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FOREWORD 

As has been repeated  many t imes, t h e  s o l a r  c e l l  has been an i n d i s p e n s i b l e  
element of t h e  U.S. space program. The development o f  t h e  s i l i c o n  s o l a r  c e l l  
i n t o  an e f f i c i e n t ,  r e l i a b l e ,  and commercial ly a v a i l a b l e  dev ice  has made our 
may accomplishments i n  space poss ib le .  Not o n l y  has t h e  s i l i c o n  c e l l  been 
t h e  workhorse power source f o r  s a t e l l i t e s ,  i t  i s  now a l s o  a l e a d i n g  cand ida te  
f c i r  genera t ing  s o l a r - e l e c t r i c  power on t h e  ground. Looking t o  t h e  f u t u r e ,  t o  
t h e  proposed space p la t fo rm,  one sees t h a t  t h e  j o b  o f  p h o t o v o l t a i c  power 
genera t ion  i s  f a r  f rom over and t h a t  t h e  need f o r  h i g h  e f f i c i e n c y ,  l o n g  l i v e d ,  
inexpens ive  p h o t o v o l t a i c  devices i s  s t ronger  than ever. 

Th is  meeting, t h e  f i f t h  o f  i t s  k ind ,  was in tended t o  be a d i r e c t i o n -  
s e t t i n g  forum where each i n v i t e d  e x p e r t  was expected t o  express h i s  o r  he r  
judgement t o  (1 )  h e l p  s e t  s u i t a b l e  goa ls  f o r  space s o l a r  c e l l  research  and 
development, ( 2 )  d e f i n e  t h e  b a r r i e r s  p reven t ing  t h e  a t ta inment  o f  these goals,  
and ( 3 )  b r i n g  t o  t h e  su r face  t h e  most v i a b l e  approaches t o  overcome these 
obs t ac l  es . 
exchange and d i scuss ion  o f  ideas and op in ions  aga ins t  a background of 
t e c h n i c a l  p resen ta t i ons .  The atmosphere was in fo rma l ,  y e t  s t ruc tu red ,  and 
i n d i v i d u a l  i n t e r a c t i o n  was encouraged. 

The d iscuss ions  a t  t h i s  meeting, as i n  t h e  past,  were focused on f i v e  
areas. These areas and t h e  i n d i v i d u a l s  who g e n e r a l l y  accepted t h e  
r e s p o n s i b i l i t y  o f  managing them a re  
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NASA-OAST PROGRAM I N  PHOTOVOLTAIC ENERGY CONVERSION 

Jerome P. Mullin and Dennis J. Flood 
National Aeronautics and Space Administration 

Washington, D.C. 

ABSTRACT 

The NASA program i n  photovol ta ic  energy conversion inc ludes  re- 
search and technology development e f f o r t s  on solar cel ls ,  b lankets ,  
and a r r ays .  The overall ob jec t ives  are t o  increase  conversion 
e f f i c i e n c y ,  reduce m a s s ,  reduce c o s t ,  and inc rease  opera t ing  l i f e .  
The p o t e n t i a l  growth of space power requirements i n  t h e  f u t u r e  pre- 
s e n t s  a major chal lenge t o  the  c u r r e n t  s ta te  of technology i n  space 
photovol ta ic  systems. 

INTRODUCTION 

The OAST Of f i ce  of Space Energy Conversion, formerly Space Power 
and Electr ic  Propulsion, supports ,  guides ,  and d i r e c t s  programs t o  
provide a power technology base t h a t  enables  and/or enhances c u r r e n t  
and f u t u r e  a c t i v i t i e s  i n  space explora t ion  and u t i l i z a t i o n  ( f i g u r e  1). 
With in  the Of f i ce  of Space Energy Conversion, t h e  Photovol ta ic  Energy 
Conversion program has t h e  s p e c i f i c  o b j e c t i v e  t o  improve conversion 
e f f i c i e n c y ,  reduce m a s s ,  reduce c o s t ,  and increase t h e  opera t ing  l i f e  
of photovol ta ic  conver te rs  and a r r ays .  The program seeks t o  do so by 
developing and applying an improved understanding of photovol ta ic  
energy conversion, and eva lua t ing  a broad range of advanced concepts 
for reducing cost and m a s s  of photovol ta ic  systems. 

PHOTOVOLTAIC ENERGY CONVERSION PROGRAM 

Major t h r u s t s  of  t h e  program f a l l  i n t o  t h r e e  areas: (1) device 
research and technology; ( 2 )  l o w  cost b l anke t  and a r r ay  technology; 
and ( 3 )  high performance b l anke t  and a r r a y  technology. A c t i v i t i e s  
i n  device R&T inc lude  fundamental s t u d i e s  of  r a d i a t i o n  damage and 
annealing; development of high s p e c i f i c  power cells: i d e n t i f i c a t i o n  
and demonstration of l o w  cost technologies i n  cel l  f a b r i c a t i o n ;  re- 
search  on advanced devices  such a s  t h e  mul t ip l e  bandgap cascade solar 
cel l  and su r face  plasmon conver te r ;  and f i n a l l y ,  research  on s e v e r a l  
types of concent ra tor  devices  such as spectro-  and thermophotovoltaic 
converters .  Low cost b l anke t  and a r r a y  a c t i v i t i e s  inc lude  fundamen- 
t a l  s t u d i e s  o f  solar ce l l  in t e rconnec t  welding, l a r g e  area s i l i c o n  
solar ce l l  development and a v a r i e t y  of p l ana r  and concent ra tor  a r r a y  
approaches. High performance B&A work i s  a t  p r e s e n t  focussed on 
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demonstrating r e l i a b l e ,  space-qualif  i a b l e  l igh tweight  b l anke t  and 
a r r ay  technologies  using t h e  OAST 2 - m i l  t h i n  s i l i c o n  cel l ,  A s  f u t u r e  
high performance, u l t r a l i g h t  cel ls  are developed, a c t i v i t i e s  i n  t h i s  
a r ea  a r e  expected t o  evolve t o  incorpora te  t h e m .  

TECHNOLOGY CHALLENGES 

Figure 2 i s  a summary of improvements i n  a r r a y  s p e c i f i c  power 
achieved over t h e  h i s t o r y  of t h e  space program. Advances i n  a r r a y  
and b l anke t  technology are p resen t ly  under i n v e s t i g a t i o n  which have 
t h e  p o t e n t i a l  t o  enable  a r r a y  s p e c i f i c  powers i n  excess of 150 W/Kg 
i n  t h e  nea r  t e r m .  A second goal  w i th in  s i g h t  i s  demonstration o f  
c r i t i c a l  technology advances needed for  300 W/Kg a r r a y  technology. 
Fur ther  advances are q u i t e  l i k e l y  i n  t h e  more d i s t a n t  f u t u r e .  

The  t r end  i n  a r r a y  s p e c i f i c  cost over the  p a s t  20 years  i s  shown 
i n  f i g u r e  3 .  It would appear t h a t  s i g n i f i c a n t  advances i n  cost- 
reducing technology must occur i f  the  order  of magnitude cost re- 
duct ion goa l  is to  b e  reached. T h e  decreases  i n  s p e c i f i c  c o s t  ob- 
served so f a r  have r e s u l t e d  p r imar i ly  from inc reases  i n  a r r a y  s i z e  
during t h a t  per iod  of t i m e .  Based on c u r r e n t  e s t ima tes  of t h e  SEPS 
a r r a y  s p e c i f i c  c o s t ,  t h e  NASA goa l  appears very ambitious. However, 
both inc reases  i n  s i z e  and t h e  i n t roduc t ion  of new technologies  can 
rea.sonably be  expected t o  a i d  t h e  d r i v e  toward lower cost. A number 
of s t u d i e s  have v e r i f i e d  t h i s  view and the  program w i l l  cont inue t o  
explore  promising approaches such as t h e  cas seg ra in i an  concent ra tor  
i d e n t i f i e d  i n  one such study. 

Figure 4 shows the  cumulative and annual amounts of pho tovo l t a i c  
power launched by NASA s i n c e  t h e  e a r l y  1960's. With t h e  exception of 
Skylab, t h e  annual rate has  been on t h e  order  of 2-4 k i lowa t t s  per  
year ,  and i s  n o t  expected t o  change much u n t i l  t h e  advent of l a r g e  
space s ta t ions ,  when mult i - tens  of k i l o w a t t  a r r a y s  w i l l  be requi red .  
Following t h a t ,  it is  p o s s i b l e  t o  imagine t h e  r o u t i n e  launch i n t o  
LEO and o ther  o r b i t s  of l a r g e  a r r a y s  f o r  var ious  NASA, commercial, 
and m i l i t a r y  app l i ca t ions .  Such a scena r io  p r e s e n t s  a major 
chal lenge t o  our  c u r r e n t  technology base. 

SUMMARY 

The NASA-OAST program i n  photovol ta ic  energy conversion is  a 
wel l - focussed,  y e t  broadly based program designed t o  provide techno- 
l o g i c a l  advances t h a t  enhance and/or enable  c u r r e n t  and f u t u r e  
a c t i v i t i e s  i n  space exp lo ra t ion  and u t i l i z a t i o n .  S i g n i f i c a n t  i m -  
provements have been achieved i n  ce l l  performance and i n  b lanket  and 
a r r a y  s p e c i f i c  power and l i f e t i m e .  Technologies directed a t  reducing 
cost for l a r g e  a r r a y s  have been i d e n t i f i e d ;  technologies  for  achieving 
high performance a r e  c u r r e n t l y  under i n v e s t i g a t i o n .  T h e  t r e n d  toward 
high power requirements p re sen t s  a major cha l lenge  t o  t h e  c u r r e n t  
s t a t u s  of technology development i n  space photovol ta ics .  
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N E W  SILICON CELL DESIGN CONCEPTS FOR >20 PERCENT AMI  EFFICIENCY 

M. Wolf 
University of Pennsylvania 
Philadelphia, Pennsylvania 

SUMMARY 

The bas i c  design p r inc ip l e s  f o r  obtaining high e f f i c i ency  i n  s i l i c o n  s o l a r  cel ls  
They c r i t i c a l l y  involve very long minori ty  carrier l i f e t i m e s ,  not  so  are reviewed. 

much t o  a t t a i n  high co l l ec t ion  e f f i c i ency ,  but pr imari ly  f o r  increased output vol tages .  
Minority carrier l i f e t i m e ,  however, i s  s e n s i t i v e  t o  r a d i a t i o n  damage, and p a r t i c u l a r l y  
i n  low r e s i s t i v i t y  s i l i c o n ,  on which the  high e f f i c i ency  design is  based. Radiation 
r e s i s t a n t  space cells w i l l  therefore  have t o  follow d i f f e r i n g  design p r inc ip l e s  than 
high e f f i c i ency  terrestrial c e l l s .  

DESIGN VIEWPOINTS DERIVABLE FROM AN IDEALIZED CELL STRUCTURE 

I n  the  simple s o l a r  cel l  s t r u c t u r e ,  which c o n s i s t s  only of one l aye r  f o r  each of 
t he  th ree  regions ( f ron t ,  deplet ion,  and base r eg ion ) l )  , t h ree  l i g h t  generated cur ren t  
components flow (one each from the  th ree  reg ions) ,  which a l l  need to  be maximized f o r  
b e s t  co l l ec t ion  e f f ic iency .  I n  addi t ion ,  two i n j e c t i o n  cur ren t  components flow i n  
forward b i a s  operat ion (one i n t o  the  base and one i n t o  the  f r o n t  region) which need 
t o  be minimized t o  achieve high output vol tages .  Optimum performance f o r  t e r r e s t r i a l  
appl ica t ions  o r  BOL space se rv ice  i s  achieved when t h e  sur face  recombination veloci-  
ties both a t  the  f r o n t  and a t  t he  back surfaces  are zero (Fig. 1 ) .  Then the  device 
design involves a trade-off between l i g h t  generated and open c i r c u i t  vo l tage ,  t o  
a t t a i n  maximum power output.  This trade-off involves pr imari ly  the  thickness  of the  
base region. The optimum design a l s o  ind ica t e s  impurity concentrat ions j u s t  a t  the  
onset  of Auger recombination, equal i n  both t h e  f r o n t  and the  base regions,  when 
secondary, technology dependent e f f e c t s ,  such as series r e s i s t ance  r e l a t e d  lo s ses ,  
are d e a l t  with separately.  

The considerat ion of t he  simple device s t r u c t u r e  shows t h a t  the  bas ic  device 
does not  r equ i r e  t h e  proper t ies  of an "emitter" f o r  t he  f r o n t  region, and t h a t  the  
open c i r c u i t  vo l tage  monotonously increases  with increasing minority c a r r i e r  l i f e t i m e ,  
while t he  c o l l e c t i o n  e f f i c i ency  e s s e n t i a l l y  s a t u r a t e s  as long recognized2). 
t he  h ighes t  poss ib le  performance, the  h ighes t  technological ly  achievable minority 
c a r r i e r  l i f e t i m e  is thus needed. 

To gain 

While, p r inc ipa l ly ,  improved open c i r c u i t  vo l tages  are expected from increasing 
dopant concentrat ions,  t h e  onset  of d i r e c t ,  band-to-band Auger recombination sets a 
bas i c  l i m i t  t o  t h i s  trend,2) (Fig. 2 ) ,  as does bandgap narrowing3). Thus, an optimum 
impurity concentrat ion w i l l  be reached j u s t  before  Auger recombination causes a down- 
tu rn  of the  power output  with a f u r t h e r  increase  of t h e  impurity concentrat ion.  I n  
consequence of t h i s  observation, a high e f f i c i ency  s o l a r  ce l l  design should avoid 
very high doping concentrat ions a t  which the  heavy doping e f f e c t s  have a s i g n i f i c a n t  
inf luence on the  device performance. There exist some doubts, however, on the  
cur ren t ly  accepted values  of Auger recombination 4 )  and bandgap narrowing5) i n  depen- 
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dence on the  dopant concentrat ion.  
e f f e c t s  has been a t t a i n e d ,  t he  s o l a r  ce l l  design philosophies might change s l i g h t l y .  

After  b e t t e r  information on these  heavy doping 

Both the  maximum idea l ized  e f f i c i ency  and t h e  dopant concentrat ion a t  which t h i s  
e f f i c i ency  is obtained, (Fig. 3 ) ,  depend on the  minori ty  carrier l i f e t i m e  model chosen. 
The th ree  models f o r  t he  dependency of t h e  minori ty  c a r r i e r  l i f e t i m e  on dopant con- 
cen t r a t ion ,  on which t h e  th ree  e f f i c i ency  curves of Fig. 3 are based, are shown i n  
Fig. 4 6). 
sec t ion ,  but similar curves could have been obtained with the  simple model). 

(Fig. 3 is based on a more de t a i l ed  s o l a r  cel l  model ou t l ined  i n  the  next  

REALISTIC STRUCTURES FOR HIGH EFFICIENCY TERRESTRIAL SOLAR CELLS 

After  t he  considerat ions on t h e  idea l ized  s t r u c t u r e ,  t h e  question arises t o  what 
degree such high performance may be approximated i n  real is t ic  c e l l  s t ruc tu res?  

The f i r s t  obs t ac l e  t o  zero su r face  recombination ve loc i ty  on t h e  back sur face ,  

A s u i t a b l e  high/low junc t ion  s t r u c t u r e  with a t h i r d ,  more heavi ly  
appears  t o  be t h e  ohmic contac t  which represents  a su r face  recombination ve loc i ty  
near 106 cm s-1. 
doped base l aye r  of s i g n i f i c a n t  thickness ,  can accomplish a t r anspor t  ve loc i ty  t rans-  
formation from values  near 106 cm s-1 down t o  20 c m  s-1 a t  the  i n t e r f a c e  between t h e  
narrow base l aye r  and the  high/low junc t ion  (Fig. 5). 
value f o r  c l o s e  pproximation of zero sur face  recombination ve loc i ty  a t  t h e  back of 

This is an adequately low 

the  base layer .  67 

For the  f r o n t ,  however, a similar approach i s  not  appropriate ,  as the  r e l a t i v e l y  
th i ck  t h i r d ,  more heavi ly  doped l a y e r  would diminish the  c o l l e c t i o n  e f f ic iency .  How- 
ever,  a s t r u c t u r e  as i l l u s t r a t e d  i n  Pig.  6 could form an appropr ia te  remedy. Here, 
the  t h i r d  l aye r  exis ts  only under the  ohmic contac ts  which are represented by the  
g r id  l i n e  and bus l i n e  p a t t e r n  on t h e  f r o n t  su r f ace  of t he  cell. The light-exposed 
sur face  is  located d i r e c t l y  on t h e  less heavi ly  doped f r o n t  layer .  Its sur face  re- 
combination ve loc i ty ,  as i t  r e s u l t s  from the  f a b r i c a t i o n  processes appl ied ,  would . 
normally be too high t o  allow adequately high performance. P a r t i c u l a r l y  the  inf luence 
on the  s a t u r a t i o n  cu r ren t  which determines the  open c i r c u i t  vol tage,  would reduce 
performance. Thus, adequate means f o r  reduct ion of t he  sur face  recombination ve loc i ty  
t o  values  near 100 c m  s-1 on the  open f r o n t  su r f ace  w i l l  s t i l l  be needed. 
oxides o r  induced accumulation l a y e r s  (MIS s t ruc tu res )  may accomplish t h i s  r e s u l t .  
MIS approaches can a l s o  be used t o  reduce the  e f f e c t  of t he  high sur face  recombination 
v e l o c i t y  of t he  ohmic contac t ,  similar t o  the high/low junct ion-third l aye r  combina- 
t ion. 

Doped 

Appropriately applying these  measures i n  combination can achieve a performance 
comparable t o  that, of t he  idea l ized  device of Fig. 1. It may be noted t h a t ,  i n  the  
computation of t he  idea l ized  e f f i c i ency  da ta ,  a textured f r o n t  sur face  (oblique 
photon penetrat ion)  and an i n t e r n a l l y  o p t i c a l l y  r e f l e c t i n g  back sur face  w e r e  in- 
cluded. Also, f o r  a r e a l i s t i c a l l y  achievable c e l l ,  including f r o n t  sur face  shading 
by me ta l l i za t ion ,  series r e s i s t a n c e  l o s s e s ,  a non-ideal a n t i r e f l e c t i o n  coat ing,  
etc., t he  performance d a t a  have t o  be reduced t o  about 90% of t h e  values  given here.  
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CELL DESIGN FOR HIGH PERFORMANCE AFTER ENERGETIC PARTICLE EFFECTS 

The high s o l a r  cel l  performance discussed i n  the  preceding paragraphs, i s  
achievable only with very l a r g e  d i f f u s i o n  lengths  i n  both t h e  f r o n t  and t h e  base 
regions of t h e  device. I n  most space missions,  however, t he  r a d i a t i o n  environment 
r ap id ly  reduces t h e  minori ty  carrier l i f e t i m e  (Fig. 7)  7). 
( so l id  l i n e s  of Fig. 7) apply t o  s o l a r  cel ls  of r a t h e r  l imi t ed  d i f f u s i o n  lengths ,  
while t h e  devices discussed i n  t h e  preceding paragraphs would start  with s u b s t a n t i a l l y  
longer values.  However, they would fol low t h e  dashed curve under the  inf luence of 
nuclear  p a r t i c l e  f l u x  u n t i l  t h e i r  approximation t o  t h e  o r i g i n a l  s t r a i g h t  l i n e .  Thus, 
f o r  1 MeV e l e c t r o n  equivalent  nuclear  r a d i a t i o n  f luxes ,  a t  t h e  f luence level of 101.5 
t o  1016 cm-2, no advantage would be derived from the  o r i g i n a l  high d i f f u s i o n  lengths .  
In design computations f o r  a s o l a r  ce l l  s t r u c t u r e  corresponding t o  Fig. 6 6), a para- 
metric study f o r  t h e  optimum base l a y e r  thickness  as funct ion of t h e  minority carrier 
l i f e t i m e  i n  t h e  base w a s  c a r r i e d  ou t  (Fig. 8 ) ,  y i e ld ing  both the  optimum base thick- 
ness  and the  maximum e f f i c i e n c y  achievable f o r  a given minori ty  carrier l i f e t i m e .  
At: a 1 MeV equivalent  f luence of 1016 cm-2, t h e  minority carrier l i f e t i m e  would have 
decreased t o  35 n s  according t o  Fig. 7 ,  and t h e  corresponding e f f i c i ency  would be 14% 
with a base l a y e r  thickness  of 30 vm. 

The o r i g i n a l  curves 

It i s  evident t h a t  t h e  design f o r  optimum EOL (end of l i f e )  performance of sili- 
con s o l a r  ce l l s  w i l l  r e q u i r e  very t h i n  s i l i c o n  wafers, bu t  w i l l  s t i l l  no t  be a b l e  t o  
exceed a performance l e v e l  near 14% (AMO). It should be noted t h a t  t he  p r i o r  compu- 
t a t i o n s  were c a r r i e d  out  f o r  optimum ce l l  performance under AM1 conditions.  It w i l l  
be necessary t o  c a r r y  out similar computations f u r  an optimum performance a t  EOL under 
AMO. I n  f a c t ,  t he  26.7% (AMI.) e f f i c i e n t  ce l l  shows 23.9% e f f i c i ency  f o r  AM0 (BOL). 

While t h e  terrestrial s o l a r  c e l l  optimization w a s  based on t h e  use of low resis- 
t i v i t y  s i l i c o n ,  i t  is w e l l  known t h a t  t h i s  type of s i l i c o n  is  more r a d i a t i o n  s e n s i t i v e  
than higher r e s i s t i v i t y  material (Fig. 9 ) .  Thus, a r a d i a t i o n  r e s i s t a n t  design may 
include a trade-off towards t h e  use of higher r e s i s t i v i t y  material. While the  damage 
c o e f f i c i e n t  f o r  d i f f u s i o n  l eng th  (Fig. 9) is  reduced by approximately a f a c t o r  of 3 
i n  going from 152 cm (p = 1 .5  x 1016 cm-3) t o  1052 cm r e s i s t i v i t y  (p = 1.3 x 1015 cm-3) ,  
t h e  minority carrier mobil i ty  decreases from approximately 1000 t o  750 cm2 V-1s-1 , 
so  t h a t  the  e f f e c t i v e  change i n  t h e  damage c o e f f i c i e n t  f o r  minori ty  carr ier  l i f e t i m e  
i s  only approximately 2.25. Nevertheless,  t h i s  d i f f e rence  i n  minority carrier l i f e -  
t i m e  damage c o e f f i c i e n t  w i l l  have a s i g n i f i c a n t  inf luence on the  u l t ima te  design of 
a r a d i a t i o n  hardened, high performance s i l i c o n  s o l a r  cell .  

CONCLUSION 

The p r i n c i p l e s  of r a d i a t i o n  r e s i s t a n t  s i l i c o n  s o l a r  ce l l  design are opposing 
those of high e f f i c i e n c y  design, p a r t i c u l a r l y  i n  t h e  areas of s e l ec t ed  resist ivit ies 
and minori ty  carrier l i f e t i m e s .  An optimum EOL c e l l  design needs s t i l l  t o  be derived, 
but  i t  is  l i k e l y  t o  be based on very t h i n  s i l i c o n  wavers. 
t h a t  t h e  optimum EOL designs f o r  d i f f e r e n t  r a d i a t i o n  environments w i l l  d i f f e r ,  and 
w i l l  be f a r  from optimum a t  BOL. On t h e  o the r  hand, an optimum EOL design may no t  
show much output degradation throughout its l i f e .  

A disadvantage w i l l  be  
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Fig. 1. Simplified i d e a l  s o l a r  cel l  s t r u c t u r e  w i t h  zero sur face  
recombination v e l o c i t y  a t  the  outs ide  boundary sur faces  
of 60 th  f r o n t  region and base region. 
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Fig. 2. Efficiency ?I of the  ideal ized s o l a r  c e l l  s t r u c t u r e  i n  dependence 
on the majori ty  c a r r i e r  concentrat ion CB i n  the base region. The 
numerals i nd ica t e  the  nominal f r o n t  region thickness x j  and the  
t o t a l  ce l l  thickness d ,  a t  which optimum performance i s  achieved. 
Used as a parameter is the  r a t i o  of t he  impurity concentrations i n  
the  f r o n t  (ND) and base (NA) regions,  respect ively.  
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Fig. 6. S i l i c o n  s o l a r  ce l l  s t r u c t u r e  f o r  high e f f i c i ency .  
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Fig. 7. Base region d i f fus ion  l eng th  L i n  10R crii n /p  S i  s o l a r  c e l l s  as funct ion 
of f luence f o r  va r ious  ene rge t i c  p a r t i c l e s .  From r e f .  7 .  
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Fig. 8. Ef f ic iency  a s  funct ion of t h e  thickness  of t h e  less heavi ly  doped base 
l aye r ,  with minori ty  c a r r i e r  l i f e t i m e  i n  t h i s  l aye r  as parameter. The 
dashed curves do not  permit the  l i f e t i m e  i n  t h e  more heavi ly  doped base 
l aye r  (p+ l ayer )  t o  exceed t h a t  of t h e  p-layer. A l l  o ther  parameters 
kept cgnatant .  

Fig,  9. Dependence of the damage c o e f f i c i e n t  5 
f o r  d i f f u s i o n  l eng th  on e l ec t ron  
energy and base region r e s i s i t i v i t y ,  
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SURFACE EFFECTS I N  HIGH-VOLTAGE SILICON SOLAR CELLS* 

A. Meulenberg, Jr., and K.A. Arndt 
COMSAT Laboratories 
Clarksburg, Maryland 

E X TE N DE D AB ST RACT ** 
The i n f l u e n c e  o f  sur face  recombinat ion v e l o c i t y  (SRV) on e m i t t e r  dark cur-  

r e n t ,  and t h e r f o r e  on c e l l  open-c i r cu i t  vo l tage  Voc, has necess i ta ted  t h e  use 
of low area "dotn1 contac ts  t o  reduce a major source o f  t h i s  dark c u r r e n t  ( r e f .  1 ) .  
Once t h e  con tac t  area i s  reduced s u f f i c i e n t l y  ( o r  M I S  con tac ts  used t o  reduce 
SRV a t  t h e  con tac ts ) ,  t h e  major source o f  dark  c u r r e n t  f rom t h e  e m i t t e r  o f  a 
sha l low j u n c t i o n  s o l a r  c e l l  i s  t h e  o x i d e - s i l i c o n  i n t e r f a c e  i t s e l f .  
i n g  e f fec ts  i n f l u e n c e  a l l  c e l l s ,  and Auger recombinat ion i s  t h e  major problem 
i n  deep j u n c t i o n  s o l a r  c e l l s . )  
t h i s  i n t e r f a c e  w i l l  i n f l u e n c e  bo th  t h e  b lue  response and t h e  V o c  o f  such a 
c e l l ,  and t h e r e f o r e  must be reduced as much as poss ib le .  

The SRV of a s o l a r  c e l l  i s  increased and t h e  b l u e  response decreased by 
de fec t  s i t e s  near t h e  i n t e r f a c e  and by e l e c t r i c  f i e l d s  which draw m i n o r i t y  car-  
r i e r s  t o  t h e  i n te r face .  The SRV c o n t r i b u t i o n  i o  t h e  e m i t t e r  dark c u r r e n t  i s  
a l s o  increased by heavy doping e f f e c t s  which c rea te  bandgap narrowing, even i n  
t h e  v i c i n i t y  o f  t h e  i n t e r f a c e .  

recombinat ion v e l o c i t y  of h e a v i l y  doped s i l i c o n  surfaces. 
i nvo l ved  d i f f u s e d  n p s t ruc tu res ,  bu t  a comparison was a l s o  made w i t h  low 
doped M I S  s t ruc tu res .  

poor i n t e r f a c e  c h a r a c t e r i s t i c s  so t h a t  pass i va t i ng  ox ide  g e n e r a l l y  needs t o  be 
grown p r i o r  t o  a p p l i c a t i o n  o f  t h e  AR coat ing .  So la r  c e l l  process ing a t  COMSAT 
Labora tor ies  has t r a d i t i o n a l l y  used thermal o x i d a t i o n  o f  tan ta lum meta l  t o  form 
t h e  AR c o a t i n g  and t o  pass i va te  t h e  sur face  s imul taneously  ( r e f .  2). Dur ing 
t h e  e a r l y  s tud ies  on t h i s  ma te r ia l ,  i t  was d iscovered by C-V techniques t h a t  
s i g n i f i c a n t  negat ive  char  e was c rea ted  and t rapped i n  t h e  Ta2O5 du r ing  t h e  
o x i d a t i o n  process ( r e f .  3y. C e l l s  f a b r i c a t e d  i n  t h e  e a r l y  p o r t i o n  o f  t h i s  e f -  
f o r t  u t i l i z e d  t h i s  process w i t h o u t  a l t e r a t i o n .  

To improve t h e  t r a d i t i o n a l  AR coat ing,  i t  was found t h a t  a p p l i c a t i o n  o f  
p o s i t i v e  s t a t i c  charge ( r e f .  4 )  t o  t h e  f r o n t  o f  t h e  AR c o a t i n g  d i d  n o t  a l t e r  
t h e  c e l l  c h a r a c t e r i s t i c s .  
750' C, 30-minute o x i d a t i o n  p r i o r  t o  fo rming  the  contact ,  t h e  c e l l  became q u i t e  
s e n s i t i v e  t o  such sur face charge. F igu re  1 i n d i c a t e s  t h e  i n f l u e n c e  of p o s i t i v e  
charge on shal low j u n c t i o n  s o l a r  c e l l  I - V  c h a r a c t e r i s t i c s .  
t i o n s  as deep as 1 / 5  pm have d isp layed s i m i l a r  e f f e c t s .  

