o s  of the ESCA 1 i ne  

show tha t  the i n i t i a l  layers  o f  S i o 2  grow'very r ap id l y  b ~ t ~ . . ~ ~ ~ i d l ~  but 

then reach a near sa tu ra t ion  thickness. The "saturat ion" thickness was 

observed t o  be a funct ion o f  temperature, pressure and sput ter  con- 
. . 

d i t ions;  For example, a t  375' C the sa tu ra t ion  thickness at ~ o r r ' .  

O2 pressure was 40% grea te r  than f o r  surfaces exposed a t  10-5. Torr: 

It can be concluded t ha t  an S i O p  l ayer  eas i l y  forms dur ing the 

fabr i ca t ion  o f  the I T O / S i  so lar  ce l l s .  Ap r i o r i  cont ro l  o f  the thickness 

o f  t h i s  1 ayer , however, i s  dependent upon be t t e r  understanding o f '  oxydation 
. . 

as a fun'ction o f  pressure, temperature, and substrate surface states.: The 

1 ogari thmi c dependence o f  oxidat ion upon O2 exposure indicates that ,  .' 

w i t h  reasonable cont ro l  o f  temperature, p a r t i a l  pressures, and tjme, 

repeatabi 1 i t y  may be achieved. 
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61 ANALYSIS OF I.TO/Si, SOLAR   ELLS 

During ',the course o f  t h i s  contract, three techniques were developed 

t o  analyze 1 ~ 0 1 ~ 1  S I S  so:lar &ll s which are equal ly  appl icable t o  
. . 

other so lar  c e l l  types. These are ( i )  i n  automated k l ec t ron i c  t e s t  

Sptem, (i i ) autonkted steady s ta te  admittance spectroscopy ' f o r  

surface-state analyses, (i ii ) noise spectral densi ty measurements as 

a re1 i a b i l  i t y  p red ic to r  and contact diagnostic. ' I n  t h i s  sect ion d e t a i l  s 

o t  each o f  these techniques i s  described. 
. - 

AlJTnMATED ELECTRnNTC TFST SYSTFM 

A block diagram o f  the t e s t  system i s  shown i n  Fig. 6.1. The 

device under t e s t  can be mounted i n  a so lar  simulator f o r  measurements 

near room temperature a t  i n t e n s i t i e s  from -0 t o  2 suns. The c e l l  can 

a1 so be mounted i n  a vacuum chamber on a p e l t i e r  j unc t ion  attached t o  

a co Id f i nge r  a t  -1 73' C f o r  measurements from -1 70 t o  +50°C, w i t h  o r  

wi thout  i l l um ina t i on  from an ELH lamp o r  monochromatic l i g h t .  The current  

i s  measured by monitoring the voltage across a 1 ohm prec is ion r e s i s t o r  

w i t h  a Ke i t h l y  v o l t  meter. ,The capacitance i s  measured w i t h  a 1 MHz 

Booton capacitance meter, w i t h  the analog output being monitored by 

one channel o f  the analog t o  d i g i t a l  (A ID)  converter, The temperature 

o f  the device under , t e s t  i s  ‘measured by an Omega d i g i t a l  thermometer 

w i th  an analog output and monitored by the 9825,through another cahnnel 
. . 

o f  the A / D ~  The bias voltage across the c e l l  i s  a lso monitored by a 
. . . - 

channel o f t h e  AID. The c e l l  . i s  capable o f  being biased from -10 t o  +10V 

automat ical ly  by w r i t i n g  the appropriate b i t  s t r i n g  t~ the d i g i t a l  

t o  ana log  ( O/A) converter. , . 
* 

An overview o f  t he  HP 9825 software whic !~  controls the system i s  

presented as a ~ a r n i e r - o r r  -diagram i n  Pig. 6.2. The le f tmost  brace 
, : 

represents the e n t i r 2  sol'ar ' ce l l  t e s t  system. The f i P S t  'entry a t  the top 
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Label for user reference 
2 

Cell Area (cm ) 
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(0,l) 

Dart I-V measurements 

(0.1) 

Dark C-V measurements 

Floppy disk 
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~ifiiclred with dark 1 - V  data 
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TEST S ' : C * M  ' 
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(0.1) 

Dat a 

2 plot c11e log of the dark current ( m ~ / c m  ) versus voltage (volts) 

1 Compute and plot the saturation current density ( d / u n L )  versus 
voltage 

Compute and plot the diode quality factor (n) versus voltage 
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versus voltage 
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Plot capecicanca IF/cn ) versus roverae hics voltage 
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L6Hpute and plot inverw capacitance density squared (1/C 1 
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Compute and plot doping density (cm-') versus depletion 
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Compute and plor the linearized inverse capacitance density 

to the nth pover (1/cn) versus voltage 
liritc the 111trrcept v6itage (Vine), the built -in voltage (Vbi). 

the image-force lowerinfi term ( 0 6 ) .  the zero-field as!.ntotic 
barricr height ( C ) , and the barrier heighc ( CBn) on the 
plotter BO 

Fiyure 6.2. ti Wornier DiagLam of the Automated Solar Cell Test System 



i i g h t  of the le f tmost  brace i s  the process 's t ruc ture  con t ro l l i ng  

the t e s t  apparatus i n  Fig. 6.1. f o r  l i g h t  I - V ,  dark I - V ,  and dark 

C-V measurements a t  a g.iven temperature and ill umination. This 
'J 

sect ion also computes the e f f i c iency ,  open c i r c u i t  voltage, short  

c i r c u i t  current  and f i l l  fac to r  a t  a given i l l um ina t i on  and temp- 

era ture . for  1 i g h t  I - V  measurements. The l i g h t  I - V  curve f o r  a - 
t yp i ca l  indium t i n  oxide (IT01 so lar  c e l l  i s  shown i n  ~ i~ . .  6.j.. 

The second section o f  the t e s t  system performs dark I - V  analysis 

o f  the measured data a t  a given temperature. The ba r r i e r  heig'ht as 

obtained from the saturat ion current  densi ty ( J ) ,  based upon t h e n -  

i on i c  emission-diffusion theory f o r  metal-insulator-semiconductor 

devices ds given .by: 

The t h i r d  section analyzes the C-V data i n  reverse bias using 

the d i f f e r e n t i a l  capacitance met.hod discussed by Ngayen e t  a l .  [ l 3 ]  t o  

determine the b u i l t - i n  vol tage and b a r r i e r  height. This technique a1 lows 

f o r  doping dens i t ies  which are o f  the form 

where X i s  the deplet ion region width. The constants a and B a,re ob- 
..  . 

ta ined from 

where e i s  the d i e l e c t r i c  constant o f  the ~seriliconductor and A I s  the 

device area. ~ o i s s o n b  equation can be in tegrated t o  obtain: 
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which i s  p l o t t e d  o n  the  four pen p l o t t e r  as ( A / c ) ~  t 'versus V .   he 
i n t e r c e p t  vol tage obta ined, f rom the  above func t i on  i s '  more r e l i a b l e  

2 than Vint ca lcu la ted from 1/C data becasu'e the  doping p r o f i l e  i s  
, .. . . 

re laxed from being uni form w i t h  depth. . .  . Th is  p o i n t  may be q u i t e  s ig -  

n i f i c a n t .  It i s  we l l  known t h a t  m o b i l i t y ' v a r i a t i o n s  and dopingnon- 
. . 

u n i f o r m i t i e s  have s i g n i f i c a n t  impact on weakly i nve r ted  M I S  s t ruc tures .  

The r e s ~ l . t i ' n ~ . ; : ~ o t e n t i a l  f l u c t u a t i o n s  could a1 so have s i g n i f i c a n t  impact 

on M I S / S I S  so la r  c e l l s  i n  ways normally a t t r i b u t e d  t o  o ther  mechanisms, 
. . , . I  

, ,  but  these e f f e c t s  have no t  been evaluated t o  date. 

The b u i l t - i . n  vol tage (Vbi) i s  : 

The ba re ie r  height  can then be computed assuming conservat ion o f  energy 

where A $  i s  t he  Schottky b a r r i e r  lowering .and E, -E, i s  dependent on 
. . 

the  temperature and mater ia l  being studied. Equations 6.4, and 6.5. , and 

5.6, a re  shown g raph ica l l y  i n  Fig. 6.4 f o r  a  t y p i c a l  ITO/SI. so la r  c e l l .  