(Heavy dop- 

Recombination and genera t ion  o f  c a r r i e r s  a t  

A s e r i e s  of experiments was performed i n  a at tempt  t o  reduce t h e  sur face  
Most o f  t h e  e f f o r t  

A n t i r e f l e c t i n g  coa t ings  deposi ted d i r e c t l y  on a s i l i c o n  sur face  p rov ide  

However, when t h e  AR c o a t i n g  was subjected t o  a 

C e l l s  w i t h  junc- 
As expected, t h e  more 

*This  paper i s  based upon work performed a t  COMSAT Labora to r ies  under t h e  
sponsorship o f  t h e  Communications S a t e l l i t e  Corporat ion and supported i n  p a r t  
by  NASA Lewis under Cont rac t  NAS3-22217. 
* *Fu l l  t e x t  t o  appear i n  t h e  1 6 t h  Pho tovo l ta i c  S p e c i a l i s t s  Conference, San 
Diego, C A Y  September, 1982. 
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heavily doped surfaces showed the least response to charge. 
must either reduce or compensate the charge in the TA20 

step adds about 5 mV to the averge open-circuit voltage even with no surface 
charge. 

than those in 650-mV, diffused ce1ls.l The implication i s  that the SRV of 
the MIS structure is lower than that of diffused cells and/or that the inver- 
sion layer is better than the diffused layer. A third possibility is that 
simple oxidation of a heavily doped and/or diffused layer cannot provide a 
well-passivated surface. 

The oxidation step 

This oxidation 
or it must remove 

defect sites th't pin the Fermi level locally at the in 5 erface. 
MIS cells have been fabricated (fig. 2) that exhibited dark currents lower 

Major conclusions of this study are as follows: 

a. Surface recombination velocity is the major limitation of shallow 
junction solar cells. 

b .  Proper surface passivation allows significant influence on blue 
response and Voc by use of static charge applied to the surface. 

Surface passivation of heavily diffused surfaces does not appear to 
break an apparent Voc barrier for diffused cells at -655 mV. 

c. 

d .  MIS structures have shown greater potential for high Voc, probably 
as a result of lower SRV at the oxide-zilicon interface. 
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Figure 1. - The influence of posi t ive surface charge on a shallow junction 
so lar  c e l l .  The upper  curve of each pa i r  i s  f o r  the  c e l l  when charged. 

Figure 2. - The IV characa ter i s t ics  o f  an MIS c e l l  (0.h-cm substrate ,  -100 a 
Er + -50 a Cr + Plated Grids, No AR Coating). 

15 





RECENT DEVELOPMENTS I N  THIN SILICON SOLAR CELLS" 

F. Ho and P. Iles 
Applied Solar Energy Corporation 

City of Industry, California 

COPLANAR BACK CONTACT CELLS 

2 50um thick cells 2x4cm area with coplanar back contacts were made with good 
yield, and with output equivalent to conventional toplbottom contact cells of the 
same thickness. A wraparound junction (WAJ) design was selected, and used success- 
fully. The contact configurations are shown in Figure 1. The low d s cells de- 
livered were all above 12%, the average efficiency was 13% and the best was 14%. 
The overall yield was 35-4@%, comparable to that for conventional 50um cells (see 
Table 1). 
bility. 
High 

The process sequence was moderately complex, but showed good reproduci- 
The CBC cells performed well under several important environmental tests. 

ds CBC cells were made, with about 1% increase in conversion efficiency. 

The most important design criteria were the choice of back surface N+ and P+ 
areas. 

P+ AREA 

Any giveaway P+ area introduced series resistance losses. The losses depended 
on both the area and the configuration of the giveaway area. This WAJ design did 
not allow reduction of this loss by use of the P+ BSF layer. 
duced this giveaway area, with minimal loss in output. 

The final design re- 

N+ AREA 

The N+ layer on the edges and back surface introduced shunt losses. These were 
minimized by reducing the N+ area. 
(CFF) as the N+ area was decreased systematically (at the same time the P+ contact 
was correspondingly increased). Reduction of the N+ back surface area to ~2.5% 
also decreased shunting components in the diode dark forward current, and eliminated 
some inhomogeneities caused by illumination at different parts of the cell. 

Table 2 shows the improved cell performance 

FZ Si gave higher output than CZ. Cells were made with either 10 ohm-cm and 2 
ohm-cm silicon; histogram plots of the output (Figure 2) show the distributions 

*Most of tlie work described was funded by NASA-Lewis Research Center. 
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were similar. 
resistance of CBC cells. 

These two groups can be used for close comparison of the radiation 

I-V DATA 

Typical values were Isc &312mA, Voc -6lOmV, and CFF-0.76. The best cell had Isc 
312, Voc 0.619, and FF 2.79; the I-V curve for this cell is shown in Figure 3. 
was measured -0.72. 

d s  

CONCLUSIONS 

If the array advantages are sufficient to require 50um cells with coplanar back 
contacts, cells of good performance can be made, and there is further chance that the 
fabrication processes can be streamlined to reduce the most differential against 
conventional 50um thick cells. 

VERY LOW 4 s  50um CELLS 

The goals of this program, ds < 0.64 with efficiency 3 14% have involved care- 
ful examination of the tradeoffs needed to combice these two goals. 
several cell design features are required: 

To reduce d s ,  

a) 

b) 
e) 
d) 

The front surface should not be textured (the loss  of power from increased 

The back surface must have high optical finish. 
A high IR reflectance back surface contact layer is required. 
Slight advantage can be taken of the use of high W reflectance coatings on 
the coverglass. 

d s offsets the increased current). 

NOTE: We have not assumed the use of a separate blue-red rejection filter. 

In addition, several essential process steps are needed, especially for thin 
cells : 

i) A shallow diffused layer is required on the front surface. 
ii) Grid patterns with minimum shading. 
iii) Good quality AR coating. 
iv) A back surface field (BSF) is needed. 

For (ii) and (iii) we estimated the tradeoff between power loss and cell ds, for 
two limiting cases, namely full front surface metal coverage, and omission of AR 
coating. The estimated d s  values were -0.25 and -0.50 respectively, but the in- 
creased power available from these low 
power caused by these extreme conditions. 
that any attempt to reduce 
was also counter productive. 

d s  values was much less than the decreased 
We concluded by analysis and from tests, 

4 s  at the expense of active area or AR effectiveness 
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PROCESS SELECTION FOR LOW a s ,  50um CELLS 

(a) A s u i t a b l e  method is  needed f o r  thinning t o  50um while maintaining high 
sur face  f i n i s h ,  e spec ia l ly  on the back surface.  
cess which leaves a mirror  f i n i s h  on the  back sur face ,  and a near specular  f i n i s h  
on t h e  f r o n t  sur face .  

We developed an etch-thinning pro- 

(b) For BSR metals, we extended earlier comparisons of metals with high I R  
re f lec tance ,  and se l ec t ed  gold f o r  t h i s  work. Later, t o  improve t h e  environmental 
performance we have used a very t h i n  l aye r  of aluminum under the  gold. 
low contact  r e s i s t ance ,  we have returned t o  a s t r u c t u r e  used earlier, where t h e  
ohmic contact  t o  t h e  back sur face  i s  provided by a g r i d  contac t  (deposited over the  
BSF l aye r )  and t h e  BSR m e t a l  i s  deposited on t h e  remainder of t he  back sur face .  
g r id  pa t t e rn  w a s  designed t o  minimize series re s i s t ance  a t  t h e  shee t  r e s i s t ance  
l e v e l s  introduced by the  BSF. 

To ensure 

The 

(c) The BSF formation involves t h e  major t rade-offs .  For t h i n  c e l l s ,  a good 
BSF (increased Voc, increased long wavelength response) is e s s e n t i a l .  Usually a 
good BSF layer  involves high doping levels and reasonable depth of t h e  l aye r .  Often 
these s t e p s  reduce t h e  o p t i c a l  q u a l i t y  of t h e  back sur face .  
p o s s i b i l i t y  by using boron-diffusion, a process we have shown e f f e c t i v e  f o r  h ighes t  
output 50um cells. However, t he  high boron doping levels have l ed  t o  another trade- 
o f f ,  caused by f r e e  carrier absorpt ion i n  the BSF l aye r .  This f r e e  carrier absorp- 
t i o n  (beyond 1.lum) decreases the  o v e r a l l  r e f l ec t ance ,  and t h e  decrease is more 
se r ious  a t  longer wavelengths. 

W e  have avoided t h i s  

W e  have found t h a t  t h e  e f f e c t i v e  r e f l ec t ance  values  can be shown t o  have h 2  
dependence, as prediced f o r  f r e e  c a r r i e r  absorption. 

W e  have var ied  the  boron doping levels sys temat ica l ly  (keeping o ther  f a c t o r s  
constant)  and have shown steady decrease i n  I R  r e f l ec t ance  (Figure 4 ) .  I n  addi t ion ,  
we evaluated t h e  BSF e f f ec t iveness  of these  varying boron condi t ions,  and showed 
t h a t  t o  achieve ds (0.65 w i l l  r equ i r e  l o s s  of ce l l  e f f ic iency .  

Figure S shows the  present  combination of I-V output and 4 s  achieved. A t  
present  w e  are f ab r i ca t ing  50 de l ive rab le  cells t o  show t h e  bes t  state-of-the-art .  

CONCLUSIONS 

It is  poss ib le  t o  make s i l i c o n  cells with ds below -0.60. However, t o  main- 
t a i n  state-of-the-art  e f f i c i ency  ( >  12%) sets a l i m i t  t o  c( s -0.63, and suggests  
t h a t  i n  p rac t i ce ,  t h e  add i t iona l  d i f f i c u l t i e s  i n  reducing ds t o  t h i s  range f o r  t h i n  
cells, are accompanied by reduced ce l l  output.  The b e s t  compromise appears t o  be 
operat ion a t  high e f f i c i ency  down t o  s 40.67. 

WELDING TESTS 

Weldable cells made on a p i l o t  l i n e  (50um th i ck ,  2x2cm9 low d s  -0.72 and 
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average AM0 efficiency -13%) have been distributed to the array industry. 
cases, the cells have shown good weldability, especially after suitable handling 
techniques were developed. 
papers a t  th i s  conference.) 

In most 

(Fuller reports on these c e l l s  w i l l  be given i n  other 
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TABLE 1 
PROCESS LOSS AND YIELD SUMMARY FOR THE THREE FINAL 

PILOT RUNS 

PROCESS LOSS AND REJECT MODE 

CLEANING AND ETCHING 

Si02 DEPOSITION 

DIFFUSION (POC13, BN) 

PHOTORESIST WORK 

METALL I ZAT I ON 

PLATING 

CUTTING AND AR COATING 

MECHANICAL REJECT 

ELECTRICAL REJECT ( < 12% AM0 1 

TOTAL YIELD (1 12%) 

10'2 

2 

6 

12.8 

4 

6,4 

0,6 

6.7 

14 

37.3 

LOT NUMBER 

N+ AREA P+ AREA voc 
(L) ( % I  ( m W  

10,2 88.5 602 

5.1 93,6 590 

2.3 96.4 598 

0 100 592 

12 

2.5 

5.5 

3.5 

6 

8 

0.5 

8 

12.7 

41.3 

TABLE 2 

TESTS TO DETERMINE TRADEOFF N+ AND P+ BACK 

SURFACE AREA 

III(%) 

10.7 

3 ,5  

2 

8.7 

6 

8.5 

1 .3  

18 

7 ,3  

34 

J sc CFF EFF 1 Rs 
(m/cm?) ( % I  (ohm) 

37.3 

37.9 

74 12.3 0.080 

75 12.5 0.058 

37.7 77 12.9 0,056 

37.8 78 12.9 0.055 
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CROSS-SECTIONAL VIEW 

l-----44m----------cl 
FRONT VIEW 

BACK VIEW 
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Figure 1. - 2-mil coplanar back contacts cell (WAJ). 
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(a) 10 ohm-cm (50 cells). 
(b )  2 ohm-cm (10 cells). 

Figure 2. - Histogram plot for delivered 50-pm CBC cells. 
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Figure 3. - Current-voltage curve for 50-um CBC cell. 

I 

ao 

60- 

s 
g- 
W 5 

6 n 

40- 

CL 

20- 

NO BSF 
CHANGED A SCALE - 

Figure 4. - Specular reflectance and wavelength (varying boron doping). 
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VOLTACE, mV 

Figure 5. - Current-voltage curve for 50-~m, low as cells. 
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LARGE AREA S P A C E  SOLAR CELL ASSEMBLIES* 

M.B. S p i t z e r  and  M.J. Nowlan 
Spire  Corpora t ion  

Bedford,  Massachuse t t s  

SUMMARY 

Development of a la rge  area space s o l a r  c e l l  assembly  is presented. The 
assembly cons i s t s  of an ion implanted s i l i c o n  c e l l  and g l a s s  cover. The 
important a t t r i b u t e s  of  f ab r i ca t ion  a r e  (1) use of a back sur face  f i e l d  which is  
compatible with a back sur face  r e f l e c t o r ,  and (2 )  i n t eg ra t ion  of coverglass 
appl ica t ion  and c e l l  f ab r i ca t ion .  

INTRODUCTION 

The economic cons t r a in t s  on fu tu re  la rge  space power systems w i l l  r equi re  a 
reduction i n  c e l l  cos t  without compromise of c e l l  qua l i t y .  Certainly innovative 
c e l l  f ab r i ca t ion  techniques are necessary fo r  achievement of t h i s  reduction. A 
f u r t h e r  reduct ion may b e  poss ib l e  with the  use of low-cost t e r r e s t r i a l  solar c e l l  
technology ( r e f .  1). 

This paper descr ibes  the  ongoing development of a low-cost la rge  area 
( 3 4 . 3  cm2) n+pp+ s o l a r  c e l l  assembly based on ion implantation. Whereas 
the cost  of ion implantation is considered t o  b e  a disadvantage a t  cur ren t  
production l eve l s ,  fu tu re  la rge  scale production w i l l  r equi re  an automated, 
e f f l u e n t l e s s ,  high throughput process.  The development of ion implantat ion 
a n t i c i p a t e s  t h i s  need. The technica l  f ea tu re s  of ion implantation and i t s  
development f o r  terrestrial  purposes a r e  discussed i n  references 2 and 3. 
Application of the  technology t o  space s o l a r  c e l l  f ab r i ca t ion  has a p a r t i c u l a r  
advantage a r i s i n g  from the  ease with which back su r face  r e f l e c t o r s  can be  formed 
on the  implanted back sur face  ( r e f .  4 ) .  This w i l l  be discussed more f u l l y  i n  the  
next sec t ion. 

An important innovation i n  c e l l  encapsulat ion has a l s o  been developed. I n  
t h i s  new technique, the  coverglass  is appl ied  before  the  c e l l  is sawed t o  f i n a l  
s i ze .  The coverglass  and cel l  are then sawed as a un i t .  I n  t h i s  way, the  cos t  
of the  coverglass is reduced, s ince  the  tolerance on g l a s s  s i ze  is relaxed, and 
cos t ly  coverg lass /ce l l  alignment procedures are el iminated.  

CELL DEVELOPMENT 

A l l  c e l l  development was based on 2 ohm-cm p-type (100) s i l i c o n ,  with 
thickness of  250 p m  and diameter 7.6 cm. No AR coat ings  were used during cell  
development . 

* This work w a s  supported by the  NASA L e w i s  Research Center. 
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Back Surface Implantation 

The implantation of  27Al+, I l B +  and 70Ga+ ions was inves t iga ted  
f o r  p-p+ BSF formation. Implant and anneal parameters are given i n  T a b l e  I. 
After  t h i s  se uence, f r o n t  junc t ions  were formed by phosphorus implantation (10 
keV, 2.5 x 1011 ions/cm2) and annealed with a three-step anneal ( r e f .  3). 

Figure 1 shows the  r e s u l t i n g  doping p r o f i l e s  obtained by spreading 
r e s i s t ance  ana lys i s .  The anomalous A 1  p r o f i l e  is not understood; however, the  B 
and G a  have the  abrupt p r o f i l e  c h a r a c t e r i s t i c  of the  implantation process. Boron 
y i e lds  the  h ighes t  ac t iva t ion .  T a b l e  2 shows the  measured c e l l  performance under 
simulated AM0 i n so la t ion .  Also shown i n  the  table a r e  r e s u l t s  obtained without 
BSF formation. These c e l l s  had a s l i g h t l y  d i f f e r e n t  f r o n t  junc t ion  anneal and a 
d i f f e r e n t  back contac t ,  but w e r e  f ab r i ca t ed  from the  same s t a r t i n g  material and 
a r e  included here t o  ind ica t e  the  performance achievable  without a back implant. 
Cells with implanted backs have s l i g h t l y  b e t t e r  FF; t h i s  is a t t r i b u t e d  t o  an 
improved e l e c t r i c a l  back contact .  We i n f e r  from t h i s  da ta  tha t  the A 1  and G a  
implants a re  not e f f e c t i v e  i n  providing BSF enhancement of vol tage and cu r ren t ,  
even though the  doping va r i e s  over t w o  o rders  of magnitude a t  the  p-p+ junct ion.  

One of the major advantages of using ion implantation f o r  back sur face  
f i e l d  formation i s  tha t  implantation leaves the  physical  appearance of the  
sur face  unchanged. Thus, a wafer with a polished back can b e  used f o r  back 
sur face  r e f l e c t o r  (BSR) formation, without repol i  shing of the  implanted surface.  
This should be contrasted with Al-paste processes,  which requi re  ex tens ive  
repol i sh ing  a f t e r  BSF formation. 

A BSR was formed on sur faces  which were boron-implanted as described 
above. The BSR consis ted of evaporated Al-Ti-Pd-Ag and no repol i sh ing  was used 
p r i o r  t o  evaporation. The polished f r o n t s  of the samples were AR coated with 
T i02  but had ne i the r  f r o n t  me ta l l i za t ion  nor f r o n t  junct ions.  T a b l e  3 shows 
the  measured values of thermal a lpha (courtesy of H. Cur t i s  of NASA-LeRC) f o r  
four samples. A l l  samples had thermal alpha values less than 0.70. It can be  
seen €ran these da ta  t h a t  (1) contact  s i n t e r i n g  has no measurable e f f e c t  on 
thermal a lpha,  and (2)  boron implantat ion increases-  thermal alpha s l i g h t l y .  

E m i t t e r  Development 

Various phosphorus and a r s e n i c  implantations were s tudied i n  order  t o  
achieve very shallow ( 9 0 . 2  pm) highly doped n+ layers. Refinements such as 
oxide pass iva t ion  and junc t ion  t a i l o r i n g  ( r e f .  5) were not pursued a t  t h i s  s t age  
of the development . 

Spreading r e s i s t a n c e  p r o f i l e s  f o r  t h ree  d i f f e r e n t  emitters are shown i n  
Fig. 2. The ion implantation and anneal parameters are l i s t e d  i n  T a b l e  4. Also 
l i s t e d  are the  measured AM0 performance da ta  of t e s t  c e l l s  fabr ica ted  with the  
indicated emitters. Each test c e l l  had a boron-implanted BSF and Ti-Pd-Ag 
meta l l iza t ion .  No a n t i r e f l e c t i o n  coat ing w a s  used. 
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The f i r s t  two e n t r i e s  i n  T a b l e  4 compare d i r e c t  implantation of phosphorus 
t o  phosphorus implanted i n  a sur face  which is f i r s t  rendered amorphous by s i l i c o n  
implantation. This "pre-implantation" was  inves t iga ted  because it o f f e r s  
complete e l iminat ion of channeling, and should a l s o  y i e l d  better e p i t a x i a l  
regrowth during the anneal, s ince  the  sur face  l aye r  has no po lyc rys t a l l i ne  
f ea tu res  ( r e f .  6). 

A s  is  evident  i n  Figure 2, t h i s  pre-implantation does r e s u l t  i n  reduced 
junc t ion  depth; however, the  Voc of these c e l l s  is much lower than t h a t  of the  
d i r e c t l y  implanted phosphorus. Since the  dark logI-V curves of the  predamaged 
c e l l s  show a small increase  i n  s a t u r a t i o n  cur ren t  with no change i n  n-factor ,  we 
a t t r i b u t e  the  reduced Voc t o  an increase  i n  emi t t e r  dark cur ren t  r e s u l t i n g  from a 
decrease i n  emitter d i f f u s i o n  length.  This decrease of emitter d i f fus ion  length 
is  a t t r i b u t e d  t o  unsa t i s f ac to ry  annealing of t he  implantat ion damage. 

We have a l s o  examined a r sen ic  implantation and very shallow junct ions have 
been obtained as  indicated i n  Figure 2. Spec t ra l  response measurements i nd ica t e  
tha t  the  blue response is enhanced, but t h a t  the red response is lower than the  
phosphorus-implanted c e l l s .  Various anneal cycles  were inves t iga ted  t o  determine 
whether the minority c a r r i e r  l i f e t ime  had been compromised by the one-step 
anneal,  but no improvement was a t t a ined .  The poor performance of these c e l l s  i s  
therefore  a t t r i b u t e d  to  low l i f e t ime  i n  the  ma te r i a l  used f o r  a r sen ic  s tud ies .  

R e s  u 1 t s 

Large a rea  c e l l s  were f ab r i ca t ed  using the  boron implantation and anneal as 
described above and phosphorus implantation (5 keV, 2.5 x 1015 ionslcm2) 
followed by a three-step anneal ( r e f .  3). Patterned Ti-Pd-Ag contac ts  w e r e  
appl ied to  the  f ron t  and f u l l  area A1-Ti-Pd-Ag contac ts  were appl ied t o  the  
back. An evaporated a n t i r e f l e c t i o n  coat ing of Ta2O5 was appl ied and c e l l s  
were sawed t o  f i n a l  s i z e  (5.9 c m  x 5.9 cm). The cel l  shape and contac t  
configurat ion were se lec ted  so a s  t o  be compatible with the  encapsulat ion design 
(Fig. 3). Tota l  c e l l  a rea  w a s  34.3 cm2. 

Performance under simulated AM0 inso la t ion  a t  25OC was measured, and the  
following average c h a r a c t e r i s t i c s  were obtained f o r  a group of twenty-five c e l l s .  

Average Standard Deviation 

605 0.2 

38.1 0.3 

75.2 1.1 

12.8 0.2 
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W e  a t t r i b u t e  the  low f i l l  f a c t o r  i n  pa r t  t o  a shunt r e s i s t a n c e  a r i s i n g  a t  
the  wafer edge ( p a r t  of t h i s  edge is  incorporated i n  the  f i n a l  c e l l  - see Fig. 3) 
and i n  p a r t  to  contact  series r e s i s t ance .  Improvements i n  ce l l  design and 
f ab r i ca t ion  techniques which w i l l  y i e l d  a f i l l  f a c t o r  of 80% without s u b s t a n t i a l  
increase  i n  c e l l  cos t  are being pursued. 

ENCAPSULATION 

A major reduction i n  assembly cos t  is achieved by a new procedure f o r  
a t tach ing  g l a s s  coversl ips .  Standard p r a c t i c e  has been t o  bond a prec ise ly  cu t  
covers l ip  to  a f in i shed  c e l l .  The demands on c e l l  and g l a s s  tolerance and on 
prec is ion  alignment of cove r s l ip  with respec t  t o  the  c e l l  during assembly add 
s u b s t a n t i a l l y  to  the  assembly cos t .  To reduce t h i s  cos t ,  we have developed a 
process i n  which the  g l a s s  cover i s  bonded t o  the  wafer before sawing the  c e l l  t o  
i t s  f i n a l  s ize .  In t h i s  way, c e l l  and g l a s s  a r e  sawed t o  s i z e  as one using a 
wafer dicing saw.  This obviates  the  need f o r  prec is ion  in  both cove r s l ip  
preparat ion and alignment, without l o s s  of r e g i s t r a t i o n ,  and so r e s u l t s  i n  a 
major cos t  saving. We bel ieve t h a t  t h i s  is the f i r s t  demonstration of t h i s  
technology. 

Mater ia ls  and Lamination 

An encapsulation procedure was  developed f o r  th ree  adhesives: e thylene 
v iny l  ace t a t e  (EVA), FEP-Teflon sheet  and Dow-Corning 93-500. Two t y p e s  of g l a s s  
were used: Corning 0211 (nominally 300 pm th ick)  and Corning 7070 microsheet 
(nominally 100 pm th i ck ) .  The thermal expansion c o e f f i c i e n t  of Corning 7070 is 
qu i t e  c lose  to t h a t  of s i l i c o n ;  it is therefore  the  b e s t  choice f o r  u s e  with 
lamination sequences involving temperature cycl ing.  

The lamination procedures used f o r  EVA and FEP-Teflon were 
s t ra ightforward.  A b r i e f  desc r ip t ion  is provided here.  The d e t a i l s  can be  found 
i n  reference 7. An assembly cons is t ing  of the g l a s s ,  adhesive and c e l l  a r e  
placed i n  an evacuated chamber. Pressure is appl ied (4 a t m .  f o r  EVA, 2 atm. f o r  
FEP-Teflon) and the  sample is heated (1500C f o r  EVA, 300OC f o r  FEP-Teflon) t o  
allow the  adhesive t o  flow. The assembly is then cooled slowly t o  room 
temperature. 

Lamination with DC93-500 w a s  a l s o  s t ra ightforward.  The adhesive i s  mixed, 
de-aired and poured onto the  center  of the cell .  The cell is then placed i n  a 
b e l l  jar  and the  DC93-500 is  de-aired a second t i m e .  A cleaned covers l ip  is 
placed over the  DC93-500 and the  a i r  is pressed out manually. The assembly is 
then placed i n  an oven a t  150W f o r  15 minutes t o  speed the  adhesive cure. 

Complete lamination over an area of 45 cm2 w a s  a t t a ined  with each 
adhesive. No delamination occurred a f t e r  10 temperature cycles  between 77 K 
and 373 K. 
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Assembly Configuration 

Figure 3 i l l u s t r a t e s  the contact  configurat ion used i n  t h i s  work. The 
f i n a l  c e l l  i s  square with a connection pad a t  each corner.  Note tha t  t he  corners  
would ac tua l ly  extend beyond the edge of the  wafer s ince  the diagonal of the  
square is l a r g e r  than the  wafer diameter. The a c t u a l  corners  are therefore  
rounded and a r e  formed by the edge of the o r i g i n a l  wafer. This edge is never 
removed. 

S i lve r  ribbon leads were welded t o  the  connection pads and a g l a s s  cover 
was laminated to  the  assembly as described i n  the previous sect ion.  The dot ted  
l i n e s  i n  Figure 3 ind ica t e  the  loca t ions  of the  s a w  cu t .  It is necessary t o  f o l d  
the ribbon leads  over e i t h e r  the  rounded corner or the  edge of the  g l a s s  so as t o  
remain out of the  path of the  s a w  blade. A photograph of an assembly prepared 
f o r  sawing is shown i n  Figure 4A. The leads  have been taped to  the  coverglass.  
The assembly is shown a f t e r  sawing i n  Figure 4B. 

Assembly Resul t s  

Assemblies have been fabr ica ted  with each of t he  adhesives with good 
r e s u l t s  obtained when Corning 7070 microsheet is used. Problems r e s u l t i n g  from 
res idua l  stress when Corning 0211 w a s  used i n  combination with a thermal 
lamination process included c e l l  bowing and spontaneous coverglass  cracking. 

Two wafers were removed p r i o r  t o  sawing from the  l a rge  area c e l l  process 
group described i n  the  f i r s t  s ec t ion  of t h i s  paper and were encapsulated with the  
X93-500 lamination process and Corning 7070 microsheet.  The performance under 
simulated AM0 inso la t ion  is shown below. 

31-6 600 37 .O 72.8 12 .o 
34-3 603 37.2 75.9 12.6 

There would appear t o  be a s l i g h t  decrease i n  s h o r t  c i r c u i t  cur ren t  ( i n  
comparison to  the  non-encapsulated c e l l s ) ,  perhaps owing t o  a change i n  the  
e f f ec t iveness  of the  a n t i r e f l e c t i o n  coat ing upon encapsulation. In  general ,  
however, the  performance does not seem t o  be degraded by the  encapsulat ion 
process. 

CONCLUSIONS 

Cells were f ab r i ca t ed  using p o t e n t i a l l y  low-cost ion implantation 
processing. Average e f f i c i ency  of l a rge  a rea  cells of 12.8% AM0 w a s  achieved. A 
novel encapsulation technology was  inves t iga ted  and found t o  s implify 
encapsulat ion without s a c r i f i c e  of c e l l  qua l i t y .  
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TABLE 1 - BACK SURFACE FIELD PROCESS PARAMETERS 

Ion Implantation 

50 keV - Energy - 
Fluenee - - 5 x 1015 ions/cm 

Furnace Anneal 

550OC f o r  2 hours 
Ramp t o  950OC a t  8oC/min 
950OC f o r  2 hours 
Ramp t o  500OC a t  50C/min. 

TABLE 2 - MEASURED PERFORMANCE OF B, Ga AND A1 BSF SOLAR CELLS. 

BSF voc 3.9, FF EFF 
(no. of ce l l s )  (mv)  ( m ~ /  cm2 1 (XI ( X  1 

Boron 595 27 .O 78.7 9.37 
(35 1 (003) (0.4) (1.4) (0.24) 

Ga 1 lium 5 84 26 .O 77.4 8.71 
(11) (005) (0.3) (4.0) (0.59) 

Aluminum 5 84 26.2 
(24 1 (003) (0.3) 

78.8 9.00 
(0.8) (. 1.4) 

None 
(24 1 

582 26.3 76.9 8.7 
(002) (0.3) (1.9) (0.2) 

Notes: Simulated AM0 i l luminat ion.  
Standard devia t ion  shown i n  parenthes is. 

C e l l  a rea  = 4 cm2, no AR coat ing.  
T=250C. 
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TABLE 3 - MEASURED VALUES OF THERMAL ALPHA FOR FOUR BSR PROCESSES 

Back Implantation Me ta 1 1 i z  a t ion Thermal Alpha 

Not s i n  t e re d 0.64 + 0.02 
Sintered,  400% 0.66 + 0.02 
Not s in t e red  0.67 - + 0.02 
Sintered,  400OC 0.68 - + 0.02 

TABLE 4 - COMPARISON OF SHALLOW JUNCTION CELLS FORMED BY 
VARIOUS FRONT IMPLANTATION PROCESSES 

Implantation 
ET AM0 Eff Furnace Junct ion Voc Jsc 

Anneal Cycle Depth(pm) (mV) (mA/cm2) (X) (XI 

31P+ 10 keV 550OC - 2 hours 58 2 26.6 78.1 9.0 
2.5 x 1015 ions/cm2 850OC - 15 min 0.18 
(Direc t )  550OC - 2 hours 

(001) (0.2) (1.3) (0.1) 

(flowing N 2 )  

31P+ 10 keV 550OC - 2 hours 555 26.6 77.2 8.5 
2.5 x 1015 ions/cm2 850OC - 15 min 0.13 (002) (0.1) (2.2) (0.3) 
(S i  pre-implanted) 550OC - 2 hours 

(flowing N2) 

77.3 7.9 75As+ 30 keV 9OOOC - 30 min. 567 24.2 

(Direct  
(001) (0.9) (0.1) (0.4) 3.5 x 1015 ions/cm2 (flowing 02) 0.10 

Notes : Simulated AM0 inso la t ion .  C e l l  area is 4 cm2. No AR coatings.  
Standard deviat ion shown i n  parenthesis .  T = 25%. 
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Figure 1: 
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Figure 2: 
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RIBBON 
LEAD 

CONTACT 
PAD 

Figure 3: Configuration of C e l l  and Coverglass Assembly Prior to 
Sawing. The dotted l ines  indicate the saw cut posit ions.  

35 



Figure 4: Photograph of the Solar Cell Assembly (a>  Before sawing, with 
the ribbon leads folded over the front surface, and (b) a f t er  
sawing, with the ribbon leads removed from the front surface. 
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SIMULATED SPACE FLIGHT TESTING OF COMMERCIAL 
TERRESTRIAL SILICON CELLS* 

Paul  M. Ste l l a  and Te t suo  F. Miyahira 
Jet Propulsion Labo ta to ry  

Cal i forn ia  Ins t i tu te  of Technology 
Pasadena ,  Cal i forn ia  

S W R Y  

Low c o s t  s i l i c o n  s o l a r  c e l l s ,  manufactured f o r  t h e  terrestrial  market, are 
examined f o r  p o s s i b l e  space  f l i g h t  use. 
mental t e s t i n g  are r epor t ed  and discussed.  
obs t ac l e s  t o  the  use of t h e s e  ce l l s  are examined. It i s  concluded t h a t  t he  ter- 
res t r ia l  indus t ry  could provide a n  extremely low c o s t  and r e l i a b l e  c e l l  f o r  space 
use. 

The r e s u l t s  of pre l iminary  space environ- 
I n  a d d i t i o n ,  a number of poss ib l e  

INTRODUCTION 

The need f o r  new high  volume, low cos t  s o l a r  c e l l  and a r r a y  technology neces- 

The use  of t h e  s h u t t l e  w i l l  enable  much more ambitious and massive pay- 
s a r y  t o  support  t h e  next  genera t ion  of space missions has been recognized by many 
(Ref. 1). 
loads  t o  be launched i n t o  Low Ear th  Orb i t  (LEO) which w i l l  create a s i g n i f i c a n t  
i nc rease  i n  mission power requirements.  I n  address ing  t h i s  need NASA has  sponsored 
t h e  development of low c o s t  space cells (Ref. 2) .  
c e l l  manufacturers have developed candida te  c e l l  des igns  f o r  f u t u r e  mission use 
under the  Power Extension Package (PEP) program. 
s i g n i f i c a n t  lowering of c o s t s  i s  through t h e  means of l a r g e  q u a n t i t y  production. 
I n  t h e  case  of t h e  space ce l l s ,  a l though a s i g n i f i c a n t  i nc rease  i n  annual volume 
w i l l  be requi red  t o  support  f u t u r e  needs,  t h i s  demand may not  be l a r g e  enough t o  
br ing  about dramatic  c o s t  savings.  I n  add i t ion ,  t h e  cont inuing  need f o r  spec ia l -  
i zed  low volume ce l l  types  w i l l  impede the  space  ce l l  manufacturers from achiev ing  
t h e  b e n e f i t s  of a l a r g e  volume s i n g l e  product l i n e .  

A s  a r e s u l t  of t h i s  work space 

It has  been shown t h a t  a key t o  

However, t h e  terrestrial  s o l a r  c e l l  indus t ry  would have no d i f f i c u l t y  i n  pro- 
ducing the  q u a n t i t y  of cells r equ i r ed  f o r  f u t u r e  space needs. Whereas t h e  annual  
space c e l l  product ion volume i s  p r e s e n t l y  measured i n  t h e  t e n s  of k i l o w a t t s ,  t h e  
terrestrial product ion volume i s  many megawatts. 
d i f f e r e n t  technology d r i v e r s  f o r  t he  two appp l i ca t ions  many such as low c o s t  and 
humidity r e s i s t a n c e  are similar. 
reduce t h e  need f o r  a h igh ly  r a d i a t i o n  r e s i s t a n t ,  low mass c e l l ,  requirements 
which would o therwise  most l i k e l y  exceed terrestrial  cel l  c a p a b i l i t i e s .  

Although t h e r e  are d i s t i n c t l y  

Furthermore t h e  LEO mission a p p l i c a t i o n  w i l l  

* The r e sea rch  descr ibed  i n  t h i s  paper p re sen t s  t h e  results of one phase of re- 
search  c a r r i e d  o u t ,  a t  t h e  Jet Propuls ion Laboratory,  C a l i f o r n i a  I n s t i t u t e  of 
Technology, under Cont rac t  with t h e  Nat iona l  Aeronaut ics  and Space Administra- 
t i on .  
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This paper w i l l  address  t h e  ques t ion  of whether o r  n o t  t h e  u t i l i z a t i o n  of 
cells  developed f o r  t h e  terrestrial  market can s a t i s f y  f u t u r e  low c o s t  space s o l a r  
power needs. I n  p a r t i c u l a r ,  t h e  r e s u l t s  of space environmental  t e s t i n g  of t h e s e  
terrestrial cells w i l l  be presented ,  and a d i scuss ion  of c a p a b i l i t i e s  and l i m i t a -  
t i o n s  of t hese  ce l l s  w i l l  i d e n t i f y  t h e i r  poss ib l e  p o t e n t i a l .  

TEST DESCRIPTION 

For t h i s  eva lua t ion ,  cells  were purchased from s i x  terrestrial manufacturers.  
Modules A l l  cells were made from s i n g l e  c r y s t a l  P t ype  Czochralski grown s i l i c o n .  

are commercially a v a i l a b l e  from f i v e  of t hese  supp l i e r s ;  t h e  s i x t h  w a s  included 
due t o  t h e  use  of unique f a b r i c a t i o n  technology which may become commonplace wi th in  
t h e  next  decade. One s u p p l i e r  a l s o  provided two types of cells  r ep resen t ing  d i f -  
f e r e n t  approaches commercially being o f f e r e d  by them. These samples r ep resen t  a 
number of d i f f e r e n t  technology approaches which are summarized i n  Table 1. 

Af te r  r e c e i p t  of t h e  samples ,  mechanical and electrical c h a r a c t e r i z a t i o n  were 
performed. I n  t h i s  manner s i z e s  and masses were obtained along wi th  t h e  necessary 
AM0 performance, and spectral  response. Samples were then s e l e c t e d  from these  
groups f o r  subsequent space type  environmental  t e s t i n g  inc luding  humidity-tempera- 
t u r e  s to rage ,  thermal vacuum soak, and 1 MeV e l e c t r o n  i r r a d i a t i o n .  These w i l l  be  
descr ibed  below. It should be noted t h a t  none of t h e s e  cells were designed t o  
surv ive  space type  requirements  and t h a t  performance i n  t h e  space type  tests does 
no t  r e f l e c t  upon t h e i r  a b i l i t i e s  t o  withstand t h e  terrestrial requirements.  I n  
f a c t  i t  i s  an  accepted terrestrial  practice t o  environmental ly  test  assembled 
modules, and not  s i n g l e  cells. I n  view of t h i s  no a t t e m p t  w i l l  be made t o  i d e n t i f y  
a p a r t i c u l a r  sample  with t h e  manufacturer. 

MECHANICAL AND ELECTRICAL CHARACTERIZATION 

C e l l  shapes vary from rec t angu la r  t o  round, with areas ranging from 38 cm2 t o  
nea r ly  98 cm2,  a l l  l a r g e r  than  t h e  PEP cells (36 c m 2 )  o r  present  space cells  ( 4  cm2 
-+ 12 cm2). The two l a r g e s t  cells  u t i l i z e  metal conductor s t r a p s  on the  N+ s u r f a c e  
i n  o rde r  t o  provide low resistive l o s s e s  without  l a r g e  shadowing los ses .  Minimizing 
t h e  cel l  series r e s i s t a n c e  i s  important  i n  view of t h e  l a r g e  output  c u r r e n t s  which 
range from 1.4 t o  3.3 Amps. 
wi th  the  h ighes t  a t  38mA/cm2 and lowest  a t  30mA/cm2. 
from 8.1 percent  t o  12.6 percent.  The performances are sho-wn i n  Table 2 f o r  each 
sample group. Of i n t e r e s t ,  t h e  cel l  e f f i c i e n c i e s  are roughly inve r se ly  r e l a t e d  t o  
t h e  cel l  a c t i v e  areas, wi th  t h e  except ion  of t h e  l a r g e  s t rapped samples, where 
r e s u l t a n t  e f f i c i e n c i e s  f a l l  i n  t h e  mid va lue  range of 10 percent ,  demonstrat ing 
t h e  advantage of t h e  s t r a p  concept. 
observed on space cells ,  r e f l e c t i n g  t h e  impact of l a r g e  areas and poss ib ly  less 
exac t ing  con tac t ing  technologies .  For t h e s e  samples  average f i l l  f a c t o r s  va r i ed  
from a low of 0.65 t o  a h igh  of 0.76. 

The c u r r e n t  d e n s i t i e s  of t he  samples averaged 34mA/cm2 
C e l l  e f f i c i e n c i e s  ranged 

F i l l  f a c t o r s  (FF) gene ra l ly  f a l l  below va lues  

Although these  e f f i c i e n c i e s  compare with a convent ional  13 percent  space ce l l ,  

The in f luence  of l a r g e  wafer t h i ckness  and ex tens ive  
t h e  l a c k  of a s t r o n g  terrestrial d r i v e r  f o r  low mass l e a d s  t o  a cons iderable  
d i f f e r e n c e  i n  s p e c i f i c  power. 
s o l d e r  coverage i n  some samples i s  apprec iab le .  For samples with s t r a p s  t h e  mass 
of  t h e  s t r a p  e x t e r n a l  t o  t h e  ce l l  edge was excluded s i n c e  t h i s  would normally be 
t h e  in te rconnec tor .  
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The c e l l  s p e c t r a l  response r e f l e c t s  material p r o p e r t i e s  and process ing  var ia -  
t i o n s  and i n d i c a t e  a ce l l ' s  p o t e n t i a l  performance under p a r t i c u l a t e  r a d i a t i o n .  For 
t h e  samples  examined h e r e  s i g n i f i c a n t  v a r i a t i o n s  e x i s t e d  i n  t h e  d i f f e r e n t  groups'  
s p e c t r a l  characterist ics,  p a r t i c u l a r l y  i n  t h e  s h o r t  wavelength r e g i o n  (0.4 microns). 
For example, t h e  h ighes t  sample 's  response w a s  more than t w i c e  t h a t  of  t h e  lowest.  
These curves could be used t o  guide any necessary  process  o r  material modi f ica t ions  
t o  enhance r a d i a t i o n  r e s i s t ance .  

ENVIRONMENTAL TESTS 

Humidity-Temperature Storage. - Selec ted  samples were sub jec t ed  t o  20 days ex- 
Electr ical  measure- posure a t  cond i t ions  of 45°C and 95 pe rcen t  r e l a t i v e  humidity. 

ments w e r e  made a t  t h e  end of 8 and 20 days exposure i n  order  t o  e v a l u a t e  changes 
from t h e  i n i t i a l  values .  With t h e  excep t ion  of  one group, no s i g n i f i c a n t  changes 
were observed dur ing  t h e  20 days. The sample  group employing s i l k  screened c o n t a c t s  
showed a loss of 13 pe rcen t  i n  power a t  8 days,  i n c r e a s i n g  s l i g h t l y  t o  15 percent  
power l o s s  a t  20 days,  t h e  r e s u l t  of a s i g n i f i c a n t  f i l l  f a c t o r  degradat ion.  The 
sample u t i l i z i n g  a l i q u i d  depos i ted  AR c o a t i n g  showed no changes i n  c o a t i n g  appear- 
ance o r  ou tput  cu r ren t .  

High Temperature Soak. - Samples were sub jec t ed  t o  seven days exposure a t  
12OoC, a t  a p res su re  of less than  1 x t o r r ,  p r i m a r i l y  t o  eva lua te  whether 
any de t r imen ta l  ou tgass ing  might occur  from non-vacuum m e t a l l i z a t i o n  and c o a t i n g  
processes.  
approximately 2.5% w a s  observed f o r  one group t h i s  w a s  no t  considered t o  be s ta t i s -  
t i c a l l y  s i g n i f i c a n t .  

No v i s i b l e  changes were observed and a l though a maximum output  l o s s  of 

1 MeV E l e c t r g p  Exposure. - Cells were i r r a d i a t e d  i n  t h e  JPL Dynamitron t o  a 
f luence  of 3 x 10") e/cmL. 
dur ing  the test. Inasmuch as a number of d i f f e r e n t  processes  normally impacting 
c e l l  r a d i a t i o n  r e s i s t a n c e  were represented  among t h e  cel ls ,  t h e  measured l o s s e s  
f e l l  i n  a-wide range. In gene ra l ,  however, t h e  l o s s e s  were comparable t o  what i s  
observed on a s tandard  space  c e l l  under similar f luence.  The lowest degrada t ion  
w a s  measured a t  a 13.4 percent  power l o s s ,  whereas t h e  g r e a t e s t  w a s  26.2 percent .  
These are compared t o  t y p i c a l  space cel l  r e s u l t s  i n  F igure  1. 

Sample temperature  w a s  maintained a t  28" 2OC 

DISCUSSION 

The r e s u l t s  of t h e s e  i n i t i a l  tests i n d i c a t e  t h a t  ce l l s  p r e s e n t l y  being pro- 
duced f o r  t h e  terrestrial  market are, wi th  some excep t ions ,  capable  of su rv iv ing  
t y p i c a l  space acceptance  tests; t h a t  t h e  des ign  requirements  f o r  e a r t h  use  do no t  
exclude space use. Furthermore, t he  terrestrial  c e l l  i s  expected t o  improve as a 
product i n  areas l i k e l y  t o  f u r t h e r  enhance space c a p a b i l i t i e s .  For example, e f f i -  
c iency  w i l l  be improved and mass reduced. These w i l l  be pursued independent of 
space needs. E f f i c i ency  i s  c r i t i ca l  i n  reducing o v e r a l l  balance of systems c o s t s  
such as p r o t e c t i v e  cover ings ,  sh ipping ,  etc. In t h e  matter of  mass, t h e  less 
material used t h e  lower t h e  product cos t .  

The c e l l  shape (round, r e c t a n g u l a r )  must be cons idered  f o r  space systems. I n  
LEO space a p p l i c a t i o n s ,  a r r a y  drag  l e a d s  t o  a need f o r  h igh  packing f a c t o r s  t o  re- 
duce t h e  a r r a y  area. I n  t h e  case of a 10 cm round ce l l  t h e  maximum a r r a y  ce l l  area 
coverage w i l l  be less than  82 percent .  By c u t t i n g  t h i s  c e l l  i n t o  a square ,  a much 
b e t t e r  a r r a y  area coverage w i l l  be poss ib l e ,  reducing o v e r a l l  a r r a y  s i z e .  This  
w i l l  in t roduce  some a d d i t i o n a l  ce l l  c o s t  but  would be worthwhile a t  t h e  o v e r a l l  
systems l e v e l .  

39 



A primary concern i n  u t i l i z i n g  terrestrial  cells  i s  t h e  ques t ion  of con tac t  
i r i terconnect  des igns  capable  of su rv iv ing  a very  l a r g e  number of thermal cycles .  
It: has  been shown t h a t  s o l d e r  has  l i m i t e d  c a p a b i l i t i e s  f o r  LEO thermal  cyc l ing  con- 
d i t i o n s  (Ref 3). Since present  terrestrial cel ls  g e n e r a l l y  have ex tens ive  s o l d e r  
coverage whether they  are capable  of surv iv ing  the  30,000 LEO c y c l e s  of a 5 yea r  
mission i s  open t o  quest ion.  In f a c t ,  tests are p resen t ly  underway t o  examine t h e  
terrestrial cells '  c o n t a c t  behavior under thermal  cyc l ing ,  t h e  f i r s t  s t e p  i n  eval-  
ua t ing  a u s e f u l  i n t e rconnec t  approach. 

CONCLUSIONS 

Clear ly  t h e  matter of t h i c k ,  low packing e f f i c i e n c y  c e l l  shapes,  and massive 
so ldcx  q u a n t i t i e s  l i m i t s  t h e  space p o t e n t i a l  of terrestrial cells. 
areas are of concern t o  terrestrial manufacturers seeking reduced cos t s .  Excess 
amounts of material mean h igh  material c o s t s ,  and low area e f f i c i e n c y  means high 
system c o s t s ;  so  t h e r e  i s  a t rend  t o  improvement along t h e s e  l i n e s ,  t h a t  should 
b e n e f i t  space c a p a b i l i t i e s .  

Y e t  t hese  same 

Commercial terrestrial s o l a r  cells appear t o  be capable  of surv iv ing  space 
type  environmental  t e s t i n g .  The present  c o s t  of t hese  cells  i s  s i g n i f i c a n t l y  
lower than va lues  p ro jec t ed  f o r  PEP cells. These cel ls  are not  however gene ra l ly  
compatible with t h e  requirements  f o r  e f f i c i e n t  space s o l a r  a r r a y  manufacture. It 
would be worthwhile t o  seek c e l l  modi f ica t ions  t h a t  could enhance space use and t o  
i n v e s t i g a t e  what c o s t  impacts would occur. A s  mentioned above, many of t hese  
modi f ica t ions ,  such as rec t angu la r  shapes f o r  packing f a c t o r  improvement and mater- 
i a l  th ickness  r educ t ion  are a l s o  b e n e f i c i a l  t o  t h e  terrestrial use r ,  and w i l l  
l i k e l y  be pursued by t h a t  indus t ry .  Thus, wi th  t h e  PEP c e l l  work t h i s  would a l low 
t h e  concept of a low c o s t  c e l l  f o r  space use t o  be approached from two d i r e c t i o n s ,  
enhancing the  p o s s i b i l i t y  f o r  s o l a r  a r r a y  cos t  reduct ions.  
ques t ion  i s  whether o r  no t  t h e  low cos t  c e l l  con tac t  schemes are compatible wi th  
t h e  need f o r  an  in te rconnec t  method t h a t  w i l l  su rv ive  t e n s  of thousands of thermal 
cycles .  

The most c r i t i ca l  
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TABLE 10 

TERRESTRIAL CELL FABRICATION TECHNOLOGIES 

I CELL PROCESS 

AR Coating 

C e l l  Contacts  

TECHNOLOGY 

Di f fus ion  * 
Ion  Implanta t ion  

Textur ing * 
CVD 
Vacuum Evaporat ion * 
L i  quid-Bake 

N i  P l a t e /So lde r  
Evaporat ion * 
S i l k  Screen Ink  
Metal S t r a p s  

* Standard Space C e l l  Technologies 
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TABLE 2. 

SAMPLE CHARACTERISTICS 

46 

79 

38 

46 

82 

98 

68 

Is c 
(A)  

1.56 

2.34 

1.43 

1.48 

2.57" 

3.27 

2.30 

_. 

- 
Pmax 
(Jm 
- 

701 

886 

628 

579 

1030 

1370 

826 

- 

- 
FF 

- 
.76 

e 65 

.75 

67 

.69 

0 73 

65 

- 

Ef f 
28OC 
AM0 

11.1 

8.1 

12.6 

9.5 

8.9* 

10.3 

8.9 

- 

C e l l  
Mass 
mg/cm2 

83 

120 

101 

94 

88 

86 

76 

Comments 

F u l l  Solder  
Coverage 

F u l l  Solder  
Coverage 

*Textured, No AR, 
c o n t a c t  metal 
s t r a p s  

N c o n t a c t  metal 
s t r a p s ,  
Soldered P sur -  
f ace 
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SPACECELL A B C D E G H 
SAMPLE GROUP 

0 SPECIFIC POWER 
AT BOL AND EOL 
(3 x 1014 1 mev 
ELECTRONS) * 250 MICRONS 
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CELL IS 2 
OHM-CM, 

THICK 

EFFECT O F  I M E V  ELECTRONS 

FIGURE 1 
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DIFFUSION LENGTH MEASUREMENTS IN SOLAR CELLS - 
AN ANALYSIS A N D  COMPARISON O F  TECHNIQUES" 

John A. Woollamt,  A. Azim Khan, and  R.J. Soukup 
D e p a r t m e n t  of E lec t r i ca l  Engineer ing 

Universi ty  of Nebraska  
Lincoln, Nebraska  

Allen M. Hermann 
Solar  Energy R e s e a r c h  Ins t i tu te  

Golden,  Colorado  

SUMMARY 

A b r i e f  r ev iew o f  t h e  m a j o r  t e c h n i q u e s  f o r  m e a s u r i n g  m i n o r i t y  
c a r r i e r  d i f f u s i o n  l e n g t h s  i n  s o l a r  c e l l s  i s  g i v e n .  E m p h a s i s  i s  p l a c e d  
on  c o m p a r i n g  l i m i t s  o f  a p p l i c a b i l i t y  f o r  e a c h  m e t h o d ,  
a p p l i e d  t o  s i l i c o n  c e l l s  o r  t o  g a l l i u m  a r s e n i d e  c e l l s ,  
e f f e c t s  o f  r a d i a t i o n  damage .  

e s p e c i a l l y  a s  
i n c l u d i n g  t h e  

I N T R O D U C T I O N  

I n  t h i s  p a p e r  w e  a r e  u n d e r t a k i n g  a b i g  t o p i c ,  a n d  h a v e  h a d  t o  
l i m i t  t h e  number  o f  t e c h n i q u e s  s t u d i e d  i n - d e p t h .  I n  a l l  c a s e s  w e  h a v e  
p u t  n u m b e r s  i n t o  e q u a t i o n s  a p p e a r i n g  i n  r e f e r e n c e s  i n  o r d e r  t o  d e t e r -  
m i n e  l i m i t s  o f  a p p l i c a b i l i t y  o f  v a r i o u s  m e t h o d s .  P a r a m e t e r s  a r e :  
m a t e r i a l  t y p e  ( d i r e c t  g a p  o r  i n d i r e c t  g a p ,  u s u a l l y  G a A s  o r  S i ) ,  r a n g e  
o f  v a l u e s  f o u n d  i n  t h e  l i t e r a t u r e  f o r  d i f f u s i o n  l e n g t h s  i n c l u d i n g  
r a d i a t i o n  damage  v a l u e s ,  d o p i n g  d e n s i t y ,  o p t i c a l  a b s o r p t i o n  c o e f f i -  
c i e n t ,  r e c o m b i n a t i o n  v e l o c i t y ,  a n d  c e l l  d i m e n s i o n s .  Some o f  o u r  c o n -  
c l u s i o n s  a r e  e x p r e s s i o n s  o f  o p i n i o n ,  a n d  w e  we lcome  o p e n  d i s c u s s i o n .  
A b i b l i o g r a p h y  i s  g i v e n  i n  t h e  a p p e n d i x .  

A l i m i t e d  number  o f  r ev iews  o r  c o m p a r i s o n s  a r e  i n  t h e  l i t e r a t u r e .  
F o r  e x a m p l e ,  R u n y a n ' s  b o o k  S e m i c o n d u c t o r  M e a s u r e m e n t s  a n d  I n s t r u m e n t a -  
t i o n  h a s  a c h a p t e r  o n  l i f e t i m e ,  i n c l u d i n g  r e f e r e n c e s .  The  A m e r i c a n  

I 

S o c i e t y  f o r  T e s t i n g  a n d  M a t e r i a l s  h a s  a b o o k  L i f e t i m e  F a c t o r s  i n  S i l -  
-3 i c o n  a n d  a p u b l i c a t i o n  " M i n o r i t y  C a r r i e r  D i f f u s i o n  L e n g t h  i n  S i l i c o n  
b y  M e a s u r e m e n t  o f  S t e a d y - S t a t e  S u r f a c e  P h o t o v o l t a g e " .  R e y n o l d s  a n d  
M e u l e n b e r g  ( 1 9 7 4 )  c o m p a r e d  f o u r  t e c h n i q u e s .  K .  0 .  L e e d y  h a s  c o l l e c t e d  
"A B i b l i o g r a p h y  o n  E l e c t r o n  B e a m  I n d u c e d  C u r r e n t  A n a l y s i s  o f  S e m i c o n -  
d u c t o r  D e v i c e s "  ( 1 9 7 7 ) .  

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

* S u p p o r t e d  by  N A S A  L e w i s  G r a n t  NAG3-120. 
' A l s o  o f  U n i v e r s a l  E n e r g y  S y s t e m s ,  D a y t o n ,  O h i o .  
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( X )  = 0 D n P - P + G ~  ,l 

d L  6n  6n  

d X L  T n 
t h e  m i n o r i t y  c a r r i e r  l i f e -  'n w h e r e  D i s  t h e  d i f f u s i o n  c o e f f i c i e n t ,  

t i m e ,  G ( x )  t h e  g e n e r a t i o n  r a t e ,  a n d  6n t h e  d e n s i t y  o f  g e n e r a t e d  
n 

n P 
excess  m i n o r i t y  e l e c t r o n s .  T h e  g e n e r a l  s o l u t i o n  i s  

X 
6n  = A c o s h  - + B s i n h  - - f(Gn(X)) , 

P L n  Ln  

w h e r e  f i s  some f u n c t i o n ,  a n d  L n  = 7 i s  t h e  m i n o r i t y  c a r r i e r  d i f -  
f u s i o n  l e n g t h .  n 

UNIFORM G E N E R A T I O N  

T h e  s i m p l e s t  a p p l i c a t i o n  o f  e q u a t i o n s  (1) a n d  ( 2 )  i s  when 
Gn(x )  = c o n s t a n t  ( u n i f o r m  g e n e r a t i o n ) .  I f  6n = 0 a t  t h e  s o l a r  c e l l  

j u n c t i o n  d e p l e t i o n  r e g i o n  e d g e ,  a n d  t h e  s u r f a c e  away f r o m  t h e  j u n c t i o n  
i s  d e s c r i b e d  by  a s u r f a c e  r e c o m b i n a t i o n  v e l o c i t y ,  t h e n  t h e  s h o r t  c i r -  
c u i i ;  c u r r e n t ,  

case  o f  a p e r f e c t l y  e f f i c i e n t  BSF t h e  r e c o m b i n a t i o n  v e l o c i t y  i s  z e r o ,  
a n d  i f  t h e  ce l l  th i ckness  is l a r g e  compared w i t h  L n '  

P 

i s  a s i m p l e  f u n c t i o n  o f  d i f f u s i o n  l e n g t h .  I n  t h e  J s c  

J = q Gn L n *  s c  
( 3 )  

The  p o i n t  t o  make c o n c e r n i n g  u n i f o r m  g e n e r a t i o n  t e c h n i q u e s  i s  t h a t  t h e  
r e l a t i o n s h i p  b e t w e e n  c u r r e n t  a n d  d i f f u s i o n  l e n g t h  i s  g e n e r a l l y  
s t r a i g h t  f o r w a r d ,  H o w e v e r ,  m a k i n g  a n  a c c u r a t e  m e a s u r e m e n t  o f  t h e  
g e n e r a t i o n  r a t e  i s  m o r e  d i f f i c u l t .  I f  c e l l  g e o m e t r y  r e m a i n s  n e a r l y  
t h e  same f o r  a l l  c e l l s  i n v e s t i g a t e d  t h e n  t h e  t e c h n i q u e  i s  q u i t e  
u s e f u l ,  e s p e c i a l l y  f o r  c o m p a r a t i v e  p u r p o s e s .  T h e s e  m e a s u r e m e n t s  h a v e  
b e e n  d o n e  u s i n g  y - r a y s ,  X - r a y s ,  a n d  p a r t i c l e  beams  ( S e e  b i b l i o g r a p h y  
a t t a c h e d ) .  

ELECTRON BEAM I N D U C E D  CURRENTS 

S o l u t i o n s  t o  e q u a t i o n  (1) a r e  m o r e  c o m p l i c a t e d  when a b s o r p t i o n  
d e p e n d s  on  p o s i t i o n .  A p o p u l a r  t e c h n i q u e  f o r  d e t e r m i n i n g  L ,  e s p e -  
c i a l l y  i n  d i r e c t  g a p  m a t e r i a l s  i s  t h e  s o  c a l l e d  E B I C  t e c h n i q u e .  T h e r e  
a r e  a l a r g e  number  o f  p a p e r s  i n  t h i s  a r e a ,  a n d  f o r  t h e  b i b l i o g r a p h y  
w e  htrve s e l e c t e d  o n e s  t h a t  b e s t  h e l p e d  u s  t o  u n d e r s t a n d  f u n d a m e n t a l s  
a n d  d e l i n e a t e  m a j o r  c o n c l u s i o n .  