The f o u r t h  sec t ion  i 's  capable o f  performing a v a r i e t y  of t r a n s i e n t  

capacitance measurements o f  processes occur r ing  on a  1  m/sec o r  shor ter  

t ime scale. The c e l l  i s  mounted on a  c o l d  f inger  equipped w i t h  an 

o p t i c a l  window and a  thermoel.ectric cooler .  This permi ts  con t ro l  1 ed. 

operat ion over a  l i q u i d  n i t rogen t o  1 0 0 ~ ~  temperature range. The thermal 

a c t i v a t i o n  .energy f o r  t raps  can be measured by reverse b ias ing  the c e l l  

and observing the  change i n  capacsildnce as t he  temperature i s  var ied.  
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6,2 AUTOMATED SURFACE ANALYSIS OF MIS/SIS SOLAR CELLS 

A new technique fo r  automated admittance measurements has been 

developed and app l ied  t o  charac ter ize  the S i - S i 0 2  i n te r face  of MIS/ .SIS 

devices. This  system ' i s  q u i t e  usefu l  . . i n  t h a t  prev ious data have i n -  

d i ca ted  tha t ,  i n  weakly i nve r ted  s tu rc tu res ,  sur face and bu l k  i m p u r i t y  

s ta tes  can p lan  a  s i g n i f i c a n t  r o l e  i n  1  i m i t i n g  device' performance. The' 

technique has improved speed/resol u t i o n  capabi 1  i t i e s  i n  I 

eva lua t ing  these e f f e c t s .  The admittance ana lys is  system i s  based upon 
' 

the use o f  an automatic network analyzer (HP ' 3 5 7 0 ~ )  and frequency 
.. 

synthesizer  (HP 3 3 2 0 8 )  bu f fe red  by a  h igh  speed I - V  conver ter  which has 

f l a t  response up t o  1  MHz. A  b lock diagram o f  the  I - V  conver ter  and 

the  system are shown i,n F ig.  6.5, and 6.6 respec t i ve l y .  The synthesiier,B 

network analyzer,  and. d i g i t a l  t o  analog (D/A) and A I D  conver ter  a re  a l l  

c a l c u l a t o r  (HP 9825) con t ro l l ed .  The c a l c u l a t o r  se ts  each b ias  p o i n t  and 

can sweep 100 frequency p o i n t s  i n  approximately two minutes. The admittance 

i s  s tored on f l e x i b l e  d i scs  f o r  l a t e r  ana lys is .  

T y p i c a l l y  impedance br idges o r  coherent de tec t i on  techniques ( l o c k - i n  

amp1 i f i e r s )  a re  used f o r  these measurements, bu t  bo th  techniques a re  

l i m i t e d  i n  t h e i r  a b i l i t y  t o  sweep freuqency. Each p o i n t  takes upwards o f  

two minutes. A l l  th ree  techniques have been u t i l i z e d  i n  Our labora tory .  

The automated network ana lys i s  system represents a  s i g n i f i c a n t  improvement 

over impedance br idge o r  l o c k - i n  a m p l i f i e r  de tec t i on  i n  t h i s  a p p l i c a t i o n  

because o f  increased accuracy i n  determining widths and he igh ts  o r  

peaks o f  G/M versus U. 

An automated ana lys is  program, us ing  the  conductance technique, has 

been developed t o  charac ter ize  the  i n te r face .  O r i g i n a l l y  t he  conductance 

method was f o r  M I S  capaci tors,  bu t  i t  has been extended by Kar and Dahl ke 

[I] t o  i n c l ~ l d e  t h i n n e r  ox ide  M I S  devices where the re  i s  appreciable con- 

duc t ion  across t h e  oxide. The anal y s i  s  r o u t i n e  performs successive 



Figure 6,s. ,Basic I-*d c?nvertor c-ircuit with i de .d  transfer functions G(S) 
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equival  k n t  c i r c u i t  reduct ions t o  remove the  e f f e c t s  o f  bul  k res is tance,  

doc .  condlictance, and oxide capaci tance. to i s o l a t e  the  surface s t a t e  

admittance. The conductance G. and frequency o are p l o t t e d  as ~ / w  v e r s u ~  

u f o r  each b i a s  p o i n t  as i n  Fig. 6,~. The peak w id th  determines t h e  type 

of surface s t a t e  (e. g. s i  ng l  e 1 eve1 , . continuous). The peak magni tude . 

and t h e  frequency and 'sur face potent9al  a t  which the  peak occurs, deter-  

mine t h e  surface s t a t e  densi ty .  Using t h i s  system p l o t s  of NsS Ys E 
4 ,  

are  made and compared f o r  d i f f e r e n t  processing va r ia t i ons .  

5.3. NOISE SPECTRAL DENSITY AS A DEVICE RELIABILITY ESTIMATOR 

Wal sh [ z  ] and Cocca [ 31 have developed t e s t s  u t i l i z i n g  the  temp- 

. e ra ture  and bias-dependent reverse cu r ren t '  vo l  tag6 character . is t ics.  

These t e s t s  detec t  negative hys teres is  i n  the  reverse current-vol tage 

curve as w e l l .  as doubly o r  more ac t i va ted  the  reverse cu r ren t  versus temp- 

erature curves. This negative hys teres is  re fers  t o  the  change 

i n  reve rse ,cu r ren t  a t  a given b ias  on increasing b ias  versus t h a t  

observed on decreasing the  b ias.  A p o s i t i v e  hys teres is  i s  sa id  t o  occur 

when t h e  cu r ren t  decreases as the  b ias  decreases and a negat ive hys teres is  

i f  i t  incr.eases. These t e s t s  Rave been shown t o  c o r r e l a t e  reasonably 

we l l  w i t h  extended l i f e  t e s t s  [ ? I .  The problems w i t h  the  Walsh and Cocca 

t e s t s  a r e  t h a t  they  a re  hard t o  i n t e r p r e t  and a re  sometimes des t ruc t i ve .  

The noise spect ra l  dens i t y  . t es t  a l l e v i a t e s  these problems by using break- 

down vn! tages belsw t h e  avalanche breakd~wn vo l  taye u f  the  device and 

low temperatures. The t e s t  i s  based upon dev ia t ions  from idea l  diode 

shot (and thermal ) noise as t h e  device i s  heated from below t o  j u s t  above 

room temperature. Noise i n  M I S  and SIS devices, as we l l  as PIN devices, 

has been. s tud ied prev ious ly  [5-71. 

Idea l  SIS diodes i n  reverse b ias  e x h i b i t  shot noise p lus  a much 

smaller thermal no ise  component. A non-ideal device e x h i b i t s  shot 

no ise ,  thermal no i se ,  generat ion recombination noise, and f l  i c k e r  noise. 



Bias = .8V 
B ~ G S  " .6'; 
Bias = .4V . 

Biao = .25V 

J 

Figure 6.7. Conductance/Frequency Versus Frequency 



Table 6.1 sumnarizes diode noise mechanisms and' t h e i r  spectral dependence. 

Ideal  shot noise i s  only weakly temperature-dependent. A t  a s ing le  temp- 

era ture  i t  i s  d i f f i c u l t  t o  i n t e r p r e t  o r  separate ou t  ind iv idua l  noise 

mechanisms. However, since the various noise mechanisms e x h i b i t  d i f f e r e n t  

temperature dependences, the existence o f  substant ia l  amounts o f  1 eakage, 

recombination, and contact problems tends t o  show up i n  the temperature 

dependence o f  the noise spectral density. The appl i e d  biases involved 

ereate r e l a t i v e l y  hlyh f i e l d s  which enhance fon lc  dif fusion. The temp- 

era ture  va r i a t i on  sweeps the Fermi leve l  so t ha t  ce r t a i n  t raps become 

recombination centers and v ice  versa. 

Measurements were made using a co ld  f i nge r  w i t h  a thermoelectrSc 

cool ing element f o r  cool i ng  , temperature cont ro l  and heating . The device 

was attached t o  the thermoelectr ic element and connected through a 

batter-operated Quanted 205C pre-amp. The noise spectral densi ty was 

recorded i n  a Hew1 ett-Packard 3580A spectrum analyzer. The noise 

spectral densi ty arid the. reverse cur\*w,L,.voi ~ E F C  character i  s t i c s  f o r  

typ-ical devices are shown iil Figs. 6,8, and 6.9, . I t  i s  see;? 

t h a t  the device ,with the most anomaious reverse cur rent  c;~arzc-;;eris.:f cs 

a lso exhibits the greatest  va r i a t i on  i n  noise spectral density. The 

hysteresis i n  the reverse cur rent  voltage charac te r i s t i cs  are i nd i ca t i ve  

o f  i on  motion on the surface o f  the devices. The r e l a t i v e l y  sof t  break- 

down character is t ics ' .  exhS b i  ted  i n  the reverse current  vol  tage curve . 

o f  power devices are a1 so i nd i ca t i ve  o f  edge ef fects and imperfections 

i n  the device, Low conversion e f f i c i ency  does not  co r re la te  w i t h  reverse 

b ias  hysteresis and va r i a t i on  i n  .noise spectral density. These devices 

a1 so. f a i l e d  a n  extended high temperature t e s t  a t  var iab le  rates. Other 

data, a1 though p re l  iminary , tend t o  confirm these trends. These trends 

n e e d t o b e d u p l i c a t e d a n d s t a t i s t i c a l l y v a l i d a t e d i n f u t u r e w o r k .  , 
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Figure 6.8. : Noise spectrum and reverse current  vol tage 
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7.  DEGRADATION OF I T O / S i  SOLAR CELLS 

. Par t  o f  t h e  degradation studies were performed under separate con- 

t r a c t  (EG-774-02-4518) and add i t i ona l  in format ion  can be found i n  f i n a l  

repo r t  number COO-451 8-TI and J .  Appl . Phys. -. 51,' 527 (1980). For com- 
. . 

pleteness, a summary o f  a l l  t h e  r e s u l t s  i s  given here. . . .  . 