I n  t h e  e a r l y  1 9 7 0 ' s  H a c k e t t  made a d e t a i l e d  a n a l y s i s  o f  e l e c t r o n  
beam e x c i t e d  m i n o r i t y  c a r r i e r  d i f f u s i o n  p r o f i l e s  i n  s e m i c o n d u c t o r s .  
H e  a s s u m e d  t h e  e l e c t r o n  beam w a s  a n  i d e a l  s t e a d y  s t a t e  p o i n t  s o u r c e  
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l o c a t e d  a d i s t a n c e  5 b e n e a t h  t h e  s e m i c o n d u c t o r  s u r f a c e  h a v i n g  a c h a r -  
a c t e r i s t i c  r e c o m b i n a t i o n  v e l o c i t y  s .  I n  H a c k e t t ' s  a n a l y s i s  a n o r -  
m a l i z e d  r e c o m b i n a t i o n  v e l o c i t y  S=s/(Lb/'b) i s  d e f i n e d ,  w h e r e  Lb and r b  
a r e  d i f f u s i o n  l e n g t h  a n d  l i f e t i m e  r e s p e c t i v e l y .  J a s t r e z e b s k i ,  
L a g o w s k i ,  a n d  G a t o s  u s e d  H a c k e t t ' s  r e s u l t s  t o  show t h a t  

w h e r e  L i s  t h e  " b u l k "  d i f f u s i o n  l e n g t h  ( o u r  u l t i m a t e l y  d e s i r e d  L) 

u n i n f l u e n c e d  b y  e f f e c t s  o f  s u r f a c e  r e c o m b i n a t i o n  a t  t h e  s u r f a c e  
t h r o u g h  w h i c h  t h e  beam i s  p a s s i n g .  An L f f  i s  d e f i n e d  as  t h e  
" a p p a r e n t  L" o b s e r v e d ,  as  i s  i n f l u e n c e d  g y  r e c o m b i n a t i o n .  
d e t e r m i n e d  b y  m e a s u r i n g  c u r r e n t s ,  I ,  g e n e r a t e d  a t  a j u n c t i o n  a 
d i s t a n c e  X f r o m  t h e  e l e c t r o n  beam,  a n d  

b 

L e f f  i s  

1 = 1  e - X / L e f f .  
0 

( 5 )  

I n  t h i s  g e o m e t r y ,  X a n d  5 a r e  p e r p e n d i c u l a r  t o  e a c h  o t h e r .  By Eqn.  ( 4 )  
a n d  a s i m p l e  a r g u m e n t  o n e  g e t s  

T h i s  i s  a n  i m p o r t a n t  e q u a t i o n ,  a n d  i s  p l o t t e d  i n  F i g u r e  1. T h u s  when - s = 0, L e f f  - L b , a l w a y s .  I f  S = m y  S / ( S  + 1 )  = 1 a n d  L e f f  = L b '  

when 5 i s  s e v e r a l  t i m e s  l a r g e r  t h a n  L b .  I n t e r m e d i a t e  ca ses  a r e  shown 

i n  F i g u r e  1. 5 c a n  b e  c o n t r o l l e d  b y  v a r y i n g  t h e  e l e c t r o n  beam e n e r g y ,  
a n d  t h i s  i s  p l o t t e d  i n  F i g u r e  2 f o r  s i l i c o n  a n d  g a l l i u m  a r s e n i d e ,  
Thus ,  f o r  a g i v e n  e n e r g y , t h e  e l e c t r o n  beam p e n e t r a t e s  c o n s i d e r a b l y  
d e e p e r  i n  s i l i c o n  t h a n  i n  g a l l i u m  a r s e n i d e .  N o t e  t h a t  

S o  a p l o t  o f  t h e  l e f t  h a n d  s i d e  v s .  5 g i v e s  S f r o m  t h e  i n t e r c e p t  a n d  
Lb f r o m  t h e  s l o p e .  To make  t h e  

p l o t ,  g u e s s e s  f o r  L a r e  made u n t i l  a s e l f  c o n s i s t e n t  s t r a i g h t  l i n e  

p lo t :  i s  f o u n d .  A l s o ,  S i s  t h e  n o r m a l i z e d  p a r a m e t e r .  

T h i s  i s  n o t  as  s i m p l e  a s  i t  l o o k s .  

b 

T o  b e t t e r  d e f i n e  t h e  s i t u a t i o n  W a t a n a b e ,  A c t o r ,  a n d  G a t o s  showed 
t h a t  t h e  t r u e  r e c o m b i n a t i o n  v e l o c i t y  s c a n  b e  d e t e r m i n e d  f r o m  
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w h e r e  D i s  t h e  d i f f u s i o n  c o e f f i c i e n t .  (On t h e  b a s i s  o f  t h i s  t h e y  made  
s p a t i a l  p r o f i l e s  of s o v e r  t h e  s u r f a c e  o f  a r e p r e s e n t a t i v e  s i l i c o n  
s a m p l e . )  T h e  a b o v e  a n a l y s i s  d e m o n s t r a t e s  t h a t  b u l k  d i f f u s i o n  l e n g t h s  
c a n  b e  d e t e r m i n e d  b y  E B I C  even when s u r f a c e  r e c o m b i n a t i o n  i n f l u e n c e s  
e x p e r i m e n t a l  r e s u l t s .  

I n  a l l  m e a s u r e m e n t  t e c h n i q u e s  c o n s i d e r e d  i n  t h i s  p a p e r , m e a s u r e -  
m e n t  o f  L b e c o m e s  m o r e  d i f f i c u l t  when L i s  c o m p a r a b l e  t o  m a t e r i a l  or  
d e v i c e  d i m e n s i o n s .  T h i s  i s  o f t e n  t h e  s i t u a t i o n  f o r  s o l a r  c e l l  d e s i g n s .  
T h e  p r o b l e m  w a s  a d d r e s s e d  b y  F l a t  a n d  M i l n e s  i n  1 9 7 8  f o r  t h e  E B I C  
t e c h n i q u e , a n d  Von Roos a l s o  d e t e r m i n e d  t h a t  m e a s u r e m e n t s  o f  L were 
e s p e c i a l l y  d i f f i c u l t  when L i s  c o m p a r a b l e  t o  o r  g r e a t e r  t h a n  l a y e r  
t h i c k n e s s .  

T h u s  E B I C  i s  a v e r y  p o w e r f u l  a n d  f u n d a m e n t a l  t o o l  f o r  d e t e r m i n i n g  
L ,  b u t  t h e  u s e r  s h o u l d  b e  aware o f  t h e  p o t e n t i a l  c o m p l i c a t i o n s .  To 
c o m p l e t e l y  a v o i d  s u r f a c e  r e c o m b i n a t i o n  e f f e c t s ,  F i g u r e  1 s h o w s  t h a t  
5 'L 2.5 I,,, i s  n e e d e d ,  w h i c h  i m p l i e s  t h a t  Lb s h o u l d  b e  l e s s  t h a n  a b o u t  

2 0  pm f o r  s i l i c o n ,  a n d  l e s s  t h a n  a b o u t  8 p m  f o r  g a l l i u m  a r s e n i d e .  
L < 8 pm i s  o f t e n  t h e  c a s e  f o r  g a l l i u m  a r s e n i d e ,  b u t  20 u m  i s  a r a t h e r  
s h o r t  d i f f u s i o n  l e n g t h  e v e n  i n  i r r a d i a t e d  s i l i c o n .  T h u s  t o  m e a s u r e  L 
u s i n g  E B I C  i n  s i l i c o n  p r o b a b l y  r e q u i r e s  u s e  o f  t h e  a n a l y s i s  a s s o c i a t e d  
w i t h  e q u a t i o n s  ( 4 )  t h r o u g h  ( 8 ) .  Even f o r  m a t e r i a l s  w i t h  s h o r t  d i f -  
f u s i o n  l e n g t h s  o n e  s h o u l d  u s e  s t r u c t u r e s  w h o s e  d i m e n s i o n s  a r e  l a r g e  
c o m p a r e d  w i t h  d i f f u s i o n  l e n g t h s .  

SCHOTTKY B A R R I E R  PHOTOCURRENT 

I n  t h i s  t e c h n i q u e  a S c h o t t k y  b a r r i e r  s o l a r  c e l l  i s  made o n  t h e  
m a t e r i a l  o f  i n t e r e s t .  M o n o c h r o m a t i c  l i g h t  i s  s h i n e d  o n  t h e  c e l l ,  a n d  
t h e  c e l l  c a n  b e  r eve r se  b i a s e d .  I f  t h e  c e l l  t h i c k n e s s  i s  much l a r g e r  
t h a n  t h e  d i f f u s i o n  l e n g t h ,  t h e n  the s h o r t  c i r c u i - t  c u r r e n t  i s  g i v e n  b y :  

w h e r e  a i s  t h e  o p t i c a l  a b s o r p t i o n  c o e f f i c i e n t  a n d  W t h e  d e p l e t i o n  
l a y e r  w i d t h .  I f  e x p e r i m e n t s  a r e  d o n e  w i t h  n o  b i a s ,  t h e n  W = wo * 
Thus  

-aW 
Z J n o r m a l i z e d  J ( X ) = l + a L -  e 

Jo ( A )  1 + a L  - e - a W o  

A p l o t  o f  Jnorm v s .  aW g i v e s  a s e r i e s  o f  c u r v e s  d e p e n d e n t  on a L .  T h u s  

a c o m p a r i s o n  o f  c a l c u l a t e d  a n d  m e a s u r e d  J v s .  aW y i e l d s  a L ,  a n d  L, 
i f  a i s  known.  norm 

W e  h a v e  a n a l y z e d  e x p e c t e d  r e s u l t s  f r o m  t h i s  t y p e  e x p e r i m e n t  f o r  
b o t h  s i l i c o n  a n d  g a l l i u m  a r s e n i d e ,  a n d  T a b l e  I s h o w s  o u r  r e s u l t s .  
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D o p i n g  d e n s i t i e s  o f  1 0 1 4  t o  101'/cm3 a r e  a s s u m e d .  

1 0 1 4  p e r  c m 3  d e p l e t i o n  w i d t h s  a r e  f r o m  W o  = 5 pm t o  W = 1 0  pm a t  h i g h  

reverse  b i a s .  F o r  s i l i c o n  a n d  g a l l i u m  a r s e n i d e  t h e  r a n g e  o f  a b s o r p -  
t i o n  c o e f f i c i e n t s  v s .  w a v e l e n g t h  i s  r e a s o n a b l y  w e l l  known.  ( I f  a i s  
n o t  w e l l  known s p e c t r o s c o p i c  e l l i p s o m e t r y  i s  a n o n - d e s t r u c t i v e ,  a c c u -  
r a t e  m e t h o d  t o  m e a s u r e  a). I n  T a b l e  I w e  h a v e  a s s u m e d  t h a t  t h e  e x p e r -  
i m e n t e r  c a n  s e t  t h e  m o n o c h r o m e t e r  t o  g e t  a n e a r  200  c m ' l ,  l O 3 ~ m - ~  o r  

10  c m  . A b s o r p t i o n  e d g e s  i n  d i r  c t  g a p  m a t e r i a l s  a r e  s o  s h a r p  n e a r  
t h e  b a n d  e d g e  t h a t  g e t t i n g  200  c m  may b e  d i f f i c u l t ,  F o r  s i l i c o n  
t h i s  v a l u e  i s  r e a s o n a b l e .  I n  a n y  c a s e ,  t h e  v a l u e  o f  L f o r  m a k i n g  
a L  = 1 f o r  e a c h  case  i s  l i s t e d  i n  t h e  t a b l e .  

p r o d u c t .  C a l c u l a t e d  s e n s i t i v i t e s ,  u s i n g  Eqn.  1 0  a r e  g i v e n .  S i n c e  w e  
f e e l  t h a t  % 1 0 %  s e n s i t i v i t y  i s  n e e d e d ,  t h e  r a n g e  o f  L f o r  w h i c h  t h i s  
t e c h n i q u e  i s  a p p l i c a b l e  i s  g i v e n  i n  t h e  t a b l e .  F o r  c o m p a r i s o n ,  t h e  
l a s t  c o l u m n  g i v e s  t h e  e x p e r i m e n t a l l y  o b s e r v e d  r a n g e s  f o u n d  i n  s i l i c o n  
a n d  g a l l i u m  a r s e n i d e ,  i n c l u d i n g  r a d i a t i o n  damage  v a l u e s .  We c o n c l u d e  
t h a t  t h i s  t e c h n i q u e  i s  g e n e r a l l y  good f o r  d i r e c t  g a p  m a t e r i a l s  b u t  
w i l l  w o r k  o n l y  f o r  v e r y  l i g h t l y  d o p e d  s i l i c o n ,  a n d  e v e n  t h e n  o n l y  
m a r g i n a l l y .  Two w o r d s  o f  c a u t i o n :  I n  d i r e c t  g a p  m a t e r i a l s  a c h a n g e s  
s o  r a p i d l y  w i t h  A t h a t  g r e a t  c a r e  s h o u l d  b e  t a k e n  t o  m e a s u r e  a a t  t h e  
w a v e l e n g t h  o f  i n t e r e s t .  N o t e  t h a t  a i s  t e m p e r a t u r e  a n d  i m p u r i t y  sen- 
s i t i v e  n e a r  t h e  b a n d  e d g e .  S e c o n d l y ,  t h e  w i d t h  W i s  o f t e n  m e a s u r e d  by  
c a p a c i t a n c e  v o l t a g e  p l o t s ,  S i n c e  m a t e r i a l s  o t h e r  t h a n  s i l i c o n  h a v e  
h i g h  i n t e r f a c e  s t a t e  d e n s i t L t e s ,  c h a r g e s  i n  t h e s e  s t a t e s  s h i f t  C-V 
c u r v e s  a n d  g i v e  e r r o n e o u s  v a l u e s  f o r  W .  

F o r  a d e n s i t y  o f  

5 -1 
-f 

aWo i s  t h e  s i m p l e  

SURFACE PHOTOVOLTAGE 

I n  t h i s  t e c h n i q u e  l i g h t  o f  w a v e l e n g t h  j u s t  a b o v e  t h e  b a n d  e d g e  
s t r i k e s  t h e  s u r f a c e  o f  t h e  s e m i c o n d u c t o r  e x c i t i n g  e l e c t r o n  h o l e  p a i r s .  
B e c a u s e  t h e  s u r f a c e  i s  a " s i n k "  f o r  r e c o m b i n a t i o n ,  a p o t e n t i a l  
g r a d i e n t  i s  c r e a t e d  r e l a t i v e  t o  t h e  b a c k  s u r f a c e  o f  t h e  m a t e r i a l .  
G e n e r a l l y  t h i s  v o l t a g e  i s  d e t e c t e d  c a p a c i t i v e l y  ( a n  a c  c o u p l i n g )  b y  
c h o p p i n g  t h e  l i g h t  beam a t  r o u g h l y  1 0  Hz. M e a s u r e m e n t s  o f  t h e  i n t e n -  
s i t y  n e c e s s a r y  t o  make t h e  s u r f a c e  p h o t o v o l t a g e  c o n s t a n t  a r e  made as  a 
f u n c t i o n  o f  w a v e l e n g t h .  a-' a n d  

t h e  i n t e r c e p t  o f  t h e  z e r o  i n t e n s i t y  i s  t h e  d i f f u s i o n  l e n g t h .  The  t e c h -  
n i q u e  w a s  shown b y  Wang e t  a 1  t o  w o r k  f o r  pn  j u n c t i o n s  ( u n d e r  s p e c i f i e d  
c o n d i t i o n s ) ,  a n d  b y  S t o k e s  a n d  Chu f o r  s o l a r  c e l l  s h o r t  c i r c u i t  c u r -  
r e n t s .  

P l o t s  o f  t h i s  i n t e n s i t y  a r e  made  v s .  

The  c o n d i t i o n s  f o r  r e l i a b l e  u s e  a r e  a s  f o l l o w s :  

( 1 )  a d l  <<  1 i . e .  abso rp t .  i n  t h e  emitter (or s u r f a c e  d e p l .  rep;.) is  s m a l l .  
( 2 )  d > >  L i . e .  t h e  c e l l  i s  t h i c k  c o m p a r e d  t o  L ,  
( 3 )  p >> An i . e .  low l e v e l  i n j e c t i o n ,  
( 4 )  d l  << L i . e .  t h e  e m i t t e r  i s  t h i n ,  

( 5 )  a d  > 1 i . e .  m o s t  l i g h t  i s  a b s o r b e d  i n  t h e  b a s e ,  
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w h e r e  a = a ( h )  i s  t h e  o p t i c a l  a b s o r p t i o n  c o e f f i c i e n t ,  d l  t h e  e m i t t e r  

t h i c k n e s s  f o r  a c e l l  g e o m e t r y  o r  s u r f a c e  d e p l e t i o n  t h i c k n e s s  i n  b u l k  
m a t e r i a l ,  d t h e  t o t a l  c e l l  t h i c k n e s s ,  and  L t h e  d i f f u s i o n  l e n g t h .  To 
meet c o n d i t i o n  ( l ) ,  a i s  made low by c h o o s i n g  X n e a r  t h e  b a n d  e d g e ,  
C o n d i t i o n  ( 2 )  i s  o f t e n  t h e  m o s t  d i f f i c u l t  t o  m e e t  f o r  common s o l a r  
c e l l  d e s i g n s .  P h i l i p s  showed t h a t  t h i s  c o n d i t i o n  c o u l d  b e  r e l a x e d ,  
b u t  Chu and  S t o k e s  f o u n d  p o o r  a g r e e m e n t  i f  d Q, L. ( 3 )  i s  m e t  by  
c h o o s i n g  r e a s o n a b l e  l i g h t  i n t e n s i t y .  F o r  mos t  c e l l s ,  d l  < <  L by  

d e l i b e r a t e  d e s i g n .  F i n a l l y ,  ad  > 1 i s  e a s y  t o  s a t i s f y  b e c a u s e  t h e  
b a s e  o f  c e l l s  a r e  o f t e n  t h i c k  enough  t o  a b s o r b  mos t  of  t h e  l i g h t ,  a n d  
b e c a u s e  a c a n  b e  c o n t r o l l e d  by  w a v e l e n g t h  s e l e c t i o n .  The a b o v e  s t a t e -  
m e n t s  a r e  t r u e  f o r  s i l i c o n  c e l l s ,  g a l l i u m  a r s e n i d e  c e l l s ,  and  r e c e n t l y  
f o r  amorphous  s i l i c o n  c e l l s  w h e r e  d i f f u s i o n  l e n g t h s  of  o n l y  a few hun- 
d r e d  a n g s t r o m s  c a n  b e  f o u n d .  A s  a p r a c t i c a l  r u l e  o f  thumb,  t h e  
s h o r t e s t  d i f f u s i o n  l e n g t h  m e a s u r a b l e  i s  a b o u t  % of  t h e  ( l / a )  v a l u e  a t  
t h e  h i g h e s t  a n e e d e d  t o  make t h e  m e a s u r e m e n t .  F o r  e x a m p l e ,  i n  
a - S i  a= l o 5  cm-1 a t  2 . 5  e . v .  p h o t o n  e n e r g i e s .  Thus % x cm = 

250 I n  G a A s  t h e  minimum L m e a s u r a b l e  i s  a b o u t  0 . 1  pm f o r  amax 'L 

4 -1 2 x 10  cm . 

FINAL STATEMENTS 

A l l  t e c h n i q u e s  h a v e  t h e  l i m i t a t i o n  t h a t  s e m i c o n d u c t o r  t h i c k n e s s e s  
s h o u l d  b e  l a r g e  i n  c o m p a r i s o n  w i t h  d i f f u s i o n  l e n g t h s ,  i n  o r d e r  t o  
s i m p l i f y  i n t e r p r e t a t i o n .  T h i s  i s  o f t e n  v i o l a t e d  i n  s o l a r  c e l l  d e s i g n s .  
Each  of  t h e  t e c h n i q u e s  d i s c u s s e d  h a v e  a d v a n t a g e s  a n d  d i s a d v a n t a g e s  
w h i c h  mus t  b e  c o n s i d e r e d .  W e  f e e l  i t  i s  i m p o r t a n t  t h a t  t h e  l i m i t s  o f  
a p p l i c a b i l i t y  o f  p a r t i c u l a r  m e t h o d s  b e  r e a l i z e d .  
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Table I - Schottky Barrier Photocurrent Technique 

Depletion Region Width 

Assumed 
Absorption W Doping wO 

- Density (zero b ias )  (with b i a s )  Coeff.,  a 

(> 100 k m  
-. i n  Si) 

10' 
I o4 

1016/cm3 0.5 pm 1 urn 200 c m - l  

(1 ncm S i  I o3 
2 ncm GaAs) lo4 

4 3 x 10 

1 0 ~ ~ / ~ ~ ~  0.1 0.3 200 cm-l 

(< 0.1 ncm lo3  
lo4 - si  

0.3 ncm 5 x 10 
G A S )  

L t o  
make 
uL = 1 

50 urn 
10 
1 

50 vm 
10 

1 

0.3 

50 Urn 

10 

1 
0.2 

._ 

0.1 

0.5 
1.5 

0.01 
0.05 

0.50 

1.5 

0.002 

0.01 

0.1 
0.5 

Sensi- 
t i v i t y  - *;, x 

8% 

17 
10 

1% 

4 
17 
10 

<<1% 

1 
8 

17 

Measur- 
a b l e  
Range 
of  L 

5 t o  30 
vm 

0.3 t o  2 
vm 

< 1 um 
only 

- 

Observed 
Ranges 
of L 

20 t o  500 vm i n  S i  

(2 t o  100* i n  GaAs) 

10 t o  300 ym in Si 

0.5 t o  3 v m  i n  GaAs 

3 t o  30 urn i n  Si 

0.2 t o  2 pm i n  GaAs 

*Diffusion lengths  t h i s  l a r g e  i n  GaAs are q u i t e  rare: See Nelson's papers. 
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Fig. 1: Normalized d i f f u s i o n  l eng th  Le/$ vs .  normalized depth  S /Lb ,  

f o r  va r ious  va lues  of normalized su r face  recombination ve loc i ty .  

Fig. 2 :  Electron beam penet ra t ion  depth  as a funct ion  of beam energy 
f o r  S i  and GaAs. 
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PKOGKESS TOWAKD CASCADE CELLS MADE BY OM-VPE" 

P e t e r  G. Borden,  Koss A. LaKue,  a n d  Michae l  J. Ludowise  
Varian Assoc ia tes ,  Inc. 
P a l o  Alto, Ca l i fo rn ia  

SUMMARY 

OM-VPE has been used t o  make a sophisticated monolithic cascade c e l l ,  w i t h  a 
The ce l l  has peak AMPl efficiency of 16.6%, not corrected for  14% g r i d  coverage. 

9 epitaxial  layers. The top cell  i s  1.35 microns thick w i t h  a 0.1 micron thick 
emmitter. Both ce l l s  are  heteroface n - p  s t ructures .  The cascade cell  uses metal 
interconnects. Details o f  growth and processing are described. 

INTRODUCTION 

This paper describes the design, fabrication, and tes t ing of a high efficiency 
mono1 i thic  cascade cel l  made usigg Organometall i c  Vapor Phase Epitaxy (OM-VPE) , 
and interconnected using the MIC structure.  
been obtained, including 

A number of s ignif icant  resul ts  have 

- 16.6% AM0 efficiency a t  a concentration of 10.7 suns, uncorrected 

- .5 cm active afea ( .71 cm by .71 cm), with wafer yields in 

for  the 14% obscuration (19.3% active area efficiency).  

excess o f  4 cm per processed wafer. 
2 

- A 1.35 micron thick 30% AlGaAs heteroface t o p  ce l l  w i t h  an emitter 
only 0.1 microns thick. 

- An n-on-p heterface GaAs bottom cel l  stable enough to  endure the 
20 minute, 780°C growth of the t o p  ce l l .  

The ce l l  design and structure will be described f i r s t .  The fabrication process 
follows, followed by a presentation of experimental resu l t s .  

Cell Design 

The ce l l  structure is  listed in Table 1.  I t  i s  based on a computer optimized 
design for 400 suns AM2 and experimental i terat ions to  optimize the quantum yield 
of the top c e l l .  As can be seen, heteroface structures are used for  b o t h  the t o p  
and bottom ce l l s .  
i n  continuous sequence under computer control in the OM-VPE reactor. 
over a 1.5 x 2 inch wafer is typically k 7.5%. 

The en t i r e  structure contains nine layers. These are formed 
Uniformity 
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An n-on-p structure i s  used for the bottom cell , Typically, n-type dopants 
are slow diffusers in GaAs; this gives the GaAs cell an inherent stability d u r i n g  
the growth of the t o p  cell. The n-on-p structure has other advantages for space 
applications, including long base diffusion lengths for better radiation 
hardnessl. The low resistivity of the n-type emitter reduces emitter sheet resis- 
tance, an important consideration in cells using MIC2 interconnects. 

The top  cell i s  composed of six layers, the junction occurring in 30% AlGaAs, 
with a bandgap of 1.82 eV. From the t o p  down, these are a GaAs contact layer, used 
in the contacting process. Next i s  an 80% AlGaAs window layer and an emitter 0.10 
microns thick. This i s  the thinnest emitter ever reported for  a heteroface cell ,  
and  is  required because of the relatively short diffusion length i n  n+ 30% AlGaAs. 
The p-type base i s  about  1 micron thick, and collects most of the photons used by 
the t o p  cell. 
prevent carriers from leaking out the back of the thin base. The remaining layer 
i s  used for contacting during the interconnect process. 

Below the base i s  a back surface field (BSF) layer, required t o  

Note t h a t  the t o p  cell i s  extremely thin, and i s ,  t o  the knowledge of the 
authors, the thinnest single crystal solar cell ever reported. The motivation i s  
as follows: To properly current match an AlGaAs/GaAs cascade cell , the top cell 
should have a bandgap of about  1.9 eV. The  problem i s  t h a t  key properties of 
AlGaAs, such as mobility and diffusion length, degrade rapidly as the direct- 
indirect transition a t  1.95 eV i s  approached. An alternative strategy i s  t o  make 
the t o p  cell so thin t h a t  i t  i s  semi-transparent, allowing some of the near gap 
photons t o  penetrate through t o  the bottom cell.  
structure with a lower gap top  cell is  possible. A careful tradeoff of practical 
material parameters, bandgap, and efficiency places an optimum gap for the t o p  
cell a t  about 1.82 eV. 

In this manner, a current matched 

Figures 1 and 2 show q u a n t u m  yields for t o p  and bottom cells made with this 
design strategy. Figure 1 shows the quantum yield of a 1.82 eV AlGaAs cell.  This 
i s  corrected for both AR coating reflection and grid coverage. The downward slope 
of the red response i s  
quantum yield of a GaAs bottom cell.  This i s  corrected for AR coating reflection, 
b u t  no t  grid coverage. 
note also tha t  some light above the top cell bandgap energy leaks through.  

ted for the 14% grid obscuration, so t h a t  the internal quantum yield i s  f l a t  a t  
about 90%. This cell has been exposed t o  a temperature cycle of 78OoC fo r  
20 minutes. 

partially due t o  the semi-transparency. 

Note the sharp cut-off a t  the bandgap of the top cell.  

Figure 2 shows the 

B u t  

Figure 2 attests t o  the stability of the bottom cell .  This p l o t  i s  not  correc- 

FABRICATION PROCESS 
2 The MIC inter onnect process has been used with this cell. This has been 

described elsewhere2, and will be summarized here. I n  this process, narrow grooves 
are etched through the t o p  cell t o  the emitter of the bottom cell.  Metal deposited 
in these grooves shorts the emitter of the bottom cell t o  the base o f  the t o p  cell.  
This interconnect i s  particularly useful in the development of cascade cells 
because i t  requires no tunnel junction and allows divert probing of the t o p  and 
bottom cell s. 
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2 Figure 3 outlines the MIC process. Two selective etches are  used. One etch 

Following masking, the two 
attacks GaAs and 30% AlGaAs, b u t  not 80% AlGaAs. HF etches 80% AlGaAs, b u t  n o t  
the other materials. 
etches are used to  etch down t o  the contact layer below the t o p  cel l  BSF. The ce l l  
i s  remasked, and a narrower groove etched i n  the bottom of the f i r s t  groove through 
t o  the emitter of the bottom c e l l .  
contact on the top of the cel l  and the emitter of the bottom ce l l .  Finally, a p- 
type contact placed i n  the groove connects the n-type contact metal to  the buried 
contact layer. The  cel l  i s  alloyed, cap stripped, and AR coating applied. 

t ac t  s t r ipes  are nominally 7 microns wide on the same centers, fo r  an obscuration 
of 10%. This design i s  appropriate fo r  400 suns AM2. Low concentration or 1 s u n  
designs have contactsspaced typically 5 or more times further apart ,  and obscuration 
i s  negligible. In practice,  the grooves and grids are 19 and 10 microns wide respec- 
t ive ly ,  increasing obscuration t o  14%. 
further process enhancements. 

The process proceeds as follows: 

T h e  same mask is  used t o  deposit an n-type ohmic 

The grooves are  nominally 13 microns wide, on 202 micron centers. The top con- 

This can be reduced considerably through 

We have used AuGa/Ni/Au for  n-type contacts and Al/Mg/Au contacts for  p-type. 
These are chosen because they alloy a t  the same temperature and time, and thus 
amenable for use in a two-layer contact. 

Anti-reflection coating i s  applied by select ive etching of the GaAs cap layer,  

The single layer ii a s  been used a t  this stage of 
followed by plasma deposition of a single layer of S i  N 4 .  Two-layer coatings will 
significantly improve performance. 
development because of i t s  simplicity and yield.  

PERFORMANCE RESULTS 

Cells are typically made on 1.5 x 2 inch wafers, wit the mask providing 6 
devices per wafer. Each device has an active area 0.5 cm9 w i t h  dimensions 
.71 x .71 cm. The en t i re  chip active area measures .77 an2, w i t h  two large contact 
,busses taking u p  the remaining area. T h i s  i s  an optimized design for  400 suns, AM2. 
The ce l l s  have a single Si3N4 AR coating. The top contact g r i d  i s  not plated. 

Cells have been tested in a Spectrolab XT-10 simulator w i t h  an AMPI f i l t e r  s e t .  
Intensity is s e t  t o  one s u n ,  u s i n g  a GaAs calibration c e l l .  
concentration. 
The concentration is  measured by taking the r a t io  of the cascade ce l l  short c i r cu i t  
current a t  concentration to  the one s u n  short c i r cu i t  current. 

A glass lens provides 
T h e  cell  has no cooling, and the nominal ambient temperature i s  24'C. 

Table 2 shows the efficiency a t  various concentrations. Table 3 l i s t s  other 
cel l  parameters. 

efficiency (14% obscuration) , the internal efficiency (no obscuration) and e f f i -  
ciency corrected to  5% obscuration, as might be typical for  a 1 sun  c e l l .  
ciency a t  10.7 suns is  close to  that  o f  a very good GaAs ce l l .  

current greater than the top. 
laser.  

Figure 4 shows the ce l l  IV character is t ics .  The efficiency 
In  Table 2 ,  three columns tabulate the measured assumes a 0.5 cm 2 ce l l  area. 

The e f f i -  

T h i s  ce l l  has about 17% current mismatch, w i t h  the bottom ce l l  short c i r cu i t  
T h i s  can be determined by illuminating w i t h  a He-Ne 

Such l i g h t ,  which is absorbed i n  the top cel l  alone, improves the short 
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circuit current by about 35%. This mismatch is due to the cell being an AM2 design, 
that we are only using a single layer AR coating, and that more work is needed to 
optimize the top cell thickness to properly exploit its semi-transparency. 

CONCLUSION 

This work has demonstrated that cascade cells can be made with areas approach- 
ing those required for space applications, and that high efficiencies are realizable. 
To achieve these efficiencies, several design techniques have been employed, includ- 
ing: 

- use of thin, semi-transparent top cells to enhance current matching while 
maintaining top cell quantum yield. 

- use of n-p cells to maintain stability of the bottom cell during growth of 
the top cell. 

- use of top cell BSF to prevent carriers from spilling out the back of the 
base. 

It is anticipated that considerable improvements are possible through such steps 
as use of a 2-layer AR coating, plating of grids to improve fill factor, and better 
current matching through an optimized AR coating and proper thickness top cell. 
Improvements of this sort, none of which require new technology development, should 
increase efficiency well beyond that of the best GaAs cell. 

* 
Different aspects of this work were supported by NASA Contract NAS3-22232 
and by DOE through SERI subcontract XP-0-8081-1. 
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LAYER 

9 
8 
7 
6 
5 
4 
3 
2 
1 
0 

TABLE 1.-CELL STRUCTURE 

PURPOSE 

Contact 
Window 
Emit ter  
Base 
BS F 

Contact 
W i ndow 
Emit ter  
Base 
Substrate 

- TYPE MATER I AL 

+ 
3- 

3- 

n 
n 
n 
P 

P 

P+ 
n 
n 

P 
P 

GaAs : Se 
A1 8Ga 2As:Se 
A1 gGa 7As:Se 
A1 3Ga 7As:Zn 
A1 8Ga 2As:Zn 
A I .  32Ga .68AS: Zn 
A1 8Ga 2As:Se 
GaAs : Se 
GaAs : Zn 
GaAs : Zn 

THICKNESS 

0.5 pm 

0.15 
0.1 
1 .o 
0.1 
0.2 
0.1 
0.5 
2.0 
12 m i l s  
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TABLE 11. - M I C ~  AM@ EFFICIENCY 

Concen t r a t i  on 
(suns) 

1 
3.97 
8.79 

10.67 

Efficiency a t  Obscuration o f  
5% 0% - I 

1 4% 

13.2% 14.6% 15.3% 
15.4% 17.0% 17.9% 
16.5% 18.2% 19.2% 
16.6% 18.3% 19.3% 

14% obscuration (grooves, top contact)  
.5 cm act ive area ( '71 x .71 cm) 
30% AlGaAs top ce l l  
GaAs bottom cell 

2 

TABLE I I I.  - CELL PERFORMANCE 

1 2.15 6.1 ,681 13.2 
3.97 2.27 24.2 .753 15.4 
8.79 2.32 53.6 .786 16.5 

10.67 2.33 65.1 .782 16.6 

2 .5 cm ac t ive  area 
14% obscuration 
AMO, simulated 
Single layer Si3N4 AR coating 

63 



90M-276 CAP OFF 
MEASURED 11/23/81 SLITS: 5NM 

1 .e. 
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\ 

u 
0 

# 

- 
$ 8.4 

4 
W 
H r 

0.2 

0 

$ 
2 
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HIC2 CELL PROCESS 
KITE: Drabdngs are not t o  scale. Top cel l  layers a r e  about 1.5 microns thick in  
total. bot- cell is about 2.5 microns thick. Top grid bars are spaced about 
150 micmns for a concentrator cell. about 1000 microns for  a 1 sun ce l l .  Top 
groove i s  about 10 microns d d e .  

F 
-Top ce l l  

-Sottom ce l l  

Proove m i t t e r  Top contact 
contact - d, r 

\rJ -Top ce l l  
r -i -BOtton ce l l  

I 

Overlay contact 
I ,Top contact 

Top ce l l  

Rottom ce l l  
J 

P contact, rcnaini 

A! Etch f i r s t  g m v e  

8) Etch groove to emitter of bottan 
ce l l ,  etch out stop layers 

C)  Deposit emitter contacts 

0) Depostt base contact in groove 

E) E t c h  cap, AR coat 

Bottom cel l  layers, from bottom up, are  
base. emitter. and window. 
layers. from bottom up ,  are back barr ier ,  

Top cell 

base, emitter, window and cap. 

F i g u r e  3 

CASCADE CELL IV AT VARIOUS CONCENTRATIONS 

dark 
1 sun 

3.97x 

--+ 
.5v/div 

. 5  cm2 a c t i v e  area 
14% g r i d  coverage 
Single  l a y e r  AR coat ing 
AMP), simulated. 

t 1 OmAi 'di v 

F i g u r e  4 
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A i r  Force \\right Aeronautical Laboratory 

%‘right Patterson Air Force ljase, d h i ~  

A5 STRACT 

The s ta tus  of the AF AlGaAs/GaAs cascade ce l l  program i s  summarized. Recent 
resul ts  show t h a t  l i q u i d  phase epitaxy i s  a superior fabrication approach. 
Specific technical d i f f i cu l t i e s  are addressed and approaches t o  solve them are 
described. The plans for  follow-on programs based on these resul ts  are also 
described. 
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DETERMINATION OF OPTIMUM SUNLIGHT CONCENTRATION LEVEL I N  
SPACE FOR I I I - V  CASCADE SOLAR CELLS 

Henry B. C u r t i s  
NASA Lewis Research Center  

Cleveland, Ohio 

ABS TRACT 

The optimum range o f  c o n c e n t r a t i o n  l e v e l s  i n  space f o r  I I I - V  cascade c e l l s  
has been c a l c u l a t e d  u s i n g  a r e a l i s t i c  s o l a r  c e l l  d iode  equat ion.  Temperature 
was v a r i e d  w i t h  con$en t ra t i on  u s i n g  seve ra l  models and ranged f r o m  55 
1 sun t o  between 80 A v a r i e t y  of s e r i e s  r e s i s t a n c e  
and i n t e r n a l  r e s i s t a n c e s  were used. C o e f f i c i e n t s  o f  t h e  d i f f u s i o n  and recom- 
b i n a t i o n  terms a re  s t r o n g l y  temperature dependent. The s tudy  i n d i c a t e s  t h a t  
t h e  maximum e f f i c i e n c y  o f  30 p e r c e n t  occu rs  i n  t h e  50 t o  100 sun c o n c e n t r a t i o n  
range p rov ided  s e r i e s  r e s i s t a n c e  i s  below 0.015 ohm-cm2 and c e l l  temperature 
i s  about 80" C a t  100 suns. 

C a t  
and ZOOo C a t  100 suns. 

INTRODUCTION 

Cascade s o l a r  c e l l s ,  e s p e c i a l l y  t hose  made u s i n g  I I I - V  m a t e r i a l s ,  have t h e  
p o t e n t i a l  f o r  much g r e a t e r  conve rs ion  e f f i c i e n c y  than  c o n v e n t i o n a l  s i n g l e  
j u n c t i o n  s o l a r  c e l l s .  The inc reased  e f f i c i e n c y  i s  m a i n l y  due t o  t h e  b e t t e r  
u t i l i z a t i o n  o f  t h e  s o l a r  spectrum by t h e  two o r  t h r e e  j u n c t i o n s  o f  t h e  cascade 
c e l l .  An advantage o f  I I I - V  m a t e r i a l  cascade c e l l s  i s  t h e i r  low r a t e  o f  
decrease i n  power w i t h  i n c r e a s i n g  temperature.  T h i s  i n d i c a t e s  t h a t  I I I - V  
cascade c e l l s  should b e n e f i t  f r o m  concen t ra ted  s u n l i g h t  and be ab le  t o  ope ra te  
w i t h o u t  f o r c e d  coo l i ng .  The c o n c e n t r a t i o n  l e v e l  where t h e  c e l l  e f f i c i e n c y  
peaks depends on seve ra l  f a c t o r s ,  such as r e s i s t a n c e  losses  and c e l l  tempera- 
t u r e  as a f u n c t i o n  o f  c o n c e n t r a t i o n .  P rev ious  s t u d i e s  have c a l c u l a t e d  t h e  
e f f i c i e n c y  o f  two and t h r e e  j u n c t i o n  cascade c e l l s  a t  v a r i o u s  temperatures and 
c o n c e n t r a t i o n s  ( r e f s .  1 and 2), however, t h e r e  was no d e f i n i t e  r e l a t i o n  be- 
tween c e l l  temperature and c o n c e n t r a t i o n .  I n  an e a r l i e r  s tudy  ( r e f .  3 ) ,  t h e  
performance of g a l l i u m  a rsen ide  c e l l s  was c a l c u l a t e d  as c e l l  temperature 
i nc reased  w i t h  c o n c e n t r a t i o n  i n  s p e c i f i c  d i f f e r e n c e  f u n c t i o n a l  r e l a t i o n s h i p s .  
The purpose o f  t h i s  e f f o r t  i s  t o  expand t h e  work o f  r e f e r e n c e  3 t o  t h e  case o f  
I I I - V  cascade c e l l s .  

METHOD OF CALCULATION 

C u r r e n t  v o l t a g e  curves were c a l c u l a t e d  f o r  each c e l l  i n  t h e  cascade s t r u c -  
t u r e  u s i n g  t h e  s o l a r  c e l l  d iode  e q u a t i o n  and t h e  p r i n c i p l e  o f  s u p e r p o s i t i o n .  
Terms f o r  t h e  l i g h t - g e n e r a t e d  c u r r e n t ,  d i f f u s i o n  c u r r e n t ,  space charge recom- 
b i n a t i o n  c u r r e n t ,  nd s e r i e s  and shunt  r e s i s t a n c e s  a re  i nc luded .  C e l l  c u r r e n t  
d e n s i t y  J ( i n  A/cm d ) i s  g i v e n  b y  

69 



J = JL - Jol ( exp v+yJ;s -- - l )  

V + JARS V + JARS 

ARsh 

where 
A c e l l  area, cm 2 

2 l igh t -genera ted  c u r r e n t  dens i ty ,  A/cm 

c o e f f i c i e n t  o f  d i f f u s i o n  c u r r e n t  term, A/cm 

c o e f f i c i e n t  o f  space charge r e g i o n  recombinat ion c u r r e n t  term, 
A /  cm 

s e r i e s  r e s i s t a n c e ,  ohm 

shunt r e s i s t a n c e ,  ohm 

=kT/q = 25.85 mV a t  T = 300 K 

2 JL 

Jo 1 

J02 2 

S 
R 

Rsh 

V c e l l  o u t p u t  v o l t a g e  
v T  

The i n d i v i d u a l  c u r r e n t - v o l t a g e  curves are  added i n  s e r i e s  w i t h  ohmic 
r e s i s t a n c e  losses f o r  the c e l l  in te rconnects  t o  o b t a i n  the  cascade c e l l  
performance. 

Before  any c a l c u l a t i o n s  a r e  p o s s i b l e ,  we must do t h e  f o l l o w i n g :  

(1) Determine t h e  i n i t i a l  va lues ( a t  300 K )  f o r  JL, Jo1, and 502 f o r  

( 2 )  Determine t h e  temperature dependence o f  t h e  above q u a n t i t i e s .  
( 3 )  Determine t h e  r e l a t i o n s h i p  between c e l l  temperature and concent ra t ion .  

each j u n c t i o n  i n  t h e  cascade c e l l  s t r u c t u r e .  

I n  a s e r i e s  connected cascade c e l l ,  t h e  c u r r e n t  i n  each j u n c t i o n  must be 
equal. T h i s  c o n s t r a i n t  i s  met by proper  cho ice  o f  t h e  band gaps o f  the  i n d i v i d u a l  
c e l l s .  For t h i s  s tudy  i t  was assumed t h a t  a III-V d i r e c t  gap c e l l  o f  band gap 
E , used as t h e  top  c e l l  i n  a cascade s t r u c t u r e ,  has a l igh t -genera ted  c u r r e n t  
equal t o  80 p e r c e n t  o f  a " p e r f e c t "  c e l l  o f  t h e  same band gap (quantum y i e l d  = 1 
above t h e  band gap and zero  below t h e  gap). The 20 percent  l o s s  can be a t t r i b u t e d  
t o  g r i d  coverage, s u r f a c e  r e f l e c t i o n ,  recombinat ion,  e t c .  I n t e g r a t i n g  t h e  quantum 
y i e l d  o f  a p e r f e c t  c e l l  a g a i n s t  t h e  Labs and Neckel AM0 spectrum, g i v e s  t h e  d a t a  
i n  f i g u r e  1, which shows l i g h t - g e n e r a t e d  c u r r e n t  f o r  a p e r f e c t  1-cm2 c e l l  as a 
f u n c t i o n  o f  c u t o f f  wavelength, xc :  

1.24 

g 
- -- 

' c -  E 

F o r  a g a l l i u m  arsen ide  c e l l  o f  0.867 um c u t o f f  wavelength, t h e  80 per- 
cen t  assumption leads t o  a va lue o f  31.1 &/cm2 f o r  l igh t -genera ted  cur- 
r e n t ,  i n  good agreement w i t h  t h e  l i t e r a t u r e  ( r e f .  4) .  
t h i r d  j u n c t i o n s ,  i t  was assumed t h a t  t h e  l igh t -genera ted  c u r r e n t  was 85 

For  t h e  second and 
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percent of a perfect ce l l  (adjusted for  absorption in the upper c e l l s ) .  
losses are assumed in the lower junct.ions due t o  decreased reflection and 
recombination losses. Using the above assumptions, the equal light-generated 
currents i n  each junction and the band gaps corresponding t o  any t o p  ce l l  band 
gap are uniquely determined. 

Lower 

The coefficients of the diffusion and recombination terms, Jo1, and 

(1) 

( 2 )  

The diode quality factor can be determined by using equation (1) and 

502, are determined f o r  each band gap by assuming the following: 

The diode quality factor n i s  equal t o  1 . 2  a t  l-sun concentration and 
a t  300 K 
Voltage Voc  i s  70 percent of the band gap  (ev) .  

plotting an I,, - V o c  curve. 
current levels corresponding t o  l-sun illumination leads t o  an n value t h a t  i s  
dependent on the re la t ive  values f o r  501 and 502. For example, if 502 
i s  zero, then the cell  i s  completely diffusion limited, and  n = 1.0.  By 
adjusting the re la t ive  value o f  Jo1 a n d  502, an n value o f  1 . 2  can be 
obtained. The f inal  value of the two constants i s  determined by V = 
0.7 E g .  The value of n = 1 . 2  i s  assumed t o  be typical of current fF1-V 
c e l l s  ( re fs .  5 and 6 ) .  
typical of a good GaAs c e l l .  

The slope of t h i s  curve a t  300 K and a t  

For GaAs 70 percent of E g  i s  1 V ,  which value i s  

The temperature dependence of the various band gaps was assumed t o  be 
simi 1 ar t o  t h a t  of g a l  1 ium arsenide. 
dence can be obtained from the l i t e r a tu re  ( r e f .  7 ) .  

The gal 1 i u m  arsenide temperature depen- 

The Jo1 and 502 vary w i t h  the square of the in t r ins ic  concentration and 
the in t r ins ic  concentration, respectively. Hence, 

an cl 

The temperature dependences of 501 and 502 are calculated from equations 
( 2 )  and ( 3 ) .  

The light-generated current of a solar ce l l  increases with increasing 
temperature f o r  two reasons: (1) the smaller band gap  means more photons are 
collected, and ( 2 )  material properties such as  lifetime improve with in-  
creasing temperatures ( re f .  8 ) .  I t  was assumed t h a t  the band gap change 
accounted f o r  most of the increase in light-generated current with tempera- 
ture,  and a value of 0.020 percent/K was assigned t o  the "better inaterial 
properties" portion of increased current. Since band gaps were varied with 
temperature in th i s  study, the calculated light-generated current already 
re f lec ts  t h i s  effect .  For a g a l l i u m  arsenide ce l l ,  t h i s  resulted in a 25 
v A / c & - K  temperature coefficient,  which i s  in substantial agreement with 
pub1  ished resul ts  ( re f .  9 ) .  

The operating temperature of  a solar cel l  in space i s  dependent on many 
factors.  These include the incident irradiance, the absorptance and emittance 
of  the cel l  and radiator surface, the thermal transfer between cel l  and 
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r a d i a t o r ,  t h e  s i z e  and o r i e n t a t i o n  o f  t h e  r a d i a t o r ,  and t h e  o r b i t  o f  t h e  
spacecra f t .  I t  was beyond t h e  scope o f  t h i s  s tudy  t o  c a l c u l a t e  temperature 
v a r i a t i o n s  w i t h  c o n c e n t r a t i o n  f o r  a n e a r l y  i n f i n i t e  s e t  of s t a r t i n g  assump- 
t i o n s .  
concentrated s u n l i g h t  l e v e l s  were used. 

I n s t e a d  a c t u a l  d a t a  f o r  1-sun o p e r a t i o n  and o t h e r  s t u d i e s  f o r  d a t a  a t  

F o r  1-sun o p e r a t i o n  i n  space, a c e l l  temperature o f  328 K (55O C) i s  
t y p i c a l  o f  p resent  p h o t o v o l t a i c  a r r a y s  ( r e f .  10) .  These a r r a y s  use pass ive  
c o o l i n g ,  and t h e  c e l l s  a re  producing power. There were no a c t u a l  da ta  a v a i l -  
a b l e  f o r  c e l l  temperature a t  e l e v a t e d  c o n c e n t r a t i o n  l e v e l s  i n  space, so t h e  
r e s u l t s  o f  two s t u d i e s  were used t o  determine t h e  range o f  o p e r a t i n g  tempera- 
t u r e s  expected. For  t h e  f i r s t  study, which d i d  n o t  l i m i t  c e l l  s i z e  and had no 
a c t i v e  c o o l i n g ,  a c e l l  temperature o f  398 K (125' C) a t  50 suns was computed. 
A n e a r l y  14-K marg in f o r  e r r o r  i s  inc luded,  making t h i s  c e l l  tmeperature va lue  
conserva t ive .  For the  second s tudy  ( r e f .  1 2 )  much lower c e l l  temperatures 
were computed f o r  space s o l a r  c e l l s :  353 I( (80' C) f o r  a 100-sun i r r a d i a n c e  
l e v e l .  
t r a n s f e r  f rom c e l l  t o  r a d i a t o r .  

T h i s  s tudy  used v e r y  smal l  c e l l s  ( 4  mm diam) t o  maximize t h e  heat  

These low c e l l  temperatures a t  c o n c e n t r a t i o n  are  s i m i l a r  t o  e a r l i e r  work 
on smal l  s i l i c o n  c e l l s  a t  severa l  hundred AM1 c o n c e n t r a t i o n s  f o r  t e r r e s t r i a l  
purposes. ( r e f .  13)  Pass ive c o o l i n g  was assumed i n  a l l  t h e  above work. 
Because o f  t h e  usual  dependences observed i n  space between i r r a d i a n c e  and 
temperature, a T 4  r e l a t i o n s h i p  t o  c o n c e n t r a t i o n  r a t i o  (T4  = A l C R  + A2) 
was f i t t e d  t o  t h e  328 K - 1-sun p o i n t  and t o  each o f  t h e  h i g h e r  c o n c e n t r a t i o n  
p o i n t s .  T h i s  lead t o  two d i f f e r e n t  temperature dependences w i t h  concent ra t ion ,  
a h i g h  temperature dependence and a low temperature dependence. 
i n t e r m e d i a t e  dependence c u r v e  i s  ob ta ined by a r b i t r a r i l y  u s i n g  a temperature 
l e v e l  o f  398 K ( 1 2 5 O  C )  a t  100 suns. 
summarized below. 

A t h i r d ,  

The t h r e e  temperature dependences a r e  

Temperature, CR 
K 

High temperature 398 50 
I n t e r m e d i a t e  temperature 398 100 

Low temperature 353 100 

F i g u r e  2 shows temperature as a f u n c t i o n  o f  c o n c e n t r a t i o n  f o r  these t h r e e  
temperature dependences. 

RESULTS AND DISCUSSION 

Cur ren t -vo l tage curves were generated f o r  cascade c e l l  s t r u c t u r e s  f o r  
F i g u r e  3 shows a t y p i c a l  s u n l i g h t  c o n c e n t r a t i o n  l e v e l s  up t o  250x (AMO). 

t h r e e - j u n c t i o n  cascade c e l l  curve  as w e l l  as t h e  i n d i v i d u a l  curves f o r  each 
j u n c t i o n .  C e l l  temperature was v a r i e d  w i t h  c o n c e n t r a t i o n  as descr ibed above, 
and e f f i c i e n c i e s  were c a l c u l a t e d  as a f u n c t i o n  o f  c o n c e n t r a t i o n  l e v e l  f o r  a 
v a r i e t y  o f  s e r i e s  r e s i s t a n c e ,  c e l l  i n t e r c o n n e c t i o n  r e s i s t a n c e ,  and t o p  band 
gap values. 

t r e a t e d  as independent v a r i a b l e s .  
As seen f rom equat ion  ( l ) ,  t h e  q u a n t i t i e s  ARs and ARsh may be 

The same h o l d s  t r u e  f o r  ARC, where Rc 
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i s  t h e  i n t e r c o n n e c t  r e s i s t a n c e  between c e l l s ,  whose ohmic v o l t a g e  drop i s  
s u b t r a c t e d  f r o m  t h e  cascade c e l l  performance. Hence, f o r  t h e  remainder o f  
t h e  s tudy s e r i e s  r e s i s t a n c e ,  shunt r e s i s t a n c e ,  and i n t e r c o n n e c t  r e s i s t a n c e  
were t r e a t e d  i n  terms o f  ohm-cm2. 

As i n  t h e  p r e v i o u s  work ( r e f .  3) t h e  e f f e c t  o f  shunt r e s i s t a n c e  a t  
h i g h e r  c o n c e n t r a t i o n  l e v e l s  was n e g l i g i b l e .  

r e s i s t a n c e  was used throughout .  

Because t h e  main f cus of t h i s  
s tudy  i s  on h i g h e r  c o n c e n t r a t i o n  r a t i o s ,  a va lue  o f  2500 ohm-cm !! f o r  shunt 

F i g u r e  4 shows e f f i c i e n c y  as a f u n c t i o n  o f  c o n c e n t r a t i o n  f o r  t h r e e  
i n t e r c o n n e c t  r e s i s t a n c e  va lues f o r  a t h r e e  j u n c t i o n  cascade c e l l  w i t h  a t o p  
band gap o f  2.07 eV. 
0.015 ohm-cd. Note t h e  f a l l o f f  i n  e f f i c i e n c y  above about 100 concentra- 
t i o n  and t h e  f a i r l y  broad maximum over  t h e  30 t o  100 range. The va lue  o f  
50 m ohm-cm2 ( t h e  c e n t e r  curve)  f o r  c e l l  i n t e r c o n n e c t  r e s i s t a n c e  r e s u l t e d  
i n  a v o l t a g e  drop o f  75 mV a t  each i n t e r c o n n e c t i o n  a t  100 AMO. T h i s  was 
somewhat l e s s  than t h e  100-mV drop assumed i n  re fe rence 1, b u t  p robab ly  
w i t h i n  f u t u r e  technology. The t o p  band gap was 2.07 eV. The corresponding 
band gaps f o r  t h e  second and t h i r d  c e l l s  a re  1.55 and 1.17 eV. 
t h e  optimum cho ice  of band gaps; however, f o r  d i r e c t  gap m a t e r i a l s  o f  t h e  
same l a t t i c e  constant ,  d a t a  f r o m  refererrces 14 and 15 i n d i c a t e  t h a t  i t  i s  
t h e  o n l y  choice.  Since t h e  a b i l i t y  t o  grow i n d i v i d u a l  c e l l s  i n  a m o n o l i t h i c  
s tack  o f  d i f f e r e n t  l a t t i c e  cons tan ts  i s  cons idered improbable ( r e f .  l ) ¶  t h e  
more r e a l i s t i c  cho ice  i s  2.07 eV as t o p  band gap, even though e f f i c i e n c i e s  
c o u l d  be about 3 percentage p o i n t s  h i g h e r  w i t h  a more optimum band gap 
combinat ion.  

The low-temperature dependence was used and ARs = 

T h i s  i s  - n o t  

The e f f e c t  o f  v a r y i n g  s e r i e s  r e s i s t a n c e  o f  t h e  i n d i v i d u a l  j u n c t i o n s  i s  
shown i n  f i g u r e  5. The e f f e c t  o f  s e r i e s  r e s i s t a n c e  i s  l e s s  than t h e  i n t e r -  
connect r e s i s t a n c e  due t o  t h e  smal le r  values used i n  t h e  c a l c u l a t i o n .  The 
va lue  o f  15 m ohm-cd should be r e a d i l y  achievable s ince  s i m i l a r  and lower 
va lues have a l ready  been produced i n  s i n g l e  g a l l i u m  arsenide c e l l s  ( r e f s .  16 
and 17). 

F i g u r e  6 shows e f f i c i e n c y  as a f u n c t i o n  o f  c o n c e n t r a t i o n  f o r  t h e  t h r e e  
temperature dependences. The e f f i c i e n c i e s  are  equal a t  1 sun and change as 
c o n c e n t r a t i o n  and temperature a r e  increased. The b e n e f i t  o f  o p e r a t i n g  t h e  
c e l l  a t  lower temperatures a t  c o n c e n t r a t i o n  i s  r e a d i l y  ev ident .  A t  100 
suns, t h e  h i g h  temperature dependence r e s u l t s  i n  an e f f i c i e n c y  va lue  lower 
than a t  1 sun, due t o  t h e  h i g h  o p e r a t i n g  temperature. A lso a t  100 suns, t h e  
d i f f e r e n c e  i n  e f f i c i e n c y  between t h e  high- and low-temperature dependence 
curves i s  about 5.7 percentage p o i n t s  (29.67 and 23.97 percent ) .  T h i s  i s  
c o n s i d e r a b l y  more than t h e  change i n  e f f i c i e n c i e s  i n  f i g u r e s  4 and 5 due t o  
t h e  range o f  s e r i e s  and i n t e r c o n n e c t  r e s i s t a n c e s  s tud ied .  Hence, t h e  e f f e c t  
o f  decreas ing t h e  o p e r a t i n g  temperature i s  t h e  most impor tan t  f a c t o r  i n  
r a i s i n g  t h e  e f f i c i e n c y  o f  cascade c e l l s  o p e r a t i n g  a t  h i g h  c o n c e n t r a t i o n  
1 eve1 s . 

The e f f e c t  o f  mismatch i n  t h e  c u r r e n t s  o f  t h e  i n d i v i d u a l  c e l l s  i s  shown 
i n  t a b l e  I .  
chosen a t  one temperature and t h e  c e l l  b e i n g  operated a t  a d i f f e r e n t  temper- 
a ture.  For  temperature d i f f e r e n c e s  o f  30 t o  40 K ,  t h i s  mismatch e f f e c t  was 
n e g l i g i b l e ,  w i t h  changes i n  e f f i c i e n c y  o f  0.1 percentage p o i n t .  Since any 
cascade c e l l  w i l l  be designed f o r  t h e  concent ra to r  i t  w i l l  be used i n ,  t h i s  

The f i r s t  source o f  mismatch a r i s e s  f r o m  t h e  band gaps be ing  
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mismatch e r r o r  can be neglected.  
u n c e r t a i n t y  o f  our  knowledge o f  t h e  AM0 spectrum. 
spectrum was used th roughout  t h i s  s tudy  t o  determine l i g h t - g e n e r a t e d  
c u r r e n t s  and band gaps. 
Thekaekara. 
Neckel spectrum and l igh t -genera ted  c u r r e n t s  chosen u s i n g  t h e  Thekaekara 
spectrum. The d i f f e r e n c e s  were smal l ,  about 0.4 percentage p o i n t  d i f f e r e n c e  
i n  e f f i c i e n c y ,  which r e s u l t e d  i n  approx imate ly  a 1.3 percent  drop i n  maximum 
power. 

The second mismatch e r r o r  r e s u l t s  f rom t h e  
The Labs and Neckel 

The o t h e r  recognized AM0 spectrum was t h a t  o f  
Data were generated u s i n g  band gaps chosen b y  t h e  Labs and 

The t h i r d  mismatch a r i s e s  f r o m  r a d i a t i o n  damage i n  space. For  p r o t r o n  
i r r a d i a t i o n  o f  s u f f i c i e n t l y  low energy we can assume t h a t  t h e  c u r r e n t  i n  t h e  
t o p  c e l l  i s  reduced b y  10 percent .  T h i s  r e s u l t s  i n  approx imate ly  a 7-1/2 
percent  drop i n  e f f i c i e n c y  o f  t h e  cascade c e l l .  

CONCLUSIONS 

The optimum c o n c e n t r a t i o n  l e v e l  f o r  I I I - V  cascade c e l l s  i s  about 50 suns 
( w i t h  a range o f  10 t o  100 suns), where t h e  e f f i c i e n c y  f a l l s  o f f  b y  l e s s  
than 1 percentage p o i n t ,  p rov ided the  f o l l o w i n g  c o n d i t i o n s  a r e  met: 

( 1 )  An o p t i c a l  concent ra to r -pass ive  c o o l i n g  system must be prov ided 
which main ta ins  c e l l  temperature as low as poss ib le .  Some concepts 
p r e s e n t l y  under s tudy  i n d i c a t e  temperatures o f  80° C a t  100-sun concentra- 
t i o n  appear f e a s i b l e  through use of smal l  c e l l s  t o  o b t a i n  good heat  t r a n s f e r  
t o  a r a d i a t i n g  surface. The smal l  c e l l  concept has a l r e a d y  been demon- 
s t r a t e d  i n  t e r r e s t r i a l  c o n c e n t r a t o r s  t o  y i e l d  low o p e r a t i n g  temperatures.  