A. Thermal Stress 

Previously we have shown t h a t  t he  thermal degradation o f  t he  ITO/Si 

c e l l  s i s  a thermal l y  ac t i va ted  process. Thermal l y  accelerated aging 

i s  expected t o  f o l l o w  Arrenhius type behavior. However, i t  i s  doubt fu l  

whether a s u f f i c i e n t  quan t i t y  o f  c e l l s  have been degraded t o  r e a l i z e  a 

t r u e  1 i f e t ime  p red ic t i on .  However, enough c e l l s  have been tes ted t h a t  

i t  i s  appropr iate t o  evaluate the  ~ r r e n h i u s  behavior o f '  the  data present ly  

ava i lab le .  

It i s  f i r s t  necessary t o  def ine 'an a r b i t r a r y  end o f  1 i f e  value, 

which here was chosen as 50 percent o f  t he  i n i t i a l  e f f ic iency.  The t ime 

t o  reach t h i s  value was ca lcu la ted  through a cubic s p l i n e  i n t e r p o l a t i o n  

rou t ine  which generated po in ts  between e i i s t i n g  e f f i c i e n c y  versus t ime 

data. 

Figure 7.1 -, shows' t he  r e s u l t  o f  p l o t t i n g  the  f a i l u r e  t ime on a semilog 

scale f o r  s'everal runs. As may be seen, the  f a i l l c r e  t imes are, as would 

be expected, c h a r a c t e r i s t i c a l  l y  exponential  w i t h  temperature. However, 

the  degradation r a t e  i s '  n o t  the  same between runs, w i th .  each run having 

a d i f f e r e n t  i n t e r c e p t  .but approximately the  same a c t i v a t i o n  energy. As 

i s  seen, the  data po in ts  f o r  an i n d i v i d u a l  run do no t  exac t l y  f i t  an ex- 

ponent ia l  model f o r  degradation, bu t  t he  average values seem t o  fit. 

  his may imply t h a t  the  degradation i s  more compl i ca ted  than a simple 

l&ri thmic dependence, perhaps mu1 t i  p l y  act ivated.  However, t h i s  quest ion 
8 .  ' ' I - 1  

. . 
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Figure 7.1. Arrenhius p lot  of 50% degradati.on time versus 1000/T f o r  
several d i f f e r e n t  runs. 

lo3 - -  

lo2 -. 

101 

100 

jog'-- 

10-2 

Tinie f o r  50% Efficiency 
versus 10001T / 

. 1 " -  ,. ..... 7 . , 1, r " 
4 

. . . X .  
/ / 

/ * A  / . .  

8 , :" 
. . /" %% / / 1 -. 

/=' " 
n , y  /* n ,  

. '  4 . . 

--  / # " / .  , .  . 

/ / ' " $  - . +5a * RUN 171 
A / , - .  , >- . 506 " 449a 169 

O /  
,, 499 n 223(685i JTO) 

: A 445 0 165 

. . 1 CPOLy) P 82(Poh/) 

9 . . X ,1296 

. a a r .- v 1 1 1 .  I 1 a 1 r 

.l,4 1.6 1 2.0 



cannot be resolved u n t i l  a more s t a t i s t i c a l l y  s i g n i f i c a n t  number o f  

samples have. been tested, p a r t i c u l a r l y  a t  1 ower temperatures. 
, . 

The, s t a b i l i t y  o f  recent ly  fabr icated s ing le  and po ly  c e l l s  

(~onsan td )  were compared w i t h  c e l l s  fab r i ca ted  some months ago. Figure 

2a and b shbw the  r e s u l t s  o f  the recent tes ts .  As can be seen the re -  . 

cen t l y  fabr icated pol  y eel 1 s degrade more r a p i d l y  than previously studied 

s ing le  c r y s t a l  ce1,ls and there are add i t iona l  features such as a l a r g e  .. 

drop i n  Voc. The recen t l y  fabr icated s ing le  c e l l s  appear about the 

same as before and thus the degradation o f  the  po ly  ce I 1  would appear 

t o  be due t o  the  substrate, however'other process changes may be important 

i n  causing t h i s  change. 

B. Thermodynamics o f  the  ITO/Si In te r face  

The equi 1 i b r i  um thermodynamics o f  the  ITO/si 1 icon i n t e r f a c e  was i n -  

vestigated by considering the balanced chemical equation o f  possible 

reactions. The primary r e s u l t s  are shown i n  Table 7.1. As can be seen, 

S i  w i l l  r e a d i l y  reduce I n  and Sn oxides y i e l d i n g  e i t h e r  f r e e  I n  o r  Sn o r  
. .  . 

t h e i r  suboxides.. However,:in.the presence o f  excess owgen the  most 
I .  

stab le  son f igu ra t ion  i s  one wi,th:.all elements (S i ,  I n  and Sn) f u l l y  

oxidized, ' The thermodynamics. pred ic ts  t h e  stahlc cnndit ions bu t  does 

not  provide k i n e t i c  information. For the ITO/si 1 icon i n t e r f a c e  the 

k ine t i cs  involves the t ranspor t  o f  elements o r  molecules t h r u  the IT0 

and the i n t e r f a c i a l  Si02 layer.  This t ranspor t  would be expected t o  be . 

slow; thus impeding the reactions. Also, the t h i n  i n t e r f a c i a l  SiO;, w i l l  
. .. ~ ., . . 

e i iminate  contact  between ITO'and Si. Since Si02 i s  formed on the i n t e r -  

ac t ion  and since ITO and SiO? do not  react ,  the react ion tends t o  be se l f  
, . 

1 im i t i ng .  Also, Si02 i s  no t  a nucleat ion and growth type o f  oxide, and 

the oxide tends t o  cover the sur face;  ~ h e s e  ~cons i 'derat ions he1 p explain 

the s t a b i l i t y  'observed t o  date and the po ten t ia l  f o r  s t a b i l i t y  i n  a device 

wh.Tch i:s se.nsl,tive t o  S.0 thi,n an i n t e r f a c i a l  layer, . 



. . Table . 7.1.  ,. 

Surnriiary o f  the Thermodynanlics o f  ITO-Si Reactions 

Reactants I Products 

In203 + sno2 + S i O E  
-- . . 

In203 + Sn02 + S i  

Inp03 t SnO + S i  ., 

In20 t Sn02 1 S i  

In20 t ~ n 0  t S i  

I n 0  t Sn02 + S i .  

Sn02 + S i  

SnO + S i  + O2 
. . 

SnO + S i0  + O2 

I n ,  Sn, s i o 2  
o r  t h e  suboxides 
o f  I n ,  SnfSi 

I Always s tab le  
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Previous degradation experiments have shown t h a t  O2 can d i f f u s e  

a t  elevated temperatures through the  IT0  and the  i n t e r f a c i a l  Si02 b u t  

t h a t  t he  IT0 appears s tab le  i n  the'  presence. o f  SiOp. Thus i t  would appear 

t h a t  t he  k i n e t i c s  o f  t he  i n t e r f a c i a l  reac t ions  con t ro l  t he  c e l l  s t a b i l i t y  

and no t  the  thermodynamics. 

The mechanism f o r  thermal degradation was determined by a ser ies  o f  

t e s t s  i n  vacuum, a i r ,  forming gas and N2. As i s  p red ic ted from the  above 

thermodynamics, t he  c e l l s  heated i n  vacuum d i d  n o t  degrade. The degrada- 

t i o n  i n  forming gas and N2 was much slower than i n  a i r .  These t e s t s  p lus  

I - V ,  e l  1 ipsometr ic  and Auger measurements a1 1 i n d i c a t e  t h a t  t he  degrada- 

- t i o n  caused by the  growth o f  t he  i n t e r f a c i a l  Si02 laye r ;  apparent ly by 

the  d i f f u s i o n  o f  U2 through t h e  I T 0  l aye r .  D i f f u s i o n  through the  IT0 d i d  

no t  appear t o  be the  r a t e  l i m i t i n g  step s ince t h e  degradation was i n -  

dependent o f  IT0  thickness. The i n t e r f a c i a l  , k i n e t i c  p roper t i es  appear t o  

.be the  dominant. f a c t o r  i n  determining t h e  degradation ra te .  