( 2 )  The r e s i s t a n c e  losses due t o  s e r i e s  r e s i s t a n c e  i n  t h e  i n d i v i d u a l  
c e ' l l s  and t h e  c e l l  i n t e r c o n n e c t s  are k e p t  a t  reasonable values. A va lue  o f  
15 m ohm-cm2 f o r  i n d i v i d u a l  c e l l  s e r i e s  r e s i s t a n c e  should be an ach ievab le  
va lue  s ince  g a l l i u m  arsenide c e l l s  have been made w i t h  t h i s  on lower s e r i e s  
r e s i s t a n c e  values. 
i n t e r c o n n e c t  r e s i s t a n c e .  There i s  no known exper imenta l  d a t a  on such values 
a t  present.  I n  any event, t h e  drop i n  e f f i c i e n c y  due t o  increased r e s i s -  
tance losses a t  100-sun c o n c e n t r a t i o n  i s  cons iderab ly  l e s s  than t h e  l o s s  due 
t o  h i g h e r  o p e r a t i n g  temperatures.  

A va lue  o f  50 m ohm-cm2 represents  a goal  f o r  c e l l  

I.. 
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TABLE 1. - EFFECTS OF VARIOUS CURRENT MISMATCHES ON 
CASCADE CELL POWER OUTPUT 

Source o f  mismatch Percent drop i n  Pmax 

Neg l i g ib le ,  0.3 percent  AT - 30' between c e l l  
ope ra t i on  and band gap 

o p t i m i z a t i o n  

Uncer ta in t y  o f  AM0 spectrum Small, 1.3 percent  
Labs and Neckel /Thekaekara \ 

Rad ia t i on  damage 10 percent  

drop i n  one c e l l  c u r r e n t  

6 t o  7.5 percent  

1 cm2 CELL / 

I I 
1 2 3 0 

WAVELENGTH, pm 

Figure 1. -Variation d short-circuit current d perfect 
cell with cutoff wavelength. 
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Figure 2 -Variation of temperature with concentra- 
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tion for different temperature dependences. 
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Figure 3. - Series addition d individual I - V  curves. 
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SUMMARY 

This paper introduces a new strategy for efficient solar energy conversion 
based on parallel-processing with surface plasmons. The approach is unique in 
identifying: 
and (2) a technique to extract more energy from the more energetic photons, 
without sequential losses or unique materials for each frequency band. 
i s  to overcome the fundamental losses associated with the broad solar spectrum 
and to achieve a higher level of spectrum splitting than has been possible in 
semiconductor systems. 

(1) a broadband carrier with suitable range for energy transport, 

The aim 

INTRODUCTION 

In conventional silicon solar cells, 56 percent of the incident power is 
wasted because monoenergetic conduction electrons are used to transport a 
broad solar energy spectrum. In cascade and spectrophotovoltaic systems, 
spectral mismatch losses are reduced by using different semiconductors to 
support different energy carriers. However, the increased complexity and 
sequential losses offset incremental efficiency gains when more than two or 
three frequency channels are used. 

A preferred route is to parallel process different carriers in the same 
material. 
carrier with suitable range for energy transport. In the search for long-lived 
excited states, little attention has been paid to less stable, but relativistic 
waves, like the surface plasmon. Perhaps these collective modes were 
overlooked because their properties are unfamiliar, or more likely, they were 
ruled out due to a prevalent misconception that wave approaches are unsuited 
for incoherent light. 

The missing ingredient has been the identification of a broadband 

SURFACE PLASMONS 

Surface plasmons (refs. 1 to 4) are guided electromagnetic waves, which can 
be supported on thin films of common metals, like aluminum or silver. Thicker 
substrates may also be used, and there may be native oxides or dielectric 
overlayers. However, an interface can not support surface plasmons unless the 
dielectric function has opposite sign in the two materials. Negative 
dielectric functions occur in the Restrahlen band or high reflectivity region 
of most metals and semiconductors. 

The surface plasma wave (fig. 1) consists of a propagating wave of surface 
charge (polarized valence electrons) accompanied by transverse and longitudinal 
electromagnetic fields, which decay exponentially with distance from the metal 
interface. Typically, the fields extend a tenth to several thousand micrometers 
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above the metal, but only penetrate a few hundred angstroms into the substrate, 
permitting integration with back surface diodes. This a l s o  allows an extremely 
lightweight system for space use or a materials-conservative device on a low- 
cost substrate for terrestrial applications. 

The surface plasmon spectrum is broad and continuous from the infrared to 
cut-offs which lie in the visible or ultraviolet depending on the material. 
The velocities are relativistic except near cut-off. For broadband energy 
transport, we are primarily interested in the relativistic waves, rather than 
the better known quasistatic ones, which are nearly monoenergetic. 

Surface plasmons have finite range due to substrate absorption mechanisms 
like collision-broadening and interband transitions, as well as radiative loss 
induced by surface roughness. Landau-damping, or electron acceleration, can 
also be important but not for the relativistic waves. On an open surface the 
relativistic plasmons have field patterns in which most of the energy travels 
just above the metal, reducing substrate absorption (refs. 3 and 4). 
is excellent for device purposes, typically, 75 to 5000 micrometers at solar 
frequencies and centimeters in the infrared (refs. 5 to 7). This allows some 
compromise on materials quality and leaves room to design graduated structures 
which shift fields into the tunnel diodes, where energy is extracted. For 
plasmons propagating along the interfaces of the metal-barrier-semiconductor 
tunnels, the range may be only a few micrometers at the blue end of the 
spectrum, but this should be adequate. 

The range 

These properties make surface plasmons ideal for broadband energy transport. 
Two questions remain: how to couple sunlight into the waves, and how to extract 
power t o  do work on a load. 

ENERGY CONVERSION 

There are three steps in the energy conversion process (fig. 2): 

(1) Sunlight excites surface plasmons when its fluctuating electric fields 
polarize surface charge on the metal. Coherent light is not required, but a 
prism, grating, or textured surface must be used to provide phase-matching 
between photons and slightly slower surface plasmons of the same energy. 

tuned to extract maximum power from waves in a different frequency bands. 
Diodes differ in geometry and operating voltage, but all share the same 
materials. The simplest type is an MIS diode formed from the conducting 
substrate, its native oxide, and a buried or front surface semiconductor 
electrode. 

( 2 )  The surface plasmons transport energy t o  an array of tunnel diodes, 

( 3 )  Energy is extracted by inelastic tunneling, a one-step process in 
which an electron from the low voltage (semiconductor) electrode simultaneously 
absorbs a surface plasmon and tunnels to higher potential in the metal. 
Ideally, the semiconductor bandgap prevents backflow by eliminating unwanted 
final state energy levels. In a circuit, the tunneling current and load 
resistance supply the operating voltage. Current flows in the power quadrant 
as inelastic tunneling raises electrons to higher potential, enabling them to 
do work on the load. 
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COUPLING TO SUNLIGHT 

Coupling sunlight to surface plasmons poses unique design problems since 
the light is unpolarized, uncollimated and broadband. Sunlight can excite 
surface plasmons when fluctuating solar fields polarize surface charge on the 
conductor. S-polarized photons, which have purely tangential electric fields, 
can not induce charge on a smooth surface, but "deep" surface texture, on the 
scale of the wavelength, should allow effective coupling of both polarizations 
(refs. 8 to 10). 

Given charge fluctuations at a surface plasmon frequency, the collective 
response can not be excited unless parallel momentum is also conserved. Two 
primary techniques are used to phase-match photons to slightly slower surface 
plasmons of the same energy: 

A slow-wave structure, such as diffraction grating, (refs. 11 to 13) 
creates photon harmonics with parallel momentum shifted by multiples of the 
inverse period. 
condition, energy is withdrawn from all orders proportionately. A rough or 
discontinuous surface (refs. 14 to 19) acts like a superposition of gratings, 
allowing phase-matching over a broad frequency range. 

(1) 

When one diffracted order satisifes the phase-matching 

( 2 )  Alternatively, photons may be slowed by a medium of high refractive 
index. 
incidence angles, which typically vary a few degrees across the solar band. 

In a prism--coupler (refs. 20 and 2 1 ) ,  phase-matching occurs at specific 

Coupling to surface plasmons is resonant and can be virtually complete in 
phase-matched structures. As early as 1902, Wood observed anomalies in the 
scattered light from gratings (refs. 20 to 25) which Lord Rayleigh explained 
as diffraction into a pair of superficial waves (ref. 26). Fano explained the 
anomalously large amplitude of the surface wave with an analogy to resonances 
in a mechanical system (ref. 27). With prism-couplers, 99 percent conversion 
of monochromatic, p-polarized light to surface plasmons has been demonstrated 
experimentally on a variety of subtrates (refs. 28 to 30), while experimental 
evidence fok strong coupling on gratings and rough surfaces 
and 34 to 37, respectively) has also been shown. 

(refs. 31 to 33 

Since the surface plasmon velocity varies with frequency, a range o f  
grating periods or prism incidence angles is required to couple the solar 
spectrum. One strategy shown in figure 3 would use a prism or lens to disperse 
the spectrum over a fixed grating near parallel incidence. Angular dispersion 
controls the effective grating period and directs the surface plasmons towards 
appropriately tuned diodes. 
with miniature concentrators, since collimation and focusing are required. 
Requisite periods depend on incidence angles and geometry but visible 
wavelengths are normally required. Fortunately, perfect collimation and 
phase-matching are not required as any structure has built-in momentum 
uncertainty, which is inversely proportional to the parallel dimension. 

A guided wave approach appears most compatible 

Alternatively, natural sunlight with a range of incidence angles could be 
coupled to surface plasmons on a textured surface. 
simplicity and potential low-cost for large-area systems without concentration 
or tracking. 
preferred direction, the collecting diodes should be filtered for response to 
specific frequency bands. 

This has the virtue of 

Since waves of different frequencies are co-excited without 
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ENERGY EXTRACTION BY INELASTIC TUNNELING 

As shown in figure 4, the surface plasmons transport energy to an array of 
tunnel diodes tuned to extract maximum power from waves in different frequency 
bands. Although the diodes differ in geometry and operating voltage, all share 
the same materials. The simplest tunnel diode would be a metal-barrier- 
semiconductor junction formed from the conducting substrate, its native oxide, 
and a buried or front surface semiconductor electrode. The metal and 
semiconductor are at different potentials with the oxide serving as a barrier 
to inhibit electron flow. 

Energy is extracted from the surface plasmons by inelastic tunneling 
(refs. 38 to 45), a one-step process in which an electron from the low voltage 
(semiconductor) electrode simultaneously absorbs a surface plasmon and tunnels 
to higher potential in the metal. The semiconductor is doped heavily p , so 
its Fermi level lies close t o  the valence band. Thus, almost all the energy 
can be extracted from surface plasmons with energy slightly more than the 
operating voltage: 
semiconductor valence band into an empty state just above the metal Fermi 
level, where there is little excess to be lost to heat. 

the surface plasmon excites an electron from the 

Ideally, the semiconductor bandgap prevents backflow by eliminating the 
final state energy levels which could otherwise be reached by conventional 
elastic tunneling (ref. 45) or by inelastic tunneling with emission of surface 
plasmons whose energy is less than the operating voltage. 
through surface states and defects is unavoidable. 

Some backflow 

In a steady-state circuit, load resistance times the net tunneling current 
results in the impressed voltage across the diode. Current flows in the power 
quadrant as inelastic tunneling raises electrons to higher potential, enabling 
them to do work on the load. Since the diode voltage determines the fraction 
o f  surface plasmon energy extracted, the load should be regulated to maintain 
constant voltage as the current varies with solar flux. 

PRECEDENT: TUNABLE LIGHT-EMITTING DIODES 

Tunable light-emitting diodes based on inelastic tunneling were first 
demonstrated in 1976 by Lambe and McCarthy (refs. 47 to 49). The fabrication 
is straight-forward (refs. 50 to 56): 
on a glass or ceramic substrate, encouraged to form the native oxide, and 
crossed with a counter-electrode, typically 200 a of silver, to form a tunnel 
junction of millimeter-square area. A voltage is applied across the junction 
to cause inelastic tunneling with emission of surface or junction plasmons. 
These waves can radiate visible light if phase-matching is provided by 
roughening the electrode surface with chemical etches, abrasion, or deposition 
of small metallic particles or by growing the whole diode structure on an 
irregular surface (e.g., CaF2 islands) or a holographic grating. 
voltage i s  varied from 2 to 4 volts, the color changes from red through 
blue-white, with uniform glow across the outer electrode surface. Although 
still extremely inefficient, these are room temperature, reasonably stable 
devices with intriguing prospects for thin film video displays. 

A thin film of aluminum is evaporated 

When the 

In present LED's, the low can only be seen in a dark room - implying 
efficiencies less than 10- 3 percent. What went wrong? The applied voltage 
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causes a current of tunneling electrons which have a very high (order one) 
probability to excite slow junction plasmons, which propagate along the tunnel 
interfaces (refs. 38 to 40). Unfortunately, most of the junction plasmons are 
absorbed by the substrate before they can radiate through the silver electrode. 
The mean free paths for substrate absorption and radiation differ by five 
orders of magnitude, which seems to explain the low efficiency (refs. 38 to 
40). When diodes are grown on visible frequency holographic gratings (refs. 
55 and 56) ,  the plasmons are emitted on the outer electrode surface where they 
can radiate effectively. This time the efficiency is low percent) due 
to weak coupling to the tunneling electrons (ref. 57). 

The situation should be easier for photodiodes than it is for LED's, since 
the controlling mean free paths are different. 
efficiently excited by light. 
structures which shift fields into the tunnels. Alternatively, phase-matching 
structures might be used to link surface and junction plasmons through some 
type of bulk mode. Both techniques are used with high efficiency, nearly 100 
percent in some cases, for closely related surface acoustic wave devices (refs. 
58 to 60). Junction plasmons have shorter range, typically a few micrometers, 
but preliminary calculations from a Berkeley grant suggest a comparable range 
for junction plasmon capture by tunneling electrons. This would be a good 
starting point for efficient diodes; however, quite a bit more theoretical 
modeling and experimental characterization is necessary before we are confident 
of our understanding of processes occurring in the tunnel diodes. 

Surface plasmons can be 
Their long range leaves room to design graduated 

CLOSING REMARKS 

This paper has introduced an advanced concept for direct conversion of 
sunlight to electricity, which aims at high efficiency by tailoring the 
conversion process to separate energy bands within the broad solar spectrum. 
The objective is to obtain a high level of spectrum-splitting without 
sequential losses or unique materials for each frequency band. In this 
concept, sunlight excites a spectrum of surface plasma waves which are 
processed in parallel on the same metal film. The surface plasmons transport 
energy to an array of metal-barrier-semiconductor diodes, where energy is 
extracted by inelastic tunneling. Diodes are tuned to different frequency 
Sands by selecting the operating voltage and geometry, but all diodes share 
the same materials. 

Surface plasmons should lend themselves to an exciting new class of electro- 
optic devices, operating over a broad frequency range (IR through U V ) .  
waves can be supported on common metals, like aluminum or silver, with only a 
thin film required. This allows extremely lightweight systems for space use, 
or materials-conservative devices on low-cost substrates for terrestrial 
applications. The long surface plasmon range allows some compromise on 
materials quality and leaves room to design graduated structures which shift 
fields into the tunneling region. 
both light and tunneling electrons; the challenge will be to accomplish both 
in the same device. 

The 

Surface plasmons have strong coupling to 
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Figure 2. - Parallel  processing with surface plasma waves. 
Status: early conceptual phase. 
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F i g u r e  4. - E x t r a c t i n g  p o w e r  from s u r f a c e  p l a s m o n s .  
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STUDY OF GaAs  UAhtlAGE COEFFlCIENIS 

r4.S. Rauschenbach,  T.2. Simpson, R. Pa r thasa ra thy ,  and h1. Taher-Zadeh 
TKW Space  and  Technology Group 

l iedondo Beach, Cal i forn ia  

The deve?opment of GaAs solar cells has advanced to the point where it can 
be considered as a potentially enabling technology for a range of future missions. 
Since an adequate set of radiation characterization test data for GaAs solar cells 
does not exist, the sparse existing solar cell data was combined with general GaAs 
device radiation damage coefficients reported in the literature. 
coefficients were then applied to GaAs solar cell radiation damage analysis for a 
number of characteristic orbits. 
trating electron radiation dominates, GaAs damage is similar to Si damage. How- 
ever, in orbits where damage from lower energy protons dominates, the degradation 
of thinly shielded GaAs cells is more severe than the damage of equally shielded 
Si cells, while the degradation o f  thickly shielded GaAs cells i s  less severe than 
the degradation of equally shielded Si cells. The most significant conclusions 
from the study are that (i) the damage-equivalent I-MeV fluence for GaAs is, in 
general, different from that for Si cells for the same shielding thickness, same 
orbit and same orbital exposure time, and (ii) the damage coefficients of GaAs cells 
are functions of total accumulated fluence, indicating a reduced rate of damage as 
the fluence increases. 

These damage 

The study showed that for orbits where pene- 





C U R R E h T  STATUS OF THIN-FILM CLEFT L a A s  S d L H K  CELLS* 

John C.C. Fan,  C a r l  0. Bozler, and Rober t  W. hlcClel land 
Lincoln Labora tory  

Massachuse t t s  Ins t i tu te  of Technology 
Lexington, Massachuse t t s  

Single-crystal GaAs layers as thin as 5 m have been grown and separated from 
reusable GaAs substrates by the CLEFT process. 
fabricating a 17% (AM1) GaAs solar cell, only 10 m thick, that is bonded to a glass 
substrate. The procedure for preparing CLEFT cells will be described. The thin- 
film technique eliminates the cost and limited availability of GaAs as major obsta- 
cles to utilization of GaAs solar cells. In addition, by using CLEFT cells with 
lightweight packaging it should be possible to produce panels with specific power 
of several kW/kg. The potential utilization of CLEFT cells in a high-efficiency 
tandem-cell structure will be discussed. 

This process has been used in 

*This work was sponsored by the National Aeronautics and Space Administration and 
the Department of the Air Force. 
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AIR FORCE i)EVELO>PSIENT OF T H I N  LaAs SOLAK CELLS 

$<en Masloski 
Air Force \V right Aeronautical Laboratories 

%right Patterson Air Force Base, Ohio 

INTRODUCTION 

The advantages of gallium arsenide (GaAs) over silicon (Si) type solar 
cells are many and have been well documented. 
are weight and cost. 
will diminish these disadvantages. The CLEFT peeled film technique introduced 
by John Fan at Massachusetts Institute of Technology and the galicon cell 
being developed at the Jet Propulsion Laboratory are two of the more promis- . 

ing approaches. 
Associates, reference 1, to develop low weight, low cost, high efficiency 
GaAs solar cells. 
titled "Low Cost GaAs Solar Cell Development". 

However, two major disadvantages 
Several ideas have recently surfaced that, if successful, 

Presently, the Air Force is funding a program with Varian 

This paper will summarize the work under this program en- 

PROGRAM GOALS 

The specific goals of this program are the development of GaAs solar 
cells with at least an 18% conversion efficiency at beginning-of-lire (BOL) 
an3 at least 13.5% after 5 x 1015 (1 Mev) electrons/cm2. 
goals are $300/watt and 550 watts/kg respectively, both at the cell level with- 
out a cover. These goals are considerably beyond the current state-of-the-art 
and represml, a difficult but realizable challenge tbat must be attained to 
meet future power requirements of 25 kW and higher. 

The cost and weight 

The only logical way to achieve such goals is to significantly reduce 
the cell thickness. Since the collection process in a GaAs cell takes place 
in the first few microns, theoretically such a cell could be made with a thick- 
ness on the order of 2 to 3 microns. However, thick substrates do provide 
physical strength to the cell so there are limits as to how thin cells can 
be fabricated before breakage becomes a very se-ious problem. In this program, 
the thickness goal was set at 50 microns or less. It is very unlikely thc other 
goals will be met if the thickness exceeds 50 microns. 

The $300/watt cost goal translates to slightly less than $30 per 2 x 2 em2 
cell. It is not the intention of this program to fabricate cells at this cost, 
but to identify fabrication processes that could reduce GaAs cell costs to 
this level on a large quantity scale. While cell cost is important, it is 
secondary to the power to weight ratio. 

93 



VARIAN APPROACH 

Theapproach chosen by Varian on t h i s  program i s  t o  f i rs t  optimize a 
t h i c k  ( “300~m)AlGaAs/GaAs s t r u c t u r e  using the organometall ic vapor phase 
ep i taxy  (OM-VPE) growth method. 
i n  t h e  growth of t h e  var ious c e l l  l a y e r s .  
and base p lus  a back sur face  f i e l d  (BSF) a r e  expected t o  increase  e f f i c i ency .  
Any combination of  t hese  i s  poss ib le  with OM-VPE plus  t h e  opt ion of  growing 
n on p o r  p on n devices.  The optimum s t r u c t u r e  w i l l  be i d e n t i f i e d  through 
a combination of ma te r i a l  growths and an advanced computer model. 

The OM-VPE process allows super ior  con t ro l  
Techniques such as a graded junct ion 

Since c u r r e n t l y  e x i s t i n g  GaAs computer models do not account f o r  e f f e c t s  
such as junc t ion  grading and base grading,  a more advanced model i s  t o  be  
developed. The approach i s  t o  divide t h e  c e l l  i n t o  50 or so  t h i n  l a y e r s  
with t h e  doping, composition, mobi l i ty ,  e t c . ,  assumed constant  i n  each. The 
l a y e r s  a r e  then coupled by t h e i r  boundary condi t ions ,  and t h e  so lu t ion  t o  each 
l a y e r  i s  a n a l y t i c  i n  form. The model w i l l  be v e r i f i e d  and modified t o  incor-  
porate  the  r e s u l t s  from t h e  i n i t i a l  experimental material growths. It w i l l  
then be  used as an a n a l y t i c a l  a i d  i n  developing the  optimum s t r u c t u r e  with 
f u r t h e r  material growths ve r i fy ing  the  r e s u l t s .  

Theoptimized A l G a A s  s t r u c t u r e  w i l l  be thinned v i a  a s t o p  e t c h  technique 
which has been used i n  t h e  production of  photocathcdes a t  Varian. The idea  
i s  t o  grow a t h i n  A l G a A s  s top  e t c h  l a y e r  on t h e  subs t r a t e  a t  an appropr ia te  
post ion t o  g e t  t h e  des i red  th ickness .  The c e l l  a c t i v e  l a y e r s  a r e  grown, f r o n t  
contac ts  are a t t ached ,  an AR coa t ing  i s  formed, and t h e  c e l l  is  then g l a s s  
bonded. The s u b s t r a t e  is then chemically etched away t o  t h e  s t o p  e t ch  l a y e r .  
The r e s u l t  i s  a t h i n  g l a s s  bonded c e l l  t h a t  must only be back contacted.  An 
a l t e r n a t e  approach i s  t o  simply po l i sh  t h e  s u b s t r a t e  t o  between 30 t o  50 
microns. Both methods w i l l  be employed and compared t o  determine t h e  y i e l d  
vs  performance t r adeof f .  

The method may seem cos t ly ;  however, a d e t a i l e d  s tudy by Varian ind ica t e s  
otherwise.  Also, a gal l ium recovery process would be  poss ib le  i n  a l a r g e  
sca l e  production f a c i l i t y .  A cos t  s tudy i s  planned toward t h e  end of t h i s  
program. 

PROGRESS 

Considerable progress  has a l ready  been made i n  t h e  f i r s t  s i x  months a f  t h e  
program. Most of t h e  work has been f a b r i c a t i n g  and t e s t i n g  of var ious  material 
growths t o  determine t h e  optimum s t r u c t u r e .  While grading t h e  doping l e v e l  i n  
t h e  base and t h e  use of a BSF have proved e f f e c t i v e ,  t h e  graded windows have 
reduced c e l l  performmce. Based on t h e  s p e c t r a l  response curve,  it appears 
t h e  graded windows a r e  absorbing too  much b lue .  The b e s t  c e l l  had a BSF and 
graded base.  Work i s  now underway t o  determine the  most optimum way t o  
u t i l i z e  these  f ea tu res .  
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The basic cell structure is shown in figure 1. It is an OM-CVD grown 
p on n GaA solar cell. The n type base layer is linear graded from 7 x 1017 
to 2 x l0l8 Se atoms/cm3. Earlier material growths indicate the base grading 
should begin within the first micron from the junction. This can be modeled 
analytically by computer if exponential grading is asswed, thereby providing a 
constant electric field in the base. It is felt a graded base will build a 
field to force minority carriers towards the junction thereby improving effi- 
ciency. 

0 
A BSF is formed by inserting a thin (1300A) layer of AlGaAs within the 

base and 1-1.5 microns from the junction. The BSF can be modeled as a zero 
recombination velocity boundary condition to the base. 
is to confine carriers in the base, so they can be collected rather than lost 
to the substrate. 

The purpose of the BSF 

The p type emitter layer thickness is lOOOH, 2000X or 3000H in selected 
samples. The top window layer is 
approximately 1300a in thickness and is a AlgGa2As composition doped with 
1 x 1018 zinc atoms/cm3. 

The dopant is 2 x 10l8 zinc atoms/cm3. 
. .  

The alternative n on p structure is currently being considered and 
several material growths are being fabricated. Because of the higher mo- 
bility of n-type GaAs, the n doped emitter layer can be made pch thigner. 
The emitter layer thickness for the n on p device will be hOOA to 800~ in 
selected samples. The n on p structures will be carefully evaluated to 
determine if any advantages exist over p on n structures. 

Thinning via the polish back method and the stop etch technique is 
scheduled to begin by early spring 1982. 

BLANKET TECHNOLOGY 

In the near future, the Air Force plans to combine the thin GaAs cell 
with other technologies to develop light weight, hardened solar blankets. 
The other technologies include adhesiveless covers such as the plasma Acti- 
vated Source (PAS) integral covers and Electrostatic Bonding (ESB), high 
temperature contacts and welded interconnects to reduce the vulnerability 
to laser threats. The objective is the development of a blanket with a BOL 
power to mass ratio of 250 vattslkg and at least 200 va+,ts/!rg after 1 x lo1? 
(1 Mev) electrons/cm2. 

Using current technology with 200 micron thick Si cells, a blanket level 
power to mass ratio of 116 watts/kg at BOL and 85 watts/kg after 1 x lo1? 
(1 Mev) electrons/cm2 is considered good, reference 2. 
current technology cannot meet the higher power requirements expected for 
the near future. Since covered cells account for three quarters or more of 
the total blanket weight, it is obvious that the blanket power to weight ratio 
goals can only be met with thin, high efficiency solar cells with low mass 
covers. Such cells combined with high temperature contacts, and welded inter- 
connects can meet the power to weight goals and significantly increase the 

Unfortunately, the 
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military hardness without incurring additional weight. 

Using the following weight assumptions, the blanket level goals can be 
put into perspective with the successful development of the thin 2 mil GaAs 
cell. 

.0279 g/cm2 
,0670 g/cm2 
.0027 g/cm2 
.0099 g/cm2 
.0042 g/cm2 Aluminum interconnecc weight 
.1117 g/cmz Total blanket weight 

2 mil GaAs solar cell 
12 mil 7940 fused-silica 
1 mil DC-93-500 adhesive 
3 mil Kapton-A1 blanket 

Assuming an 18% BOL, 13.5% EOL efficient cell provides a blanket level power 
to weight ratio of 217 watts/kg BOL and 163 watts/kg EOL. 
the major weight cost is in the coverslide. The cover provides significant 
attenuation of proton irradiation, and the amount of protection is directly 
related to the glass thickness. Tradeoffs between coverglass thickness and 
EOL efficiency must be made for each mission to optimize EOL power to weight 
ratios. Clearly these numbers indicate a need for low areal density covers 
that are effective against particulate irradiation. 

It should be noted 

CONCLUSIONS 

The work being performed at Varian represents a relatively straight 
forward approach towards the devel-opment of thin, high efficiency GaAs solar 
cells. The Air Force has a very strong interest in the development of light 
weight space power systems. Eventually, the thin cell technology will be 
combined with other appropriate technologies towards the development of light 
weight,military hardened solar array blankets. 

REFERENCES 
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1 oooij t o  
P EMITTER (2 x 10l8)  Zinc dopant 3000A 

18 1-1 .5um n BASE ( 7  x 1017 t o  2 x 10 ) l i n e a r  graded Se dopant 

1300i 

.5um B u f f e r  Layer 

-300pm 18 3 n+ SUBSTRATE GaAs Sn dopant (1 x 10 /cm ) 

FIGURE 1 CELL STRUCTURE 
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PKCGliLSS T O W i W U  THIl\j-FILM CarZs SdLr l i t  CELLS USING A S l h  t iLE- 
CRYSTAL Si SUBSTKATE WITH H G e  INTEKLAYEK" 

Y.C.M. Yeh, K.L. Wang, and  S. Zwerdl ing 
Jet Propulsion Labora tory  

Cal i forn ia  Ins t i t u t e  of Technology 
Pasadena ,  Cal i forn ia  

EXTENDED ABSTRACT 

INTRODUCTION 

The o b j e c t i v e  o f  our  research program i s  t o  develop a technology f o r  
f a b r i c a t i n g  l i g h t - w e i g h t ,  h i g h - e f f i c i e n c y ,  r a d i a t i o n - r e s i s t a n t  s o l a r  c e l l s  
f o r  space a p p l i c a t i o n s .  The approaches c u r r e n t l y  adopted a r e  t o  f a b r i c a t e  
sha l low homojunct ion n+/p as w e l l  as p/n AlGaAs-heteroface GaAs s o l a r  c e l l s  
by organometal l  i c  chemical vapor d e p o s i t i o n  (OM-CVD) on s i n g l e - c r y s t a l  S i  
subs t ra tes  u s i n g  i n  each case, a t h i n  Ge e p i - i n t e r l a y e r  f i r s t  grown by CVD. 
T h i s  approach main ta ins  t h e  advantages o f  t h e  low s p e c i f i c  g r a v i t y  o f  S i  
as w e l l  as  t h e  h i g h  e f f i c i e n c y  and r a d i a t i o n - r e s i s t a n t  p r o p e r t i e s  o f  t h e  
GaAs s o l a r  c e l l  which can l e a d  t o  g r e a t l y  improved s p e c i f i c  power f o r  a. 
s o l a r  array. The i n t e r m e d i a t e  goals  o f  t h e  program a r e  t o  i n v e s t i g a t e  t h e  
growth o f  s i n g l e - c r y s t a l  GaAs e p i l a y e r s  on Ge e p i - i n t e r l a y e r s  on S i  s u b s t r a t e s  
and t o  develop re1 a ted  s o l  a r  c e l l  f a b r i c a t i o n  techno1 ogy. 
on our  progress toward these i n t e r m e d i a t e  goals.  

Th is  paper r e p o r t s  

EXPERIMENTAL 

I n  t h e  exper iment i n v o l v i n g  t h e  growth o f  a GaAs/Ge/Si s t r u c t u r e ,  Ge 
e p i - i n t e r l a y e r s  were f i r s t  grown on (100) s i n g l e - c r y s t a l  S i  s u b s t r a t e s  i n  
a v e r t i c a l  q u a r t z  CVD r e a c t o r  a t  700-725°C w i t h  a growth r a t e  o f  about 0.1 
micrometer/min by p y r o l y s i s  o f  GeHq i n  a H2 gas mixture.  Subsequently, t h e  
growth o f  GaAs l a y e r s  on t h e  Ge e p i - i n t e r l a y e r  were conducted i n  a h o r i z o n t a l  
q u a r t z  CVD r e a c t o r  a t  s i m i l a r  temperature range w i t h  a growth r a t e  o f  about 
0.2 micrometer/min by p y r o l y s i s  o f  t r i m e t h y l  g a l l i u m  (TMG) and a r s i n e  (AsH3) 
i n  a H2 gas mix tu re .  

*The research descr ibed i n  t h i s  paper was performed a t  t h e  J e t  P r o p u l s i o n  
Laboratory,  C a l i f o r n i a  I n s t i t u t e  o f  Technology, and was sponsored by t h e  
N a t i o n a l  Aeronaut ics  and Space A d m i n i s t r a t i o n ,  O f f i c e  o f  Aeronaut ics  and 
Space Techno1 ogy, under Contract  NAS7-100 w i t h  t h e  J e t  PropuJsion Laboratory ,  
and t h e  U n i t e d  Sta tes  A i r  Force ( a t  Wr ight -Pat terson AFB) th rough an agreement 
w i t h  t h e  Nat iona l  Aeronaut ics  and Space A d m i n i s t r a t i o n .  
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I n  t h e  development o f  t h e  n+/p GaAs shal  low-homojunct ion base1 i n e  s t r u c t u r e ,  
GaAs p- and n- type l a y e r s  were produced by a l t e r n a t e l y  adding d i m e t h y l z i n c  and 
hydrogen s u l f i d e ,  r e s p e c t i v e l y ,  t o  t h e  OM-CVD gas stream, as t h e  dopants. The 
a c t i v e  p- layer ,  about 2 micrometers t h i c k ,  was doped t o  1-2 x 1017/cm3, whereas 
t h e  n+ l a y e r  about  40 nm t h i c k  was doped t o  4 x 1018/cm3 f o r  low sheet res is tance.  
E l e c t r o p l a t e d  g o l d  was used f o r  g r i d  and back s u r f a c e  c o n t a c t  coa t ing ,  and t h e  
a n t i - r e f l e c t i o n  c o a t i n g  was made by vacuum d e p o s i t i o n  o f  Sb2O3. 

RESULTS AND D I S C U S S I O N  

D u r i n g  t h e  l a s t  Conference here  a t  NASA Lewis, we r e p o r t e d  t h e  f i r s t  
successfu l  growth o f  t h i n  e p i t a x i a l  l a y e r s  o f  GaAs by OM-CVD on to  a Ge e p i -  
i n t e r l a y e r  which was i n  t u r n  grown onto  a (100) S i  subst rate,  w i t h  a l l  e p i -  
growth done by t h e  CVD process. 
b r i g h t  and shiny.  However, some s t ress- induced cleavage l i n e s  and a h i g h  
s u r f a c e  m i c r o p i t  d e n s i t y  (about 105/cm2) were observed by SEM and o p t i c a l  
microscopy. 
o f  t h e  i n i t i a l  h i g h  m i c r o p i t  d e n s i t y  (about  6 x 107/cm2) o f  t h e  Ge e p i - i n t e r l a y e r .  

The s t r u c t u r e s  t h u s  produced were smooth, 

The h i g h  m i c r o p i t  d e n s i t y  o f  t h e  GaAs f i l m s  were a consequence 

I n  o r d e r  t o  improve t h e  Ge s u r f a c e  f o r  subsequent GaAs growth, p u l s e d  
l a s e r  annea l ing  exper iments were f i r s t  conducted. 
t h e  l a b o r a t o r i e s  o f  t h e  Lockheed M i s s i l e s  and Space Systems D i v i s i o n ,  Sunnyvale, 
C a l i f o r n i a  was used f o r  these annea l ing  s tud ies .  
performed on Ge/Si samples w i t h  energy d e n s i t i e s  rang ing  f rom 0.35 t o  0.79 
J/cm2 w i t h  a p u l s e  w i d t h  o f  l e s s  than 150 ns a t  a wavelength o f  1.06 micrometers.  
The r e s u l t s  a t  low energy d e n s i t y  (0.35 J/cm2) showed t h a t  t h e  annealed Ge 
e p i - l a y e r  possessed a smoother s u r f a c e  morphology, b u t  had a s u r f a c e  mic ro-p i  t 
d e n s i t y  s i m i l a r  t o  t h e  unannealed Ge f i l m s ,  On t h e  o t h e r  hand, a t  h i g h  energy 
d e n s i t y  (0.79 J/cm2)¶ some s u r f a c e  damage was ev ident .  
ob ta ined when a l a s e r  energy d e n s i t y  o f  about 0.64 J/cmz was used. 
t o  a 1 0 - f o l d  r e d u c t i o n  o f  t h e  s u r f a c e  m i c r o p i t  d e n s i t y  on t h e  Ge l a  e r  f rom t h e  

and a cons iderab ly  smoother sur face.  
morphology o f  Ge i s  s i g n i f i c a n t ,  t h e  m i c r o p i t  d e n s i t y  va lue  was s t i l l  t o o  h igh .  
Therefore,  exper iments were conducted w i t h  t h e  a im o f  improv ing  s u r f a c e  morphology 
by m o d i f y i n g  t h e  Ge i n t e r l a y e r  growth technique. 

A Nd:YAG l a s e r  system a t  

Anneal ing exper iments were 

The b e s t  r e s u l t s  were 
T h i s  l e d  

o r i g i n a l  va lue o f  about 107/cm2 (Fig.  1 )  t o  a va lue  o f  about 106/cm !? (Fig.  2)  
A l though t h e  improvement i n  s u r f a c e  

The f o l l o w i n g  s teps were taken t o  improve Ge-crys ta l  growth: 1 )  improv ing  
t h e  l e a k - t i g h t n e s s  o f  t h e  CVD Ge growth system, 2)  reduc ing  t h e  s u r f a c e  boundary 
l a y e r  t h i c k n e s s  d u r i n g  Ge f i l m  growth by m o d i f i c a t i o n  o f  t h e  r e a c t o r  design, 
and 3)  a more e f f e c t i v e  i n i t i a l  p u r g i n g  o f  t h e  system t o  min imize r e s i d u a l  
02 and H20 vapor  contaminat ion.  
by f o u r  o rders  o f  magnitude f o r  t h e  Ge i n t e r l a y e r s  was achieved. A photomicrograph 
(Fig. 3)  o f  t y p i c a l  Ge/Si Sam l e s  t h u s  produced shows a s u r f a c e  m i c r o p i t  d e n s i t y  

Thus a r e d u c t i o n  o f  s u r f a c e  m i c r o p i t  d e n s i t y  

corresponding t o  about 5 x 10 s /cin2. 

Subsequently, GaAs f i l m s  were depos i ted  on those improved Ge/Si samples by 
When a Ge/Si sample w i t h  a 0.5-micrometer t h i c k  Ge i n t e r l a y e r  was used OM-CVD. 

as t h e  s u b s t r a t e  wafer,  a smooth epi-GaAs f i l m  w i t h  low m i c r o p i t  d e n s i t y  ( l e s s  
than 5 x lO3/cm2) and w i t h o u t  c leavage l i n e s ,  and hav ing  a l a r g e  s u r f a c e  area 
(2cm x 2cm) can be made r o u t i n e l y  by OM-CVD. 
GaAs/Ge/Si sample i s  shown i n  F ig .  4. T h i s  low m i c r o p i t  d e n s i t y  va lue  shou ld  

A photomicrograph o f  such a 
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be adequate f o r  s o l a r  c e l l  (and o t h e r )  a p p l i c a t i o n s ,  i n  view o f  t h e  f a c t  t h a t ,  
t y p i c a l l y ,  a good s i n g l e - c r y s t a l  GaAs e x h i b i t s  s i m i l a r  va lues o f  s u r f a c e  e t c h -  
p i t  dens i ty .  

technology, f u r t h e r  improvement i n  energy convers ion e f f i c i e n c y  has been achieved. 
The s o l a r  c e l l  samples grown showed AM0 e f f i c i e n c i e s  between 15 and 16%. 

F ig.  5. The AM0 energy convers ion e f f i c i e n c y  f o r  t h i s  GaAs s o l a r  c e l l  measured 
a t  28°C i s  about 16% u s i n g  a Spect ro lab  model XT-10 AM0 s imu la to r .  
e f f i c i e n c y  va lue  i s  comparable t o  t h a t  r e p o r t e d  by o t h e r s  employing t h e  same 
nt/p shal low-homojunct ion GaAs s o l a r - c e l l  s t r u c t u r e .  The AM0 values o f  Voc, 
Jsc and FF f o r  t h i s  c e l l  were about 0.99V, 26.6 mA/crn2 and 0.81, r e s p e c t i v e l y .  

I n  t h e  development o f  t h e  n+/p s h a l l  ow-homojunction GaAs base1 i ne s o l a r  c e l l  

L i g h t  I - V  c h a r a c t e r i s t i c s  o f  t h e  bes t  c e l l  w i t h  an area o f  1 cm h i s  shown i n  

Th is  
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Fig.  1. SEM photomicrograph o f  a t y p i c a l  Ge f i l m  grown a t  700°C on 
a (100)  S i  subs t ra te ,  b e f o r e  l a s e r  anneal ing.  

F i g .  2. SEM photomicrograph o f  t h e  Ge/Si smaple annealed a t  an average 
energy -dens i t y  o f  about  0.64 J/cm2. 
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F i g .  3. Photomicrograph o f  a t y p i c a l  Ge f i l m  grown a t  700°C on (100) 
S i  s u b s t r a t e  u s i n g  t h e  improved Ge-growth technology. 

Fig. 4. Photomicrograph o f  a GaAs/Ge/Si sample w i t h  OM-CVD grown GaAs 
on a CVD-grown Ge i n t e r l a y e r .  
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DIFFUSED Pf-N S O L A R  C E L L S  I N  BULK GaAs* 

J.M. Borrego and  S.K. Ghandhi 
Rensse laer  Poly technic  Ins t i t u t e  

Troy, N e w  York 

SUMMARY 

Recently m e l t  grown GaAs, made by l i q u i d  encapsulat ion techniques, has 
become ava i lab le .  This  m a t e r i a l  i s  o f  s u f f i c i e n t l y  good q u a l i t y  t o  a l l o w  the  
f a b r i c a t i o n  o f  s o l a r  c e l l s  by d i r e c t  d i f f u s i o n .  This  t a l k  w i l l  descr ibe r e s u l t s  
obta ined w i t h  p+-n j u n c t i o n  s o l a r  c e l l s  made by z i n c  d i f f u s i o n ,  and w i l l  eva luate 
the  q u a l i t y  o f  bu l k  GaAs f o r  t h i s  a p p l i c a t i o n .  

INTRODUCTION 

Gal l ium arsenide s o l a r  c e l l s  a re  convent iona l l y  made by the  e p i t a x i a l  
growth o f  a j u n c t i o n  s t r u c t u r e  on a h e a v i l y  doped subst rate.  
been necess i ta ted  by the  poor q u a l i t y  o f  s t a r t i z g  b u l k  m a t e r i a l ,  which i s  h i g h l y  
defected. Recently, however, m e l t  grown GaAs made by l i q u i d  encapsulated 
Czochralski  (LEC) techniques combined w i t h  i n - s i  t u  compounding, has become 
a v a i l a b l e  ( re f .  1,2). These ma te r ia l s  a re  o f  s u f f i c i e n t l y  good q u a l i t y  t o  a l l ow  
the  f a b r i c a t i o n  o f  s o l a r  c e l l s  by d i r e c t  d i f f u s i o n .  

This paper o u t l i n e s  r e s u l t s  obta ined w i t h  l a r g e  area (0.5 cm ) p -n junc-  
t i o n  s o l a r  c e l l s  formed i n  t h i s  way, us ing  p r e c i s e l y  c o n t r o l l e d  p+-d i f fus ions  
made by an open tube process. 

This  process has 

2 +  

EXPERIMENTAL 

Te u r i u  -doped n-type g a l l i u m  arsenide o f  (100) o r i e n t a t i o n  and 
5 - 8 x 10" cm-' concentrat ion,  made by the  LEC process , was used f o r  t h i s  
study. 
(H2S04 : H202 : H20 = 10 : 1 : 1 by volume) before use. 

summarized here. 
susceptor i n  a c o l d  w a l l  r e a c t o r  he ld  a t  350°C. 

S l i ces  were c u t  i n t o  s u i t a b l e  pieces, and g iven a b r i e f  Carols e t ch  

The d i f f u s i o n  technique has been d e t a i l e d  p rev ious l y  ( r e f .  3 ) ,  and w i l l  be 
F i r s t ,  samples were p laced on the  p la tgorm o f  a resistance-heated 

A 1000 A l a y e r  o f  ZnO-Si02 was 

* 
Performed on NASA-Lewis Research Center Grant No. NAG3-188. 
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deposited on the samples, by the simultaneous pyrolysis of diethylzinc [ ( Q H  )2Zn]  

diffusion step. 

grown over the doped oxide layer. 
simultaneous pyrolysis of phosphine (PH3) and SiH4 in oxygen. 

at; temperatures from 500°C t o  600°C. Junction depths from 500- 1000 1 were 
obtained i n  t h i s  manner. No PSG cap layer was used on the back face because of 
the low temperatures involved. However, the back face of the s l i ce s  was subse- 
quently etched t o  remove surface damage caused during diffusion. Ohmic contacts 
were made by evaporating 1000 a of Au-Ge of eutect ic  composition (12% Ge by w t ) ,  
and heat treating in a N 2 / H 2  gas mixture of 450°C for  1 minute. 

photoresist was applied t o  delineate a grid patterned cell  , and buffered HF used to  
cut the underlying glass layers. 
plated in a gold bath. 
tangular pattern and  the uncovered oxide regions were etched i n  BHF. Next, a 
rectangul r mesa was etched in the GaAs, using Caro's etch. The cel l  was coated 
with 800 1 of Sb2O3, a f t e r  the removal of the remaining photoresist and glass 
layers. This film i s  easily deposited, and  serves as an an t i re f lec t ive  coating. 

A number of small area ce l l s  of b o t h  the Schottky and p - n  junction type 
were also made for  diagnostic purposes. These were used to  t e s t  the quali ty of 
s ta r t ing  materials and i t s  s t a b i l i t y  t o  thermal processing. 

arid s i lane (SiH4) in oxygen. This served as a doped oxide source fo r  the su i! sequent 

0 

Next, without removing the samples, a 2000 A cap layer of P 0 -Si02 was 
This layer was also grown a t  356"z 5y the 

Diffusions were made in an open tube furnace with flowing nitr gen gas, and 

2 Solar ce l l s  of 0.5 cm area,  were made as follows: After diffusion, posit ive 

The g r i d  structure was then e lec t ro ly t ica l ly  
A second photoresist layer was applied t o  define a rec- 

+ 

The photoresponse of large area ce l l s  was measured in ou r  laboratory a t  AM1 
(simulated with an ELH source and a detector calibrated against a Bureau of Stan- 
dards secondary standard). Some ce l l s  were measured by NASA a t  AM0 as well. 
Finally, spectral response measurements were made on the large area devices. 

RESULTS AND DISCUSSION 

The Schottky devices, made on as-purchased GaAs, provided a baseline for  the 
s t a r t i n g  material. 
diffusion was Simulated, provided information on the changes undergone by the 
GaAs due t o  t h i s  heat treatment. The short  c i r cu i t  current density for  these 
ce l l s ,  measured with no AR coating under simulated AM1 conditions, was found to  be 
only s l igh t ly  changed (from 13.1 - 13.6 mA/crn2) a f t e r  thermal processing a t  600°C 
for  30 minutes under the PSG cap layer. Small area p+-n c e l l s ,  on the 0 t h  r hand,  

The reasons for  t h i s  improvement, caused by the in-diffusion of zinc, are  under 
investigation a t  the present time. 

Schottky devices, on which the processing associated w i t h  the 

exhibited a consistently higher value of short c i r cu i t  current (15.6 mA/cm 5 ). 

Table I shows the measured performance of a large area AR-coated cel l  made 

As expected, the short  c i r cu i t  current density i s  24% larger under AM0 
by th is  diffusion process. B o t h  data a t  AM1 and AM0 are  provided for  comparison 
purposes. 
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c o n d i t i o n s ,  b u t  t h e  f i l l  f a c t o r  and e f f i c i e n c y  a r e  e s s e n t i a l l y  unchanged. 
A n a l y s i s  o f  Rn I vs. V c h a r a c t e r i s t i c s  has shown t h a t  t h e  r e l a t i v e l y  low f i l l  
f a c t o r  i n  these c e l l s  i s  caused by a h i g h  va lue  o f  i d e a l i t y  f a c t o r  (n  = 1.6)  
which was t y p i c a l  f o r  p+-n j u n c t i o n s  i n  t h e  LEC m a t e r i a l .  

F igure  1 shows t h e  r e s u l t s  o f  s p e c t r a l  response measurements on a l a r g e  
area c e l l ,  as w e l l  as a computer s i m u l a t i o n  based on a dev ice  w i t h  t h e  f o l l o w i n g  
parameters:  

0 

J u n c t i o n  depth = 1000 A 
Zero-bias d e p l e t i o n  l a y e r  w i d t h  = 1000 f i  
Sur face  recombinat ion v e l o c i t y  = l o 6  cm/sec 
Hole d i f f u s i o n  l e n g t h  = 1.4 urn 

Experimental  measurements o f  j u n c t i o n  depth and h o l e  d i f f u s i o n  l e n g t h  ( r e f .  4 )  
agre'e w e l l  w i t h  those used i n  t h e  model. Computer s i m u l a t i o n s  have a l s o  i n d i c a t e d  
where dev ice  des ign  and m a t e r i a l  p r o p e r t i e s  must be a l t e r e d  ( improved) i n  o r d e r  t o  
o p t i m i z e  t h i s  c e l l  s t r u c t u r e .  

CONCLUSION 

Th is  work has demonstrated t h e  f e a s i b i l i t y  o f  making l a r g e  ared  s o l a r  c e l l s  
i n  b u l k  GaAs, by a s imp le  open tube d i f f u s i o n  process. A c e l l  e f f i c i e n c y  o f  12.2% 
has been achieved f o r  AM0 c o n d i t i o n s ,  even though no a t tempts  have been made t o  
o p t i m i z e  t h e  c e l l  des ign o r  t h e  AR coat ing .  
t i o n s  f o r  o b t a i n i n g  improved c e l l  performance. F u r t h e r  work, i n v o l v i n g  deep l e v e l  
t r a n s i e n t  spectroscopy, i s  i n  progress t o  understand t h e  e f f e c t s  o f  z i n c  d i f f u s i o n  
i n t o  g a l l i u m  arsen ide .  

Computer s i m u l a t i o n  has shown d i r e c -  
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TABLE 1 :  RESPONSE OF LARGE AREA GaAs SOLAR CELL 

Conditions 

AM1 

AM0 
(NASA 

J,, (mA/cm2 1 Voc(V) FF Eff ic iency (%) 

19.1 0.894 0.75 12.6 

23.6 0.921 0.77 12.2 

- 
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ADVANCES I N  LARGE-DIAMETER LIQUID ENCAPSULATED CZOCHKALSKI GaAs* 

R.T. Chen ,  D.E. Holmes,  a n d  C.G. Kirkpat r ick  
Rockwel l  In te rna t iona l  

Microe lec t ronics  Resea rch  and  Development  C e n t e r  

SUMMARY 

We have evaluated the purity, crystal l ine perfection, and electr ical  properties 

This study included the determination of the dislocation density, 
of n- and p-type GaAs crystals  grown by the liquid encapsulated Czochralski ( L E C )  
technique. 
incidence of t w i n n i n g ,  microstructure, background purity, mobility, and minority 
car r ie r  diffusion length. The properties of the LEC GaAs crystals  a re  generally 
comparable to ,  i f  n o t  superior t o  those of small-diameter GaAs material grown by 
conventional bulk growth techniques. As a resu l t ,  LEC GaAs i s  suitable for  
application to  minority ca r r i e r  devices requiring high-qual i t y  and large-area 
substrates. 

INTRODUCTION 

The ava i lab i l i ty  of high quali ty,  large-diameter GaAs substrates i s  the key 
t o  the successful development and production of high-speed GaAs integrated c i r cu i t s  
and h i g h  efficiency minority ca r r i e r  devices, such as solar  ce l l s .  
encapsulated Czochralski ( L E C )  technique (refs .  1-6) has provided a means for  
producing large-diameter GaAs with reproducible and thermally-stable semi-insulating 
properties sui table  for  GaAs integrated c i rcu i t s  and microwave devices. 
purpose of this work was t o  fur ther  demonstrate the capabili ty of the LEC growth  
technique to  produce large-diameter, high-quality GaAs substrates sui table  for  
minority car r ie r  device applications. 
relevant to  minority ca r r i e r  devices, including the dislocation density, incidence 
of twinning, microstructure, background impurities, mobility, and minority ca r r i e r  
d i f f u s i o n  length. 
diameter LEC GaAs crys ta l s ,  and the resul ts  were compared w i t h  those from small- 
diameter GaAs crystals  grown by conventional bulk growth techniques. 

The l iquid 

The 

Attention was focused on materials properties 

We have evaluated these properties i n  n-  and p-type 3-inch- 

LEC CRYSTAL GROWTH 

The doped and undoped, 3-inch diameter GaAs crystals  used in t h i s  study were 

The crystals  were 
grown i n  a h i g h  pressure "Melbourn" (Metals Research L td . )  puller u s i n g  the LEG 
technique. 
grown i n  the < l o 0  >di rec t ion  from 6-inch-diameter quartz and pyrolytic boron 
n i t r ide  (PBN)  crucibles. 
s ta r t ing  w i t h  a charge of h i g h  purity (6-9's) Ga and As weighing 3 Kg. 
typically weighed from 2.2 t o  2.4 Kg. 

The LEC growth configuration i s  shown i n  Figure 1.  

The GaAs melt was prepared by in-situ synthesis ( re f .  l ) ,  
The crystals  

The ambient pressure (Argon) d u r i n g  growth 

*Supported i n  part  by NASA under Contracts # NAS3-22224 and NAS3-22235. 
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was typically 300 psi. The seed and crucible were b o t h  rotated counter-clockwise 
a t  6 and 15 rpm, respectively. 
purity (5-9 's)  GazSe3, orZn3As2 was added to  

For n- o r  p-type doping, zone-refined S i ,  h i g h  
he charge. The result ing ca r r i e r  

densit ies ranged from 1 x 1015 to  1 x lO19cm- 5 . 
The crystal diameter was controlled by adjusting the heater temperature and 

the cooling r a t e  i n  response to  changes i n  the different ia l  weight  signal obtained 
from the "load ce l l " ,  a special weighing device on which the pull shaf t  was mounted. 
An increase o r  decrease of the different ia l  weight indicated a corresponding 
expansion or contraction of the crystal .  
ducing the diameter of the crystal below tha t  of the seed. 
referred to  a s  Dash-type seed necking ( r e f .  7 ) .  The diameter was then allowed t o  
expand controllably, forming the ('cone". 
and the diameter of the crystal was held constant for  the remainder of the growth 
process, forming the "body". 

Growth was typical ly  in i t ia ted  by re- 

Expansion was terminated a t  the ''shoulder", 

T h i s  procedure is  

Figure 2 shows a 3.6 Kg, 3-inch diameter, (100) LEC GaAs ingot grown a t  our 
laboratory i l l u s t r a t ing  the excellent diameter control ( G k  2mm) tha t  can be 
achieved. Approximately 130, (100) wafers w i t h  a thickness of about 0.025 inch 
can be obtained from such an ingot. 

CHARACTERIZATION METHODS 

The crystals  were evaluated i n  terms of crystal l ine perfection, e lectr ical  
properties and purity. 
middle and t a i l  of the crystals ,  then lapped and polished on both sides.  Dis- 
location densit ies and d i s t r i b u t i o n s  were evaluated by preferential etching (KOH 
for  25 m i n .  a t  400°C). 
the sample, forming hexagonal etch p i t s .  The microstructures were examined by 
transmission electron microscopy (TEM). 
lOHCl:lH202:1H 0 etching solution was applied t o  produce T E N  f o i l s  w i t h  thicknesses 

spectrometry (SIMS). 
( L V M )  absorption measurement (ref. 8 ) .  
determined by Hall e f fec t  measurement, and the minority car r ie r  diffusion length 
by SEM-EBIC measurement ( re fs .  9-12).  

The wafers used for  analysis were cut from the front ,  

This etch attacks dislocations intersecting the surface of 

A chemical j e t  etching technique u s i n g  

less  than 4000 ii . The background impurities were determined by secondary ion mass 
Carbon was determined by infrared localized vibrational mode 

The car r ie r  concentration and mobility were 

RESULTS AND DISCUSSION 

Reduction of Dislocation Density 

A principal cause of dislocations i n  b u l k  GaAs crystals  is  s t r e s s  induced by 
thermal gradients ( re fs .  13-16) d u r i n g  crystal growth. The relat ively h i g h  d i s -  
location density observed i n  large diameter ( > 2  inch) LEC GaAs has been a source 
of some concern in applying large-diameter material t o  minority ca r r i e r  devices. 
In the present study, we have investigated opt imum growth parameters t o  substantially 
reduce the dislocation density i n  3-inch LEC GaAs crystals .  

The distribution o f  dislocations across wafers e x h i b i t s  four-fold symmetry 
indicative of the < 100 >crystallographic orientation, as shown i n  f igure 3. 
A microscopic view of the dislocation dis t r ibut ion,  as shown i n  f igure 4, c lear ly  
shows large variations i n  etch p i t  density ( E P D ) .  
t r ibution are: ( 1 )  m i n i m u m  EPD occurs over a large a n n u l u s  between the center and 

The main features of the dis- 
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edge (Region 1 ,  or " r i n g "  region); ( 2 )  intermediate EPD occurs i n  'the center (Region 
2 ,  o r  "center" region); (3)  maximum EPD occurs a t  the edge (Region 3, or "edge" 
reg ion) .  In  addition, the EPD i n  the r i n g  and edge regions i s  greater along the 
< 100 > t h a n  the < 110 > direction (See figure 4 ) .  Figure 5 indicates measured EPD 
d i s t r i b u t i o n s  across the fu l l  diameter of wafers which typically followed a "W"-  
shaped prof i le ,  and invariably increased from front t o  t a i l ,  indicating tha t  the 
overall level of s t r e s s  increased along the c rys ta l ,  o r  t h a t  the dislocations 
multiplied a f t e r  growth, or  both.  
the center and r i n g  regions represent over 75% of the area of the wafer. 
the averaged EPD from these two areas i s  indicative of the EPD value for  the en t i r e  
wafer. O u r  experimentally determined radial EPD dis t r ibut ions a re  consistent w i t h  
theoretical thermoelastic analyses of Czochralski crystals  by Penning ( re f .  13) 
and lJordan e t  a l .  ( refs .  15, 16 ) .  

> 5000 cm- ), shallow cone shaping (- 30°),  thicker B2O3 encapsulant layers,  and 
good diameter controls ( < +  3mm), we have routinely produced 3-inch undoped LEC 
GaAs crystals  w i t h  s ignif icant ly  reduced dislocation densit ies a s  shown i n  table 
I. 
s l igh t ly  As-ri h me t ,  low ambient (- 3 atm) pressures (see table I ) ,  or Se-do ing 

were observed, which is  the lowest density reported for  3-inch diameter LEC GaAs 
wafers. Finally, substantial reduction in dislocation density (- 3.5 x 104cm-2) 
has a l s o  been achieved a t  the t a i l  o f  the crystal through a slow pull-free process, 
as shown in table  I .  In contrast t o  the regular f a s t  pull-free process used t o  t e r -  
minate the crystal growth  process, the pull-rate did n o t  increase i n  the slow 
pull-free process i n  order t o  s ignif icant ly  reduce the thermal shock during the 
pull-free process. 

I t  i s  important t o  note tha t  the EPD values a t  
Therefore, 

Throuah the use of good quali ty seeds (EPD < 5000 seed necking ( i f  E P D  

Further reductions have been attained a t  the front of the crystal  using a 

([Se] - 3 x 10 7 i  8cm- ) ( see  table 11). Dislocation densit ies a s  low as 6000 cm' B 

No dislocation reduction e f fec t  was observed for  Si or  Zn doping  up t o  
2 x 
a higher dislocation density was observed in Si-doped LEC GaAs crystals  a s  com- 
pared t o  that  of the undoped crystals .  
reduction i n  the B2O3 encapsulant ( i . e .  increasing thermal s t r e s s )  due t o  the 
increase of Si  content in B2O3 ( r e f .  18). 

Our EPD resul ts  observed i n  the present study (see tables I and 11) are  
comparable t o  commerical 2-inch, undoped D-shaped Bridgman-grown GaAs, as shown 
in tnbleII1.  Moreover, the observed values are  a t  l ea s t  5 t o  10 times lower than 
commercial 2-inch and 3-inch LEC GaAs crystals  (see table 111). 

and 1 x 1019cm-3, respectively. In contrast t o  Bridgman growth ( r e f .  1 7 ) ,  

The resu l t  can be explained by the viscosity 

Reduction of Twinning 

A major problem which has affected the yield of GaAs material sui table  for  
We have found that  device processing has been the incidence of t w i n  formation. 

the melt stoichiometry i s  an important parameter in controlling the formation of 
twins i n  3-inch-diameter, (IO0)LEC GaAs crystals.  
show t h a t  the incidence of t w i n n i n g  i s  considerably reduced when undoped G r  doped 
crystals  are grown from As-rich,near stoichiometric melts. 
undoped crystals grown from Ga-rich melts were single. On the other hand, 11 of 
13 (85%) undoped crystals  and 8 of  9 (90%) doped crystals  grown from As-rich melts 
were single. 
other growth parameters, such as the wetness of B2O3 ( fo r  [H20] < 500 ppm), the 

The resul ts  o f  our  study 

Only 4 or 12  (33%) 

Furthermore, the incidence o f  t w i n n i n g  could not be correlated w i t h  
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cone angle, the fluctuation i n  the diameter of the c rys ta l ,  or the type of the 
crucible. The achievement of h i g h  s ingle  crystal  yield (- 90%) i n  the LEC GaAs 
crystals  indicates a s ignif icant  advantage over the conventional Bridgman growth 
technique, i n  which the single crystal yield is  usually substantially reduced by 
the crystal  st icking t o  the boat. 