C. I 1  1 uminated Stress Test ing . . 

' :Section 7.A., discusses the,  resul ts ,  o f  c e l l s  thermal ly  stressed i n  

t h e  dark , 'w i th  t h e  r e s u l t  t h a t  degradation occurred v i a  t h e  ox ida t ion  o f  

t h e  s i l i c o n  a t  t he  in ter face.  However, t h e  reac t i on  was found t o  proceed 

extremely s lowly  a t  room temperature, so much so t h a t  a t  t h i s  temperature 

(and i n  the  dark) no severe thermal degradation i s  expected a t  normal 

operat ing temperature. This seems t o  be substant ia ted  by t h e  f a c t  t h a t  

c e l l s  fab r i ca ted  several years p r i o r  t o  ' t h i s  research' show 1 i t t l e  "on 
I .  

t h e  she l f ' '  degradation., 
, . .  , 

The r e s u l t s  o f  t h e  previous sec t ion  serve on ly  t o  p r e d i c t  t he  per- 

formance o f  t he  c e l l  when s tored i n  t h e  dark. I n  ac tua l  use, the  c e l l  

i s  subjected t o  a 1,ight i n t e n s i t y  o f  about 100 mW 'per square cent imeter.  

The device i s  a l so  'under load, w i t h  cur rent  dens i t i es  o f  around 30.mA/cm2 , 



being drawn from the c e l l .  The e f fec ts  o f  these stresses i s  not  expected 

t o  r e l a t e  t o  the type o f  degradation found i n  . the  previous sect ion (ex- 
. . 

cept for  sime s d r t  o f  f ie ld-a ided oxidat ion a t  the in ter face) .  
. . + - -  

~ h e  effect o f  1 igh t ,  especial ly-  u l t r a v i o l e t  l i g h t ,  i s  the breaking 

o f  ce r ta in  chemical bonds.   his ieads t o  increased defects . i n  semi- 
. . . . . . 

conductors and thus shorter  surface and perhaps bulk l i f e t imes .  For 
. . -  

s i l i con ,  t h i s  i s  not  a s l gn i f l can t  problem under t e r r e s t r i a l  rad ia t ion  

condit ions. However, the e f f e c t  o f  ' l ong  term' exposure o f  IT0 t o  sun- 
. 1 

'I i g h t  i s  not  wel l  studied, espec ia l ly  IT0 prepared by ion  beam sputter ing.  
, . 

The l i f e t i m e  i n  the IT0 i s  not  a c r i t i c a l  parameter i n  the  device per- 

formance. However, increased defects i n  the IT0 could lead t o  scat ter ing 

and absorbtion centers which would reduce the amount o f  l i g h t  reaching 

the s i l i con .  This could be constructed as a degradation mechanism. 

Current flow i n  dev ices ' is  o f ten responsible f o r  f a i l u re .  One 
. . 

mechani sm, known as electro-migrat ion, resu l t s  i n  mass t ransport  hire t o  

a DC current. Usual ly t h i s  type o f  degradation resu l t s  I n  open cf r c u l  t s  
1 ' L: 

s f  nietal 1 i ~ a l i o r ~  and Intercafi i iects. ~ ' l e c t r o m i ~ r a t i o n  i s  usual l y  1 i m i  ted 

t o  s i tua t ions  where high current  dens i t ies  e x i s t  ( l o 5  A/cm2) i n  planar 
? - 

ICs. However, the e f f e c t  o f  long term current  f low through IT0 i s  again 

no t  wel l  characterized, and i t  i s  possible t ha t  e' lectromigrat ion of the 

' IT0 could occur even a t  low current  detisit ies. 

Another degradation mechanism associated w i t h  surface cont ro l led 

devices ( i  .e. planar FETs , MOSFETs) i s  i on i c  d r i f t  and contamination. 

i n  t h i s  f a i l u r e  mode, i o n i c  contaminants d r i f t  t o  the surface of the 
. . .  

device as ,a r e s u l t  o f  external o r  i n te rna l  f i e l d s .  I n  diodes t h i s  mani- 

fests i t s e l f  i n  b a r r i e r  cancel lat ion and shunting. I n  so la r  ce l l s ,  t h i s  

would r e s u l t  i n  decreased open c i r c u i t  voltage. 



To i d e n t i f y  whether o r  n o t  any o f  these f a c t o r s  were present t o  . 

an obvious and s i g n i f i c a n t  degree, i n  the  e f f e c t s  o f  normal l i g h t  and 

load on a l i m i t e d  sample o f  ITOjSi so la r  c e l l s  were studied over ex- 

tended per iods o f  t ime. This was f i r s t  done a t  room temperature and 

l a t e r  a t  elevated temperatures. I n  the  fo l lowing,  a desc r ip t i on  o f  

t e s t  apparatus and experimental procedure i s  given. A comparison i s  

then made between the  r e s u l t s  obtained here and those o f  Burke and 

Shewchun, who have performed s i m i l a r  experiments. 

'Three c e l l s  were selected from each o f  two d i f f e r e n t  runs, numbers 

165 and 169. Other c e l l s  from these two runx  had been thermal ly  de- 

graded as described previously.  Both c e l l s  de- 

graded i n  the  usual manner with. heat,  I a l  though 169 was found t o  degrade 

much slower than 165. Both c e l l s  a l so  showed a reduct ion  i n  Voc under 

thermal  s t ress,  as we l i  as s u f f e r i n g  from t h e  usual decrease i n  f i l l  

fac to r .  As before, t he  c e l l s  used f o r  i l l um ina ted  s t ress  t e s t i n g  were 

one-eighth. i nch  i n  diameter and unencapsulated. 

I n  the  i n i t i a l  experiment, t he  c e l l s  were placed under vary ing loads 

a t  1 sun and 25' 6. . This experiment was s i m i l a r  t o  those performed a t  

McMaster Un ive rs i t y  and was used t o  ve r i f y  the  r e s u l t s  obtained by t h i s  
J' 

group. Later,  these same c e l l s  were heated t o  82'~ wh i le  main ta in ing  

normal 1 i g h t  and load and a1 lowed t o  operate a t  ' t h i s  cond i t i on '  f o r  over 

1300 hours. 

One c e l l  from each run was placed under cond i t ions '  of open c i r c u i t ,  

shor t  c i r c u i t  and maxitl~um pbwer, wh i l e  i l luminated.  .The maximurn 

power p o i n t  was determined from the  i n i t i a l  I - V  curves and a r e s i s t i v e  

load was then used t o  ob ta in  t h i s  cond i t ion .  Th is  res is tance remained 



f i x e d  f o r  t h e  du ra t i on  o f  the  t e s t .  As mentioned e a r l i e r ,  t h e  l i g h t  i n -  

t e n s i t y  was maintained using a standard p-n j u n c t i o n  photo c e l l  .' To ob- 

t a i n  a long bu lb  l i f e t i m e ,  t h e  vol tage t o  t h e  ELH bulbs was maintained 

a t  approximately 70 v o l t s  r a t h e r  than t h e  usual 110 v o l t s .  A t  f u l l  v o l t -  

age these bulbs emi t  a spectra c h a r a c t e r i s t i c  o f  t h e  AM2 s o l a r  spectrum. 

However, . a t  lower vol tage t h e  bulbs operate a t  a lower temperature whish 

s h t f t s  the  sppct ramore i n t o  t h c  In f ra red ,  herset: reeducing . the ti1 t r a v i o l e t  

rad ia t i on .  

111 i t i a l l y  the  c e l l s  were maintained a t  a constant l i g h t  and load f o r  

200 hours a t  25°C. The 1 i g h t  source was adjusted manually, and the  l i b h t  

i n t e n s i t y  was found t o  vary t e n  percent between adjustments. As a check 

on c e l l  performance, t h e  vol tage across t h e  load res i ,s to rs  was measured! 

f a i r l y  often'. i t  longer i r i t e r v a l  s ,  cornpl e G  il'l uni'natedi I -V pl .ots were 

made. Dark en1 versus V measurements were made i n i t i a l l y  and l a t e r  a t  

t t ie  c0mljl e t i o n  of t e s t  i&$. To m i  nini i  ze cOhtatct r e s i  stance pyobhl ems, 

s n ~ a l l  s i l v e r  p r i n t  cdn iac is  were employed between t h e  IT0 and t h e  probe. 

A f t e r  200 hours a t  25"C, t h e  c e l l s  were rcmoved from the  l e x l  appa- 

ra tus .  A res idue had formed on the  c e l l  sur face as a r e s u l t  of out-  

gassing o f  i n s u l a t i o n  i n  t h e  box. Also, t h e  s i l v e r  p r i n t ' p r o v e d  t o  have 

poor adhesion. The c e l l s  were cleaned and t h e  s i l v e r  p r i n t  contacts re-  

placed w i t h  an aluminun cross h a i r  g r i d  pat tern.  . In  the  process, c e l l  

165.3 was cracked and was replaced by another c e l l  from t h e  same run 

designated 165.0. . .. 
Upon resumption o f  l i g h t  and load, the 'chuck temperature was ra i sed  

t o  82°C. The r e s i s t i v e  loads were now matched f o r  t h e  maximum power 

p o i n t  a t '  t h i s  temperature. I - V  measurements were made a t  appropr iate 



i n t e r v a l s ,  both a t  82°C and a t  room temperature. The dura t ion  o f  t h e  

f i n a l  stage o f  t e s t i n g  was i n  excess o f  1300 hours (two months). 

Long term load t e s t i n g  o f  several c e l l s  was performed by Burke and 

~hewchun a't a  temperature o f  25°C t o  30°C p r i o r  t o  t h e  experiment per- 

formed here. B a s i c a l l y  they found t h a t  t h e  cel ' ls  do no t  degrade, a l -  

though small f l u c t u a t i o n s  i n  Voc, Is, and t h e  f i l l  f a c t o r  were observed. 

These f l u c t u a t i o n s  appeared t o  be a t t r i b u t a b l e  . t o  t h e i r  t e s t  apparatus. 

For instance, f i l l  f a c t o r  changes could be r e l a t e d  t o  con tac i i ng  prob- 

lems, and Voc changes t o  temperature f l u c t u a t i o n .  

The r e s u l t s  o f  our experiment performed a t  25'C are e s s e n t i a l l y  

t h e  same as described above. For t h e . c e l l s  tes ted  here, 165 and 169, 

f l u c t u a t i o n s  were a l s o  observed. These f l u c t u a t i o n s  were no t  i d e n t i c a l  

from c e l l  t o  c e l l .  However, there  appeared t o  be n8 ' re la t i onsh ip  between 

the  l oad  cond i t i on  o f  t he  c e l l  and t h e  parameter f l uc tua t ion .  F i l l  

f a c t o r  changes were a t t r i b u t a b l e  t o  t h e  poor adhesion o f  t h e  s i l v e r  

p r i n t  as mentioned e a r l  i e r  and could be res tored through repos i t i on ing  

t h e  probe. Voc changes are  thought t o  be due t o  temperature changes i n  

t h e  chuck. It was found a t  t h e  completion o f  t e s t i n g  t h a t  e r r o r s  i n  

measurement o f  t h e  c e l l  temperature were as much as +5"C, which i s  enough 

t o  cause f l u c t u a t i o n s  o f  Voc. 

The sho r t  c i r c u i t  cur rent  a l so  f l uc tua ted  i n  t h i s  i n i t i a l  t es t i ng .  

Pa r t  o f  t h i s  i s  thought t o  be due t o  t h e  non-uniformity of t h e  l i g h t  i n -  

t e n s i t y  across t h e  sur face o f  t h e  chuck. As t h e  bulbs aged and f i n a l l y  

had t o  be replaced a t  d i f f e r e n t  times du r ing  t h e  experiment, t he  i n ten -  

s i t y  and spect ra l  d i s t r i b u t i o n  experienced by each c e l l ,  and thus t h e  

sho r t  c i r c u i t  current ,  changed dur ing  t h e  course o f  t h e  measurements. 



With in  t h e  margin o f  e r r o r  imposed by t h e  t e s t  system, i t  i s  be1 ieved 

t h a t  no permanent degradation o f  these devices occurred a f t e r  200 hours 

a t  25"C, i n  agreement w i t h  t h e  r e s u l t s  o f  Burke and Shewchun. 

As no appreciable degradation of these c e l l  s  had occurred, the  c e l l  

temperature was r a i s e d  t o  82' C i n  t h e  hope o f  acce lera t ing  any p rev ious l y  

unobserved f a i l u r e  mechanisms. During the more than 1.7n[I hours o f  t e s t -  

ing ,  the c e l l  para~neter~s were dyd irl ubserved t o  Pluctuaee, Only much 

more dramatical l y .  When measured i n - s i  t u  , t h e  shor t  c i r c u i t  cu r ren t  

was found un i fo rm ly  lower a t  t he  conclus ion o f  t es t i ng .  As mentioned 
,. . 

e a r l  i e r ,  bul b again resu l ted  i n '  non-uh'i form i n t e n s i t y '  and spect ra l  d i s -  

t r i b u t i o n  over t h e  du ra t i on  o f  the  t e s t ,  which could account f o r  t he  

f l u c t u a t i o n s  o f  t h i s  parameter. This was confirmed by independent I - V  

measurements which showed t h a t  I,, had a c t u a l l y  changed very l i t t l e  

from i t s  i n i t i a l  value. 

The f i l l  f a c t o r s  on several ce l ' l s  was found t o  have de te r io ra ted  

a f t e r  t e s t i n g .  t h i s  loss  i n  f i l l  f a c t o r  was found i n  c e l l s  165.0 and 

169.3, bath o f  which were kept a t  a cond i t i on  o f  open c i r c u i t  thr-ouyiroert 

t h e  t e s t i n g .  The apparent cause was an eventual atlt~esiurl l oss  o f  the A1 

t o  the  IT0 surface. Throughout the  t e s t ,  h igh  ser ies  res is tances were 

found which could be e l im inated by r e p o s i t i o n i n g  the  probes i n d i c a t i n g  a 

contact  problem. Th is  could be due t o  ox ida t ion  o f  t h e  A l .  The f a c t  

t h a t  t h e  adhesion o f  t h e  A1 t o  the  IT0 degraded might i n d i c a t e  t h a t  A1203 

was forming between t h e  IT0  and t h e  A l .  Th is  i s  a s t rong ly  favored r e -  

ac t i on  as discussed i n  the  previous sect ion.  This type o f  reac t i on  i s  

o f t e n  seen i n  p lana r  ICs between A1 and Si02 which has a comparable heat 

o f  formation t o  In203. ' 



Early in t h i s  final stage of load test ing,  Voc dropped noticeably 

and then fluctuated around a mean value lower than the i n i t i a l  value. 

All the ce l l s ,  except 165.0.which did not suffer  from a decrease in th i s  

parameter, followed the same pattern of fluctuation as tha t  shown in 
. 
Fig. 7.2.for cell  169.1. The ce l l s  'were found to  suffer a decrease of 

approximately 4.5 percent. As discussed ea r l i e r ,  the actual temperature 

varied about 5°C. This i s  more than enough t o  account fo r  the observed 

change, as Voc i s  predicted to  change about .0063 volts per centigrade 

degree. However, independent t e s t s  were made on the ce l l s  outside the 

t e s t  chamber with care taken to  record the correct temperature. These 

t e s t s  indicated that  the open c i r cu i t  voltage had permanently degraded, 

and was not an a r t i f a c t  of the t e s t  apparatus. 

Anderson and Ghosh both report Voc loss when SnOp/Si ce l l s  are 

load tested as well as when on the shelf. The magnitude of th i s  loss is  

around 10 percent compared to  the 4.5 percent loss found here. ITO/SS 

ce l l s  fabricated by D. Burke several years prior to  th is  research were 
, ( '  

checked to  determine whether on the shelf degradation similar to  that  
. , .  

observed by Ghosh e t  a l .  had occurred. The Voc of the D. Burke ce l l s  

was found t o  be identical t o  the i r  i n i t i a l  measurements. A close com- 

parison here of the other parameters, ISC and f i l l  factor ,  i s  not valid 

as these two parameters a r e  very sensit ive t,o the t e s t  apparatus empjoyed, .., . 

which was quitc diffcrcnt to  the present setup. Qualitatively however, 

these parameters did not appear to, have degraded from the original 

measurements. 

Although these ce l l s  did not lose Voc on the shelf,  t h i s  does not 

mean that  a l l  ce l l s  will behave this way. I t .  was found in the thermal 



Cel i Number 169.1 
Temp 82 Oeg. C 
Ce l l  A rea  0 .079  3M*? 

voc l e r s u s  -inie 

. . 
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degradation t h a t  some c e l l s  su f fe red a decreasing vOc w h i l e  others d i d  

not .  Co inc identa l ly ,  both 165 and 169 were found t o  s u f f e r  from reduced 

Voc both thermal ly  and under l i g h t  and load. From thermal s t ress  t e s t -  

ing,  t h i s  l oss  appeared thermal ly  ac t i va ted  which might exp la in  why i t  

was n o t  observed under l i g h t  and load u n t i l  t h e  temperature was r a i s e d  

t o  82°C. 

It has been postu lated t h a t  d e t e r i o r a t i o n  o f  Voc due t o  thermal 

s t ress  was caused by the  increase i n  t h e  i n t e r f a c i a l  oxide lead ing t o  

reduced b a r r i e r  height .  However, i n  t h e  case o f  l i g h t  and load stress, 

t h e  oxide thickness apparent ly remained constant w i t h  t ime. It i s  possi-  

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

cance l la t ion .  Ghosh e t  a l .  discuss t h i s  p o s s i b i l i t y  i n  exp la in ing  the  

voc loss  i n  Sn02/Si s o l a r  c e l l s  when under st ress.  They attempted t o  . 

determine i f  t h i s  occurred by sub jec t ing  t h e  degraded c e l l s  t o  h igh  re -  

verse b ias  and temperature. The presumption i s  t h a t  t h i s  type o f  degra- 

da t ion  i s  r e v e r s i b l e  by d r i f t i n g  the  i o n i c  contaminants away from t h e  

junc t ion .  The r e s u l t  o f  t h i s  was no change i n  t h e  open c i r c u i t  voltage, 

and i t  was then concluded t h a t  changes were a r e s u l t  o f  i n t e r f a c i a l  r e -  

o r i e n t a t i n n  o f  t he  Sn02 t o  some s tab le  con f igu ra t i on  which gave a h igher 

surface s t a t e  density.  . . 

It i s  poss ib le  t h a t  s i m i l a r  mechanisms appear i n  the  ITO/Si 

c e l l s  and thus account f o r  the  decrease i n  Voc. However, f r e e  

energy considerat ions i n d i c a t e  t h a t  indium oxide i s  more thermo- 

dynamical ly s tab le  than t i n  oxide. Nevertheless, i t  i s .  n o t  con- 

c l u s i v e  from t h e  above experiment whether o r  n o t  i o n i c  impur i t i es  

co l  1 e c t  a t  t h e  j unc t i on  o f  the. SnOi/Si. . c e l l  i a s  t h ~ s  degradation mhy 

be e i t h e r  r e v e r s i b l e  o r  i r r e v e r s i b l e .  The same"would be t r u e  f o r  ' 

. " .  - - .  
ITO/Si s o l a r  c e l l s .  ' 



8. INDIUM PRICE/SUPPLY PATTERN AND ECONOMIC ANALYSIS 

A major conclusion o f  t h i s  element o f  the' program i s  t ha t  
. , 

indium p r i c e  and a v a i l a b i l i t y  w i l l  no t  l i m i t  the use o f  IT0 so la r  ce l l s .  

This conclusion i 's based ' p r ima r i l y  on the f a c t  t ha t  la rge quan t i t i es  ' 

o f  ava i l  able indium are not  being recovered. There are several fac tors  

t h a t  j u s t i f y  an op t im i s t i c  outlook f o r  indium a v a i l a b i l i t y .  Due t o  slack 
' .  

demand, t h e  recovery o f  'indium 'has been a marginal operation: Indium ' 

- .  . . .  . , . . . - .  

i s  recovered as a by-product o f  z inc smelting. Only about one s i x t h  

o f  thc  z inc  t a i l i n g s  a r e  t o  y i e l d  the neceisary supply "f 

indium. Production i s  l i m i t e d  t o  those 'quant i t ies  necessary t o  meet the 
. . i : '  

, .  . 

1  lml ted 'demand. The low p r o f i t a b i l i t y  o f  the ind i im industry as re f lec ted  

i n  constant actual  over 25 years ( u n t i l  qu i te  recent ly )  has 'not . 

warranted the development o f  new techniques o r  new sources o f  supply [I]. 

However, cha lcopyr i te  copper ores are j u s t  as promising as z inc ores as 
, . 

a source o f  indium. 

A second major conclusion was t h a t  IT0 S I S  c e l l  fab r i ca t ion  i s  

econimical l y  competi t ive w i t h  LSA pLn Sunction technology. A computer 

program has been generated which automates t h e  SAMICS IPEG cost ing pro- 
, . .  

cedure. iRe program has previously been u t l i z e d  i n  conducting a f i r s t  
. , . . 

pass economic evaluat ion o f  an IT0 device based so lar  c e l l  factory.  It ' 

, .. , :  . . . . . . 
i s f e l t  t h a t  t h i s  procedure y i e l ds  nreafii*lful prel j ' 

appropriate t o  the s ta te  o f  development o f  the technology. While a more 

de ta i led  analysis i s  unwarrabted, cost  estimates w i t b i n  $he LSA cust  

framework are useful  f o r  evaluat ing advanced technologies, Based on a 
n ,  ' .  . . .  ' . . . . 

f ab r i ca t i on  sequence us.ing cu r ren t l y  ava i lab le  equipment, t h i s  analysis ' 
. .  . . _  

ind icated t h a t  ITO devices could meet the' near term cost  goal,  o f  $2 per 
' 

I 0 t 3 .  

peak watt.   ow ever, more importantly, the resu l t s  i d i t a t e d  t h a t  the 
' 

required p r i ce  has' h ighest '  s e n s i t i v i t y  ti, pioduct y i e l d  andA 
. . . * . . 

c e l l  e f f i c iency .  The p r i ce  i; a'l sb sens i t ive  'tb the 'cab i ta l  k l a y  



required f o r  sput ter ing equipment and s i g n i f i c a n t l y  less sens i t ive  , 

t o  the cost o f  mater ia ls and other . fac tors  . o f  production. 
. . 

Recent. analysis has focused on sput ter ing technology w i t h  sub- 

s t a n t i a l l y  increased throughput. One such technology i s  described below. 
? 

The candidate ITO/si l icon device fabr icat io? sequence centers around 
. . 

the use of a  mul t i funct ion,  l i near ,  i on  source sput ter  deposit ion s ta t ion ,  

The reference conf igurat ion o f  the sput ter  s t a t i on  employs an octagonal 
. . 

drum f i x t u re .  The wafer streams are processed simultaneously on a  * three 

minute cycle. Six p la t tens containing wafers are . . loaded (and s i x  p la t tens 

unl oaded) on two f i x t u r i  ng surfaces o f  the octagonal . drum ' during each cycl  e  

whi le m i l  1  ing  , oxide growth and f i l m  deposi t ion proceed simultaneously 
. . 

i n  s i x  process "vaul ts"  over the s i x  remaining f i x t u r i n g  surfaces. The 

number o f  p la t tens handled during each cyc le  was chosen as a  reference. 
. . 

Larger f i x t u r i n g  drums and ion  sources are techn ica l l y  possible. 
* .  

The candidate indust ry  "projected" f o r  s tar tup i n  1986 employs ad- 

vanced fabr i ca t ion  concepts which, a1 though known t o  be techn ica l l y  

workable, are i n  most cases unproven on the scale assumed i n  t h i s  analysis. 

This indust ry  confEguration'was chosen i n  an e f f o r t  t o  bound the costs o f  
.I ' 

mass produced I.TO devices based on techniques which although requ i r ing  
. . 

f u r t he r  devcl opment and comme~cf a1 i z a t i o n  , appear most we1 1 matched t o  
. . 

the indust ry  expectatton of production volume i n  1986. 

Patterned a f te r  the 50Q/Wpk Candidate Technology "1161 t ransport  o f  

devices from one work s ta t ion  t o  the next i s  by means o f  b e l t  conveyors. 

The candidate fac tory  i s  assumed t o  be v e r t i c a l l y  integrated incorporat ing 

substrate production and c e l l  and module fabr icat ion.  Since the focus , 

o f  t h i s  analysis i s  on the c e l l  fabr icat ion,  other port ions of the pro- 

duction sequence are as spec i f ied i n  the SOQ/Wpk Candidate ~ e c h n o l o ~ y .  

SincpJhe , . p r i o r  h i s to ry  o f  the-wafers i s  asswm6d khohn,in ' t he i r  iht'e- . . . ' 

grated factory,  several c l  e.ani'ng . and' . .  degreasing, steps, which under other'  
. . . . 



. . 
'. . 

+rcumstances , are . necessary, have been e l  imjnated. A1 so, the 'in-si t u  

ion m i l  1 i ng  step. reduces s t r ingent  cleaning requirements. 
1 _ . , . 

As i n  the JPL 5'0@/Wpk Candidate ~ e c h n i l o ~ y  the wafer surface i s  EFG 

r ibbon s i l i con .  The back surface o f  the wafer i s  aluminized. Following 

f i l m  deposition, s i i v e r  f r o n t  g r ids  are appl fed by screen p r i n t i n g  and 

the c e l l  s .are then t e i t e d  and sorted, 
1 .  . 

For reference purposes, the numerical p lant  output was set  a t  100 MWpk 
. - . : : 

(,20 percent 0 f . a  500 MWpk market). This i s  equivalent t o  an annual pro- 

duct ion r a t e  o f  137 m i l l i o n  ce l l s .  The y i e l d  d i s t r i bu t i on  o f  c e l l  e f -  
' * .  . . 

f i c i ency  i s  taken t o  be a Beta probabi1it.y densi ty funct ion w i t h  para- 

meters 2 and 0.05. This imp1 ies  an average c e l l  e f f id iency o f  9.8 percent, 

2 percent lower than present average e f f i c ienc ies .  Cell grade s i l i ~ ~ n  

was assumed avai lab le  a t  $10 0975) Kg. 

The r e s u l t  o f  the-'cost s e n s i t i v i t y  study f o r  the candidate technology 

shows t h a t ' t h e  required p r i ce  i s  most sens i t ive t o  y ie lded c e l l  e f f ic iency,  
. . 

and i on  beam sputtered IT0 oxide semiconductor so lar  c e l l  s can be manu- 

factured a t  p r i ces  wel l  w i t h i n  DOE cost  goals. 
. . 

I n  add i t ion  t o  the cost  analysis o f  ITO/Si so lar  c e l l ,  we have a1 so 

calculated the fabr i ca t ion  cos t  o f  grat ing Ae-Si02-p-Si (MIS) so lar  c e l l  s 

"sing po lyc rys ta l l i ne  and amorphous substrates [2]. Both M I S  and S I S  
. . 
are members o f  a general c lass o f  photovol taic devices ca l led  conductor- 

. . 
insulator-semiconductor (CIS) so lar  c e l l s  [3] .  The devices are assumed 

. . 

t o  have a conversion e f f i c i ency  o f  12.9% equal t o  assumed f o r  JPL "Test 

Case" p-n junct ion factory.  . . : 

By way of comparison, g ra t ing  type MIS -and generic "CIS" ' type .of  

devices were . . a lso studied. ' The physical s t ructure o f  a pol.ysi l icori M I S  
. . % .  . . 

solar cell i s  .shown .ir.  Fig. 8.1. and tde eel1 fabr i ca t ion  prusess 
' 

sequence f o r .  a candidate M I S  grat ' ing cel.1 factory  i s  .shown , i n .  Fig. '8.2. 
' .  . . ,  

Compared t o  p-n junct ion fabr icat ion,  i n  the MIS Sequence doping steps 



p - SILICON 

Figure 8.1 : CIS So'lar Cell Grating Type structure. 
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have been rep i  aced by t h i n  f i l m  deposit ion and photol i thography 

processes. The ~ o r r e s ~ o n d i n q  d i r e c t  eq"ipmbnt and mater ia ls  costs 
, . 

are indicated'  i Table 8.1:   or the 250 MW factory,  d i r e c t  f l o o r  

space requirements' f o r  .equipment i n  the c e l l  fab r i ca t ion  sect ion i s  
2 ' estimated t o  be 500 rn . Direc t  assembly.l ine 1 a b o r ' a n d . u t i l i t i e s  

requirements were assumed:to be comparable t o  those impl ied by the 

JPL Test Case. .Value added costs generated. by the IPEG formula 

are tabulated i n  Table 8.2. 

For C I S  ce l l s ,  a comparison o f  the 1 MW ,and 250 MW C I S  value 
. . 

added costs ind ica te  the substant ia l  economics o f . 'sca le  ant ic ipated 

i n  scal ing up the manufacturing sequence. studies by JPL and RCA 

ind ica te  the s i gn i f i can t  cost  reductions can  be achieved i n  scal ing 

production from the 1 MW l eve l  t o  30-50 MW. A t  t h i s  l eve l  substant ia l  

automation must necessari ly have .been achieved and cost  reductions i n  

increasing scale beyond 50 MW are less pronounced [4,5]. 

Figure 8.3. shows the breakdown o f  costs on a percentage basis f o r  

the 1 MW and 250 MW M I S  factory. The c lear  d i f ference i n  the two break- 

downs i n  the reduct ion of . faci i  i t i e s  re la ted  cost  i n  the  250 MW case. 

Capital equipment and labor  a lso take a smaller f r a c t i o n  o f  costs w i t h  

mater ia ls costs f i l l i n g  i n  the di f ference. The dominant reason f o r  the 

"per watt"  costs reductions i n .  increas.ing p lan t  s i ze  i s  the increase i n  

thruput afforded by a h igh degree o f  a" to iat ion.  This i s  t r u e  f o r  both 

the JPL t e s t  case and the candidate M I S  factory,  Once a ce r t a i n  l eve l  o f  

automation i s  achieved, mater ia ls re la ted  costs become more dominant and 

i t i s  i n  t h i s  regard t h a t  t h e  M I S  s t ruc ture  o f f e r i  some advantage. As 

Table 6.2. indicates, m a t i r i a l s  costs are estimated t o  be. 50% lower f o r  

the MIS f ac to i y  versus the JPL. t e s t  case. 
- .  
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Table 8.1 
. ,- . . 
Y .' 

CAPITAL COSTS AND MATERIALS/SUPPLI ES COSTS BREAKDOWN FOR THE FABRICATION 
Aa-Si0,-(psi) 'SOLAR CELLS (FACTORY OUTPUT - 250 MW PER YEAR) 

Cap i ta l  Mater ia, ls/  ' 

PROCESS . Costs Suppl i e s  
Costs 

(mi l  1 i ons)  ( m i  11 ions )  

Etching and back contac t  
Oxidat ion and a l l o y i n g  
Front  Metal 1 i z a t i o n  
Solder d i p  
Photo l i thography 
AR coat ing  
Test ing 



Table 8.2. 

COMPARISON OF VALUE ADDED CELL FABRICATION COSTS EXPRESSED I N  
1975 OOLLARS/PEAK WATT 

COST 250 MW (a > 
COMPONENT 1 MW C I S  250 MW C I S  JPL TEST CASE 

- 
. > 

? . .( 

Equi pment 0.100 0.022 0.020 
F a c i l  i t i e s  0.337 0.002 0.006 
Labor 0.332 0.01 8 0.018 
Ma te r i a l s  0.026 0.026 0.054 
U t i l  i t i e s  0.020 0.001 0.001 

( a )  JPL cos t  est imates s ta ted  i n  Ref. [ !( ] reagregated t o  match IPEG 
cos t  categor ies.  
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Figure 8.3. . percentage l l i s t r i  bution o f  a Annual i zed  Costs f o r  1 MW 
and 250 MW C I S  Factory. 



Based on the IPEG cost formula, the variation of cell fabrication 

costs with variation in each of various cost components. can be estimated. 

The cost sensitivity diagram for the 250 MW MIS factory is shown in . 

Figure 8*4-(~hese results are qualitatively si'milar in the JPL Test Case 

a1 so. ) In the diagram, "inverse efficiency" means that variations with 

respect to the reciprocal of device efficiency have been plotted. . '  Device 

efficiency has the most significant effect on "per peak watt" costs. 

Materials costs are the next most significant cost component. Variation in 

facilities and utilities related costs have the least effect on cell fabri- 

cation cost. These sensitivity results' indicate most importantly that achiev- 

ing high conversion efficiencies (10 to 15%) is crucial in terms of pro- 

ducing solar cells which can be economically competitive with other energy 

sources. 

With respect to the project cost of complete photovoltaic modules., 

the MIS modules are competitive but only slightly lower in cost than the 

JPL test case moduels. Although MIS cell fabrication costs are 30% lower 

than in the test case, substrate and module fabrication costs are dominant- 

i tems in total panel costs and these are' assumed equal in both cases, (.see 

lable 8 , 3 ) .  Where MIS structure may offer a.considerab!e cost advantage is 

with amorphous structures where substrate costs can. be. significantly reduced 

as discussed below. 

A schematic diagram of the amorphous MIS soiar cell appears in ~ i g ,  8.5, 

The fabrication sequence is similar to that for 'the polysilicon MIS device 

with the addition of an'amorphous silicon deposition step, The cost of 

amorphous silicon was taken to be $2/kg. To date, amorphous devices have 

achieved conversion efficiencies in the range of 5 to 6% for small active 
. . 

area devices. In this analysis, a conversion efficiency o f  10% was assumed to 

evaluate the economic feasi bil i ty of these devices, Devices with conversion 



PERCE.NT VARIATION IN COST COMPONENT 

Flg.  8.4. Cost S e n s i t i v i t y  Diagram f o r  250 MW CIS So lar  Cell Factory .  
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e f f i c i enc ies  be1 ow 10% are severely penal i zed by area re1 ated costs 

both d i r e c t l y  and i n  terms o f  i n s t a l l a t i o n  cost. 

Tab1 e 8.4, ind icates the.  breakdown o f  annual ized costs f o r  amorphous 

C I S  so la r  cells'. Cel l  fab r i ca t ion  value added costs are estimated a t  

0.09 $(1975) per peak'watt '  versus 0.07 $(1975) per peak watt f o r  the poly- 

s i l i c o n  C I S  device. The higher cost  f o r  the amorphous c e l l  i s  due p r inc ipa l -  

l y  t o  the lower assumed amorphous device e f f ic iency.  The f o r  amorphous 

devices l i e s  i n  the  e l iminat ibn of the s l l i c o n  wafer substrate being replacad 

by a s tab le  metal substrate - t y p i c a l l y  s ta in less steel .  

Referring t o    able 8.3 and 8.4. although reduced conversion e f f i c i ency  

increases c e l l  and modi!le fab r i ca t ion  costs ,  fur the ah0rphoi~se device a , 

20% reduction over the JPL t e s t  ca'se i s  projected f o r  t o t a l  panel cost. 

Although contingent on producing cel1s"of  s u f f i c i e n t l y  high e f f i c iency ,  
. . 

amorphous C I S  so la r  c e l l s  may u l t i m a t e l y  prove an .  Smportant opt ion i n  the 

photovol t a i c s  market. 
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Table 8.3. 

' . r, . . . .  . . 
. . 

COMPARISON OF SOLAR CELL MODULE COST EXPRESSED I N  1975 DOLLARS/PEAK WATT 
, . . . .  . .  : .  

. . 250 MW 
- ,. C I S  

Fac to ry  

250 MW . 

JPL ' . 
Test  Case 

WaferISubstrate ' . , . .18 ' .18 . , ' 

C e l l  F a b r i c a t i o n  .07 .10 
Module F a b r i c a t i o n  . 

, .  . I .  i ..1'6., ,:. . .. 1 6 . ,  

TOTAL .41 .44 



Table 8.4. 

IPEG COST ESTIMATE FOR a-Si  CIS SOLAR CELL MODULE 

COST CATEGORY VALUE ADDED COST b ( l 9 7 5 ) l ~ p k  ! '  

. CELL FABRICATION 

Equi ment 
Faci r i t i e s  
Labor 
M a t e r i a l  
U t i l i t i e s  

SUBTOTAL 

TOTAL 0.30 
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As a result of this study, the following conclusions could be 
drawn : 

. . -  

1. Intragrain transport properties as much as grain boundary re- 
combination and conduction barriers, 1 imi t the bul k transport 
properties of the substrate and reduce solar cell efficiency. 
Passivating these defects is just as important as grain boundary 
passivation in fabrication efficient cells on defected material. 

2.  Efficient large area solar cells of indium tin oxide on, poly- 
crystalline silicon can'be repeatably fabricated using ion beam 
sputter deposition IT0 on silicon. Efficiencies approaching 14% 
on 20 sq/ CHI: devices were obtained on Wacker polycrystall ing 
silicon. T ~ P  major limitation on efficiency wds upen c i r c u i t  
voltage values which remained below 55O mV. Improvements in this 
parameter would a1 1 ow efficiencies, that would exceed those at- 
tained with p-n junctions, 

3.  The interfacial layer consists of sii icon dioxide, after a 3 or 4 
Angstrom transition layer. It does not appear that the interfacial 
layer is significantly pinholded and, based upon thermal aging and 
other studies, seems to be reproducible and exhibit no major en- 
hanced degradation. However, thickness undulations in the oxide 
could lead to distributions of Schottky like and SIS like regions in 
a typical cell . 

4) The use of an automated test system and automatic network analyzer 
provide detailed analysis of doping profiles and interface state 
densi ti tes whic.h ,are useful in analyzing process' variations in 
device fabricati'on. 

, . 

5 )  The noise ,spectra"iensi-ty test ..'shows promise.as a re1 iabil ity pre- 
dictor and also i n  detecting devices with particular types of defects. 

-6) Large area efficient devices do not exhibit major generation recombina- 
tion currents nor edge leakage effects. . . 

7) 1ndiu111 supply will not impede the implementation of IT0 based cells 
for large scale terrestrfal appl ications. 

8) Sputter deposited IT0 solar cell s are econnmical ly viable a1 ternatives 
tu p-n junctions for large scale terrestrial applicatons. 

I ' +  4 

9) Data obtained on a variety of substrates indicates that the low ". 
temperature, low energy sputter deposited IT0 devices may have per- 
formance advantages over p-n junction cell s for highly defected 
polycrystall ine substrates. 

10) In-Situ etching, hydrogen anneal ing ' in the ion beam, and surface 
etching and mil 1 ing techniques can significantly improve solar cell 
efficiencies 'on polycrystal 1 ine substrates. 



p,t this time a number of factors relating to .commercial 

viabil ity of the technology, which were only surmised at the beginning 

of the program, appear clear. Given the area related substrate, 

encapsulation, interconnection, and panel area elements ,of photo- . , 

voltaic modules, . the . junction formation step occupies a. significant 

but not dominant place in cell fabrication economics, The dominant 

factor in the viability of a given technoioiy lies in the ability to 

fabricate efficient devices on low-cost and highly defected substrates. 

For a given substrate cost and quality,,when one trades off vacuum 

processing of IT0 cell s with reduced' metal ization, encapsulation and anti - 
ref 1 ection coating requi rments , ef f tc.i ency. yi.el d :and'. 1 omg tern 

stabil i ty become the deciding factors, 

In IT0 based systems, particularly using ion beam sputtering, the 

efficiency on polycrystalline substrates is presently competitive with 

p-n junctions and in highly defected materials may prove superior. 

Indeed, IT0 sputtered deposited junctions utilize lower temperatures 

than diffusional based processes and lower energy than pulse processes 

such as ion implantation. These low temperatures and low energy processes 

could prove advantageous and even necessary on highly defected polycrystalline 

substrate5 for silicon and other advanccd material. 

It is worth noting that the efficiencies quoted in this report and 

the devices evaluated were not made under stringent clean room conditions. 

The target appeared mottled and black and was assayed at a purity less 

than 99%. The in-situ sputter etch provided an atomically clean surface 

which made the overall process relatively insensitive to prefabrication 

cleaning . In that regard, the sputter deposition process, wherein the 

substrate is etched, the interfacial oxide grown and the IT0 deposited 

during the same purnp-down' under1 ine the potential'. for fabrication under 

considerably.1.e~~' stringent clean1 iness, with associated reduction in ' , , .,, - . , 



costs, than usua l l y  required f o r  so lar  ce l , ls  and other semiconductor 

devices . 
A c r i t i . ca1  fi.ndi,ng gf th.i,s, program :was tha,t the . effici.en.cy . ex: 

h i b i t e d  by small devices can be Feadi ly  scaled t o  l a rge r  area ce l l s .  

The questions s t i l l  remaining per ta in  t o  long term s t a b i l  i t y  and' reproduci- 
. , . o  

b i l i t y .  I n  the former case, the question ar ises as t o  whether s t a b i l i t y  
. .:.:, , . .  

measurements on unencapsulated c e l l s  w i l l '  be a good measure o f  f i e l d  
. . 

s u r v i v a b i l i t y .  A  reason f o r  t h i s  question i s  t h a t  a major f a i l u r e  
. . 

mode of present day c e l l s  i s  corrosion under o r  around a contact pad 

01- metal gr i 'd  l i.ne and not  intrinsic , .% f a i l u r - e  . of t h e  junc t ion  I t s e l f ,  

The encapsulation slows down o r  e l  iminates t h i s  pa r t i cu l a r  fa i . lure mode, 

The question o f  r e p r o d u c i b i l i t y  needs t o  be answered i n  a prototype pro- 

duct ion l i n e  environement. While a continuous sput ter ing 'system o f  the 

type o f f e red  by Leybold tiareaus may no t  be required, a p lanetary casset te 

f i x tu red  system capable o f  producing ten o r  more wafers i n  a given pump 

down i s  required t o  develop a s t a t i s t i c a l  base upon which proje'ct ions 

may be made. A1 so, i f  t h i s  e f f o r t  i s  undertaken, and our c e l l  perfosn~ancr 

on la rge  area substrates and economic studies i nd i ca te  t h a t  i t  would be 

warranted, then i t  should be accompanied by the assembly o f  one o r  more 

panels so t h a t  encapsulated c e l l s  can be f i e l d  tes ted and compared t o  

comparable f i r s t  generation c e l l  s obtained i n  e a r l y  LSA purchases, This 

would seem a more reasonable comparison o f  IT0 based devices than comparing 

i n i t i a l  panels based on IT0 c e l l  s w i t h  t h i r d  and f ou r t h  generation p-n 

junc t ion  panels from which the e x t r i n s i c  and perhaps o ther  degradation 

modes have heen engineered out. 

During the course o f  t h i s  i nves t iga t ion  we corresponded extensively 

w i t h  our colleagues who are fab r i ca t ing  M I S  and S I S  c e l l s  using a va r i e t y  

o f  technologies. A common thread seemingly ex i s t s  between a l l  o f  

these devlces. I n  t h a t  regard, the concept o f  a conductor- insulator- 



semiconductor (CIS) cell  was developed. The properties of CIS cel l  s 

were reviewed by a member of our group in collaboration with other 

researchers. These investigations and discussions conclude that  CIS 

devices i n  general, and IT0 sputter deposited devices i n  particular,  

p.resently remain viable a1 ternatives to  p-n junctions formed thermally 
. . .) 

or  w i t h  pulse processing. As a resul t  of this research program, a 

comprehensive understanding of ITO/Silicon solar ce l l s  was obtained. 

This understanding was used to  improve the qua1 i t y  of the junction and 

of completed solar ce l l s  so that  efficiencies competitive w i t h  p-n 

junctions on large area could be fabricated w i t h  a degree of repeat- 

ab i l i ty .  There were no fundamental l imitations uncovered which would 

precl ude the use of IT0 i n  1 arge scale t e r r e s t r i a l  photovol t a i c  systems. 

While certain questions of device optimization, anti  reflection coatings, 

and reproducibi1,it.y s t i l l  remain, the time i s  near when a t e s t  of 

these devices simulating production l ine  and f ie ld  conditions wi'll be 

warranted. 
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