Microstructures Observed by TEM 

I n  general, microstructures f ree  of stacking f au l t s ,  low-angle grain boundaries 
and dislocation loops, except a few dislocations, can be observed fo r  a l l  und ed 

3 x lo1' and 1 x 10 cmm3 respectively. However, as the Se doping increases to  
greater than 2 x 1018cm-3: stacking f au l t s  and dislocation loops, as shown i n  
figure 6,  can be observed. Our resul ts  are  consistent with that  of high-quality 
Bridgman-grown materials. 

LEC GaA crystals ,  73 well as crystals  w i t h  Se, Si  and Zn doping up to  2 x 10 ?8 , 

Background Impurities 

The averaged concentrations of background shal low-donor ( S i ,  S,  Se and Te) 

W i t h  the exception of Si and B the impurity concentration levels a re  

and metal (Mg, Cr, Mn, Fe and B )  impurities i n  the 3-inch-diameter LEC GaAs grown 
from both quartz and PBN crucibles as determined by SIMS measurements are  shown i n  
table  IV. 
exceedingly low. Many measurements a re  e i ther  a t  or below the typical background 
sens i t iv i ty  of SIMS technique, suggesting tha t  LEC material i n  some cases i s  purer 
element-by-element than the standard used t o  check the SIMS back roun sensi t ivi ty .  
The concentration both S i  and B range from 1 x 1014 to  3 x 10y6cm-g, and from 
6 x 1014 t o  2 x 10 ~ m - ~ ,  respectively. 
no indication of the electr ical  ac t iv i ty  of B in LEC GaAs has been observed. 
C as determin d by LVM measurements i s  present a t  evels varying from about less  

t o  be a dominant acceptor i n  LEC material. 

B is  the isoelectronic impurity i n  GaAs, 

than - 1 x 10 e 5cm-3 (detection l imit)  t o  1.3 x 101'cm-3. Therefore, C i s  expected 

We have found t h a t  the var iab i l i ty  i n  S i  and B levels i s  dependent on va r i a -  
t ions i n  the H20 content of the B2O3 ( re f .  19). 
transport of S i  through the B2O3 from the quartz crucible to  the melt. 
the presence of H20 reduces the pick-up by the melt of B from ghe B2O3. 
n-type LEC GaAs w i t h  an electron density less  than 5 x 1016cm- can, therefore, 
only be grown from quartz crucibles u s i n g  "dry" B203 ([H20]< 500 ppm). 

shows v i r tua l ly  no difference between LEC and Bridgman material, as indicated i n  
t a b l e  IV. 
Although the Si concentration varies i n  LEC material grown from quartz crucibles,  
S i  contamination is  v i r tua l ly  eliminated by growing from PBN crucibles. As a 
resu l t ,  the background Si  concentration i n  LEC GaAs i s  typically more than one 
order of magnitude lower than i n  Bridgman material. 
had a concentration of to ta l  donors and pjceptors ( N D  + N A )  o f  about 4 x 1015cm-3, 
b u t  the typical purity is  about 1-2 x 10 

H20 i n  the encapsulant reduces the 
In addition, 
Si-doped, 

O u r  analysis of the background metal impurities, such as Fe, Cr, and Mn, 

The background concentration of the residual donor S i s  also comparable. 

Our  h ighes t  purity material 
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Mobi 1 i ty  

The dependence of the electron mobility on the f ree  car r ie r  concentration of 
our material i s  shown in f igur  7. The Se-doped LEC samples have a mobility of 

1 x 10 A s l igh t ly  lower mobility i s  observed 
for  the Si-doped samples indicating higher compensation. In general, the mobility 
curves show a peak fo r  an electron density of - 1017cm-3. The reduced mobilities 
a t  lower electron concentrations are  probably due t o  compensation controlled by 
background impurities o r  native defects. Our mobility resul ts  are consistent w i t h  
s t a t i s t i c a l  analysis o f  hundreds o f  crystals  grown by conventional bulk-grown 
methods reported recently by Mullin e t  a l .  ( re f .  20). In  addition, a comparison 
of our  resul ts  t o  the theoretical mobility'electron concentration relationship for  
GaAs, indicates tha t  our  material i s  characterized by low compensation ra t ios  
(0.3 t o  0.4) consistent w i t h  the s t a t i s t i c a l  behavior of other b u l k  GaAs materials. 

approxj7ately 4000 and 2300 cm 9 /Vsec corresponding to  electron densit ies of 
and 1 x 1018cm' , respectively. 

Good mobility was also observed for  the p-type LEC GaAs, as  shown irsfigyre 8. 
Hole mobilities as  high as 330 cm2/Vsec (for  hole concentration - 1 x 10 cm' ) 
were observed for  the LEC material grown from undoped Ga-rich melt using a PBN 
crucible. 

the p-type conduction of the undoped LEC GaAs i n  terms of the 77 meV acceptor 
( re f .  22) .  The origin of this acceptor i s  probably the Ga a n t i s i t e  defect. Our 

available,  high-purity, small-diameter Bridgman-grown GaAs, a s  shown i n  f igure 8. 

Minority Carrier Diffusion Leng th  

Mo ' l i t i e s  as h i g h  as 210 cm2/Vsec were observed fo r  Zn-doped material 
w i t h  - 4 x 10 Y? cm-3 hole concentration. E l l io t t  e t  a l .  ( re f .  21) have explained 

mobility results fo r  the p-type LEC GaAs are  also comparab eS e to  the comemrcially- 

Good hole diffusion lengths (as h i g h  as 1.3 pm) have been observed for  n-type 
(Se- or Si-doped), 3-inch-diameter LEC GaAs crystals ,  as shown in figure 9. 
measured values are comparable to  those of n-type bulk GaAs grown by conventional 
methods reported by Sekela e t  a l .  (ref. 1 2 ) .  The electron diffusion length has 
only been determined for  one p-type undoped LEC GaAs crystal grown from Ga-rich 
melt i n  a PBN crucible ( table  V ) .  
i n  the material. 
for  b o t h  p-type high-purity MOCVD and LPE layers ( re fs .  10, 11 and 23). 

The 

A diffusion l e n g t h  as  h i g h  as 5.3 pm i s  observed 
T h i s  value is  close t o  the 8 pm electron diffusion length reported 

No correlation was observed between the dislocation density and diffusion 
length for  e i the r  n- or p-type LEC GaAs. A similar observation has been reported 
by Sekela e t  a l .  ( ref .  1 2 )  for  n-type bulk GaAs. 
note that  the hole diffusion l eng th  as well as the hole concentration across the 
full-diameter wafer decrease towards the edge, as  shown in table V .  
constant hole mobility was observed across the wafer and no correlation between 
the diffusion length and dislocation density was detected, the decrease of the 
diffusion length may be at t r ibuted t o  an increase of an unknown donor concentration 
toward the edge of the wafer. 

Finally, i t  is of in te res t  t o  

Since a 

Further work i s  s t i l l  needed in th i s  area. 
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CONCLUSION 

We have shown that large-diameter, n- and p-type LEC GaAs can be grown with 

A high single crystal yield (- 90%) and clean microstructures 
a low-dislocation-density, high purity, long minority carrier diffusion lengths, 
and high mobility. 
have also been achieved in these materials. 
sniall-diameter GaAs crystals grown by conventional bulk growth techniques. Our 
results showing low dislocation densities and long diffusion lengths indicate that 
the dislocation density will not be a limiting factor for the application of 
3-inch-diameter LEC GaAs crystals to minority carrier devices, such as solar cells. 
The low background impurities, consistent with high mobility and long diffusion 
length, also ensure the use of these materials as both passive and active substrate 
materials in these devices. We, therefore, conclude that for minority carrier 
devices requiring high-quality and large-area substrates, the 3-inch-diameter LEC 
GaAs crystals are indeed an excellent material for such applications. 

The properties are comparable to 
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TABLE I. DISLOCATION DENSITY REDUCTION IN UNDOPED 3-INCH LEC GaAs 

Front Tail I 
(cm-') 

1 )  12 x 103(6 x lo3*) 
(cm-') 

9.0 lo4 (3.3 lo4+) 

TABLE 11. DISLOCATION DENSITY REDUCTION IN DOPED 3-INCH LEC GaAs* 

2) 1.8 104(1.3 lo4*) 

3) 2.0 x 105(9 x IO4*) 

1.0 lo5 (3.5 lo4+) 

2.2 lo5 (1.1 lo5+) 

TABLE 111. DISLOCATION DENSITY FOR CMERICALLY AVAILABLE 2-OR 3- 

INCH BRIDGMAN AND LEC GaAs CRYSTALS 

Front 
(cm-') 

1) ti lo3 
2)  1.1 lo4 
3) 1.7 lo5 

E.P.D. (cm-') 

- 2 - 3  x lo4 
2 INCH - 
Bridgman (D-shaped) 

LEC 

Tail 
(cm-') 

1) 6.1 lo4 
2)  1.2 lo5 
3) 1.7 lo5 

I 

3 INCH - 
LEC > 4  x lo4 (Front) 

> 3 x lo5 (Tail) 

116 



TABLE I V .  BACKGROUND IPlPURITY ANALYSIS OF LEC GaAs 

L E C ~  ?EN 1.1.15 <Sa14 <yl3 b14 (6.14 <1~16 <a15 2-13.15 <le16 4114- 
2817 

BRIWMAN' OUARTZ 3116 3.14 h i 3  6114 <Sa14 6.14 6.16 NQ 2018 CL14 

r L 

* 7 CRYSTA(s ANALYZED AND AVERAGED. 

4 CRYSTALS ANALYZED AND AVERAGEb. 

12 CRYSTALS AUALYZED AND AVARAGED. 

*CARBON DETSRM1NED BY LVM. 

TABLE V, ELECTRON DIFFUSION LENGTH I N  P-TYPE LEC GaAs 

*ELECTRON MFFUjlON LENOTHN8#m REPORTED FOR BOTH p T W E  MDCVD AND LPE LAYERS. 
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Figure 4. Etch P i t  Density Map f o r  a (100) LEC GaAs Wafer. 
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RADIAL DISLOCATION DENSITY 
IN 3-INCH LEG CRYSTAL 
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Figure 5. Radial and Longitudinal Dislocation Density 
f o r  Large-diameter LEG GaAs Crystal .  

Figure 6. B.F. Micrograph f o r  a Se-doped LEC GaAs 
sample w i t h  [Se] - 7 x 1018cm-3. 
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F igure  7. M o b i l i t y  vs. Free E lec t ron  Concentration 
f o r  n-type LEC GaAs. 
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Figure 8. M o b i l i t y  vs. Free Hole Concentration 
f o r  p-type LEC GaAs. 
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Figure 9. Hole Diffusion Length vs. Free Electron 
Concentration f o r  n-type LEC GaAs. 
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GaAs  SOLAR CELLS FOR CONCENTRATOR SYSTEMS I N  SPACE* 

R.Y. Loo, R.C. Knechtli,  and  C.S. Karnath 
Hughes Resea rch  Labora tor ies  

Malibu, Cal i fornia  

A number of s o l a r  c e l l  systems ope ra t ing  wi th  concentrated sun l igh t  are being 
considered f o r  space app l i ca t ions .  GaAs s o l a r  cel ls  are s p e c i a l l y  a t t r a c t i v e  f o r  such 
systems. Even modest s o l a r  concent ra t ion  r a t i o s  lead  t o  s u b s t a n t i a l  i nc reases  i n  t h e  
e f f i c i ency  of t h e  GaAs c e l l s .  
cells  a l ready  e x h i b i t  i n  t h e  absence of s o l a r  concent ra t ion .  

We have made c e l l s  f o r  ope ra t ion  i n  space up t o  more than  100 suns and have 
obtained an AM0 e f f i c i e n c y  of 21% a t  100 suns wi th  these  cel ls .  The increased  
e f f i c i e n c y  r e s u l t e d  not  only from t h e  h igher  open c i r c u i t  vo l t age  a s soc ia t ed  wi th  the  
h igher  l i g h t  i n t e n s i t y  (h igher  s h o r t  c i r c u i t  c u r r e n t ) ;  i t  a l s o  b e n e f i t t e d  from t h e  
inc rease  i n  f i l l  f a c t o r  caused by t h e  lower re la t ive c o n t r i b u t i o n  of the  genera t ion  
recombination cu r ren t  t o  t h e  forward b i a s  cu r ren t  when t h e  cel l ' s  ope ra t ing  cu r ren t  
dens i ty  i s  increased.  

Another a t t r a c t i v e  f e a t u r e  of t h e s e  G a A s  concent ra tor  s o l a r  cel ls  i s  t h e i r  
a b i l i t y  t o  r e t a i n  a good e f f i c i e n c y  up t o  h igh  teqpera tures .  The experimental  c e l l s  
mentioned above exhib i ted  an  AM0 e f f i c i e n c y  c l o s e  t o  16% a t  20OoC. 
e x p l o i t i n g  t h i s  c a p a b i l i t y  f o r  t h e  continuous annea l ing  of r a d i a t i o n  damage o r  f o r  
high temperature missions (e.g., near  sun missions)  remains t h e r e f o r e  open. 

under development. W e  w i l l  show t h a t  t h e  t radeoff  between increased  concent ra t ion  
r a t i o  and increased  loss due t o  t h e  c e l l ' s  series r e s i s t a n c e  remains a t t rac t ive  even 
f o r  space a p p l i c a t i o n s  a t  a s o l a r  concent ra tor  r a t i o  of 100 suns. I n  t h e  design of 
con tac t  conf igu ra t ion  wi th  low enough series r e s i s t a n c e  f o r  such s o l a r  concent ra t ion  
r a t i o s ,  t he  shal low j u n c t i o n  depth (<0.5 pm) needed f o r  good r a d i a t i o n  hardness  and 
t h e  t h i n  A l G a A s  l a y e r  th ickness  needed t o  avoid excess ive  o p t i c a l  abso rp t ion  l o s s e s  
have t o  be r e t a ined .  This  l e a d s  t o  some c o n s t r a i n t s  which are more seve re  f o r  space 
ce l l s  than  f o r  terrestr ia l  app l i ca t ions .  However, even wi th  these  c o n s t r a i n t s ,  h igh  
AM0 e f f i c i e n c i e s  remain a t t a i n a b l e  a t  100 suns f o r  space cel ls ,  as shown above. 

This  compounds the  supe r io r  e f f i c i e n c y  which these  

The prospec t  of 

Space systems w i t h  concen t r a t ion  r a t i o s  on the  o rde r  of 100 suns are p resen t ly  

INTRODUCTION 

Concentrator s o l a r  c e l l  systems are  of i n t e r e s t  f o r  space a p p l i c a t i o n s  because 
of t h e  prospec ts  of providing lower c o s t  systems wi th  longer  l i f e  i n  t h e  r a d i a t i o n  
environment r e p r e s e n t a t i v e  of p r a c t i c a l  space missions.  The G a A s  s o l a r  c e l l s  are 
e s p e c i a l l y  a t t r a c t i v e  f o r  t h i s  purpose because of t h e i r  s u p e r i o r  e f f i c i e n c y  and 
r e s i s t a n c e  t o  r a d i a t i o n  damage, t oge the r  wi th  t h e i r  a b i l i t y  t o  ope ra t e  e f f i c i e n t l y  a t  
h igher  temperatures than  s i l i c o n  s o l a r  cells .  One important observa t ion  is  t h a t  t h e  
G a A s  s o l a r  cel ls '  e f f i c i e n c y ,  which is  a l r eady  high i n  the  absence of s o l a r  concen- 
t r a t i o n ,  i nc reases  even f u r t h e r  w i t h  inc reas ing  s o l a r  concent ra t ion .  Another import- 
a n t  proper ty  of t h e  G a A s  s o l a r  ce l l s  is  t h e i r  a b i l i t y  t o  s u b s t a n t i a l l y  recover  from 

9; Work supported by NASA LeRC, Contract  No, FAS3-22227 
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r a d i a t i o n  damage by annea l ing  a t  temperatures  as low as 200OC. One consequence of 
t h e s e  f e a t u r e s  is t h e  p o s s i b i l i t y  of  combining both  t h e  high s o l a r  concen t r a t ion  and 
h igh  temperature p r o p e r t i e s  of G a A s  s o l a r  c e l l s  so  t h a t  they can be  opera ted  continu- 
ous ly  i n  space f o r  long per iods  of t i m e .  An a l t e r n a t e  opt ion  i s  t o  provide capab i l i -  
ties f o r  pe r iod ic  anneal ing of t h e  cells .  

While several groups have had a n  active i n t e r e s t  i n  t h e  development of GaAs 
s o l a r  cells f o r  concent ra tor  appl ica t ions1*2,  most of t h i s  work had been d i r e c t e d  t o  
terrestrial app l i ca t ions .  
This means t h a t  we are i n t e r e s t e d  i n  AM0 e f f i c i e n c y  r a t h e r  than  AM1 o r  AM2 perform- 
ance. Furthermore, t h e  need t o  minimize r a d i a t i o n  damage l i m i t s  u s  t o  cons ider  on ly  
cel ls  w i t h  r e l a t i v e l y  shal low j u n c t i o n  depth  (6 0,5 pm). F ina l ly ,  because of t h e  
d i f f i c u l t y  of coo l ing  i n  space,  w e  have a n  a d d i t i o n a l  i n c e n t i v e  t o  ope ra t e  a t  
r e l a t i v e l y  h igh  temperatures ,  

I n  t h i s  r e p o r t  we  cons ider  s p e c i f i c a l l y  two c e l l  designs:  a l a r g e  square  
2 c m  x 2 cm c e l l  f o r  space  systems opera ted  at r e l a t i v e l y  low s o l a r  concent ra t ion  
r a t i o s  (on t h e  o r d e r  of 10 suns ) ,  and a s m a l l  concent ra tor  c e l l  w i th  4 mm diameter  
c i r c u l a r  active area f o r  high s o l a r  concen t r a t ion  systems operated a t  ,100 suns. 

Our own work is  s p e c i f i c a l l y  d i r e c t e d  t o  space app l i ca t ions .  

CELL DESIGN 

Figure  1 shows t h e  b a s e l i n e  des ign  f o r  our  space concen t r a to r  c e l l .  This  design 
fol lows the  same gu ide l ines  as t h e  space q u a l i f i e d  G a A s  c e l l s  repor ted  i n  our  
earlier work: A s  i nd ica t ed  above, t h e  s p e c i a l  f e a t u r e s  of our  concent ra tor  c e l l s  are 
t h e  t h i n  (A1Ga)As window l a y e r  (6 0.5 um) and shal low j u n c t i o n  depth (0.5 um). F igure  
2 shows t h e  c a l c u l a t e d  e f f i c i e n c y  of ou r  G a A s  c e l l s  as a func t ion  of s o l a r  concentra- 
t i o n  r a t i o  w i t h  normalized series r e s i s t a n c e  R as a parameter. This  provides  t h e  
gu ide l ines  needed f o r  t h e  des ign  of our  cells  “?ontacts .  More s p e c i f i c a l l y  , f i g u r e  
2 shows t h a t  w e  have t o  keep R 60.1 R c m 2 f o r o u r  l a r g e  2 c m  x 2 cm ce l l s  t o  avoid s l  excess ive  pena l ty  i n  e f f i c i e n c y  f o r  concen t r a t ion  r a t i o s  up t o  X = 10 suns. A l t e r -  
na t e ly ,  f o r  o u r  small 0.4 cm diameter  c e l l  designed f o r  ope ra t ion  a t  X = 100 suns,  
w e  wish t o  keep Rsl 4 . 0 1  R cm2, 

The g r i d l i n e  designs adopted t o  s a t i s f y  t h e s e  requirements  are shown on f i g u r e  
3. The l a r g e  c e l l  (2 e m  x 2 cm) has  80 g u i d e l i n e s  running i n  p a r a l l e l  t o  each o ther .  
Each f i n g e r  l i newid th  is 20 um wide. There are two bus b a r s  connect ing t h e  f i n g e r s  
a t  each end of t h e  c e l l .  The s m a l l  c i r c u l a r  c e l l  has  90 r a d i a l  g r i d l i n e s  extending 
from a rad ius  of 2 mm down t o  0.75 mm, 36 r a d i a l  f i n g e r s  from a r a d i u s  of 0.75 t o  
0.50 mm and 1 2  r a d i a l  f i n g e r s  from a r a d i u s  of 0.50 mm t o  0.25 mm. 
f i n g e r s  is tapered from 10 urn a t  t h e  o u t e r  r a d i u s  t o  5 um a t  t h e  inne r  rad ius .  The 
f i n g e r  he ight  is  nominally 3 urn i n  a l l  cel ls  (Ag over lay) .  
f i n g e r  metal r e s i s t i v i t y  i s  2 x R cm. The average r e s i s t i v i t y  of t h e  semicon- 
duc tor  p-layer i s  2 x 
(normalized t o  t h e  a c t u a l  con tac t  f i n g e r  area, not  t o  t h e  t o t a l  s o l a r  c e l l  a r e a s )  is 
taken t o  be equal  t o  1 x This  l a t te r  va lue  f a l l s  w i t h i n  t h e  range of 
va lues  measured on ou r  experimental  cells .  With these  va lues  and t h e  con tac t  con- 
f i g u r a t i o n  descr ibed  above, t h e  c a l c u l a t e d  normalized series r e s i s t a n c e s  are 
0.04 R cm2 f o r  t h e  2 c m  x 2 c m  c e l l  and O.OlC2 cm2 f o r  t h e  0.4 cm diameter c e l l .  
c a l cu la t ed  va lues  f a l l  w i t h i n  t h e  range s p e c i f i e d  above by in spec t ion  of f i g u r e  2. 

The width of a l l  

The corresponding con tac t  

R em2. The metal-semiconductor i n t e r f a c e  r e s i s t a n c e  

R em2. 

These 

CELL FABRICATION 

Our GaAs concent ra tor  s o l a r  c e l l s  w e r e  f a b r i c a t e d  wi th  the same i n f i n i t e  m e l t  
l i q u i d  phase e p i t a x i a l  growth (LPE) technique now r o a t i n e l y  used f o r  t h e  ba tch  
f a b r i c a t i o n  of ou r  convent ional  2 c m  x 2 c m  space q u a l i f i e d  cells .  W e  used photo- 
l i thography f o r  t h e  f a b r i c a t i o n  of t h e  f r o n t  contac t .  W e  have s e l e c t e d  t o  make 
d i r e c t  con tac t  t o  t h e  (A1Ga)As l a y e r  even though t h i s  is more d i f f i c u l t  t o  do wi th  
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convent ional  techniques than  making con tac t  t o  t h e  GaAs.  W e  have overcome t h e  
d i f f i c u l t y  of con tac t ing  t o  (A1Ga)As by us ing  spur te r -depos i t ion  of  t h e  i n i t i a l  l a y e r s  
of AuZn on t h e  (A1Ga)As. For t h e  back con tac t ,  w e  use  convent ional  vapor depos i t i on  
of Au G e  N i .  
m e t a l l i z a t i o n  i n  or$er  t o  reduce t h e  f i n g e r  g r i d l i n e  r e s i s t a n c e ,  F i n a l l y ,  t h e  cells 
are coated wi th  650A of Ta205 f o r  a n t i r e f l e c t i o n  coat ing.  

A 3 pm t h i c k  Ag over lay  i s  p la t ed  t o  both f r o n t  and back s i d e s  of t h e  

TEST RESULTS 

Figure  4 shows a se t  of measurements performed on t h e  l a r g e  2 c m  x 2 cm cel ls  
designed f o r  ope ra t ion  a t  a concen t r a t ion  of X = 10 suns;  f i g u r e  5 shows t h e  measure- 
ments of t h e  s m a l l  c e l l s  (0.4 cm diameter  a c t i v e  a rea )  designed f o r  ope ra t ion  a t  
X = 100 suns. The e f f i c i e n c i e s  shown on f i g u r e  4c and f i g u r e  4d a t  concent ra t ion  
r a t i o  up t o  X = 10 suns f o r  our  2 cm x 2 cm concent ra tor  ce l l s  are r e l a t i v e l y  low 
and compare unfavorably i n  t h e  absence of concent ra t ion  wi th  our  convent ional  2 c m  x 
2 c m  GaAs s o l a r  cel ls .  While t h e  cause f o r  t h i s  de f i c i ency  has  been i d e n t i f i e d  
( inadequate  AR coa t ing ) ,  no a d d i t i o n a l  ce l l s  of t h i s  type  w e r e  made t o  c o r r e c t  t h i s  
def ic iency  p r i o r  t o  t h i s  meeting. Higher p r i o r i t y  w a s  given t o  t h e  development of 
t he  smaller cel ls  f o r  ope ra t ion  a t  100 suns. This l e d  t o  t h e  rewarding r e s u l t s  (high 
AM0 e f f i c i e n c i e s )  shown on f i g u r e  5c and 5d f o r  ope ra t ion  a t  100 suns wi th  those  cells. 

f i g u r e  4a and 5a. 
by these  measurements i s  explained i n  p a r t  by t h e  narrowing of t he  bandgap of GaAs 
w i th  inc reas ing  temperature  (dE /dT 
f a r  as it  p a r t l y  compensates t h e  l o s s  of open-circui t  vo l t age  caused by inc reas ing  
temperature. The l o s s  of open-circui t  vo l t age  wi th  inc reas ing  temperature i s  shown 
on f i g u r e  4b and 5b. It is  found t o  be dVoc/dT = -2 mV/"K and c l o s e l y  matches t h e  
t h e o r e t i c a l l y  ca l cu la t ed  value.  The l o s s  of e f f i c i e n c y  wi th  inc reas ing  temperature 
r e s u l t s  from t h e  combination of t h e  changes i n  open-circui t  vo l tage ,  s h o r t - c i r c u i t  
cu r ren t  and f i l l  f a c t o r  w i th  inc reas ing  temperature. The measured va lues  of e f f i c i -  
ency ve r sus  temperature  are shown on f i g u r e  4c and 5c. W e  observe t h a t  i n  t h e  
absence of s o l a r  concent ra t ion ,  t h e  e f f i c i e n c y  obta ined  a t  an e leva ted  temperature 
of 200°C i s  s t i l l  11% f o r  bo th  types of c e l l s .  Furthermore, t h i s  e f f i c i e n c y  becomes 
even h igher  when t h e  s o l a r  concen t r a t ion  r a t i o  i s  increased  above uni ty .  

The inc rease  i n  e f f i c i e n c y  wi th  inc reas ing  s o l a r  concent ra t ion  r e s u l t s  not  only 
from t h e  increased  open-circui t  vo l t age ,  i t  a l s o  b e n e f i t s  from t h e  increased  f i l l  
f a c t o r .  The l a t t e r  r e s u l t s  from t h e  decreas ing  re la t ive c o n t r i b u t i o n  of t h e  generat ion 
cu r ren t  i n  t h e  d e p l e t i o n  r eg ion  a t  t h e  j u n c t i o n  when t h e  G a A s  s o l a r  ce l l  ope ra t e s  a t  
h igher  cu r ren t  dens i t i e s .  These b e n e f i c i a l  e f f e c t s  are o f f - se t  a t  inc reas ing  s o l a r  
concent ra t ions  by t h e  growing power l o s s  due t o  t h e  series r e s i s t a n c e .  A s  shown 
below, our measurements confirm t h a t  t h i s  con t r ibu t ion  becomes important a t  concentra- 
t i o n  r a t i o s  i n  excess  of 100 suns f o r  ou r  s m a l l  cells. The measured d a t a  is  shown 
on f i g u r e  4d and 5d, where t h e  AM0 e f f i c i e n c y  is shown as a func t ion  of concent ra t ion  
r a t i o  f o r  t h e  3 temperatures  of 25"C, l O O " C ,  and 200°C. A l t e r n a t e l y ,  t h e  AM0 e f f i c i -  
ency of ou r  c e l l s  has  a l r eady  been shown as a func t ion  of temperature  wi th  t h e  concen- 
t r a t i o n  r a t i o  as a parameter i n  f i g u r e  4c and 5c. It i s  e s p e c i a l l y  rewarding t o  
observe ( f i g u r e  5 c ) t h a t  an  AM0 e f f i c i e n c y  c l o s e  t o  16% i s  obtained a t  a temperature 
as h igh  as 200°C w i t h  a c e l l  s u i t a b l e  f o r  ope ra t ion  i n  space. 

t h e o r e t i c a l  c a l c u l a t i o n s .  More s p e c i f i c a l l y ,  t h e  curve of e f f i c i e n c y  ve r sus  concen- 
t r a t i o n  r a t i o  measured a t  25°C and shown as one of t h e  curves  of f i g u r e  5d can be  
compared wi th  t h e  t h e o r e t i c a l  curves  shown on f i g u r e  2. 
made i n  t h i s  contex t :  

1) A t  h igh  concen t r a t ion  r a t i o s  (X = l o o ) ,  t h e  measured and c a l c u l a t e d  
e f f i c i e n c i e s  (21%) are i n  c l o s e  agreement, provided t h e  series r e s i s t a n c e  of t h e  

The e f f e c t  of temperature  on t h e  s h o r t - c i r c u i t  cu r ren t  of our c e l l s  i s  shown on 
The inc rease  of  s h o r t - c i r c u i t  cu r ren t  w i t h  temperature exh ib i t ed  

-5 x 10-4 eV/"K). This f e a t u r e  is h e l p f u l  inso- g 

A f i n a l  t a s k  i s  t o  compare t h e  experimental  r e s u l t s  obtained t o  d a t e  wi th  t h e  

Two observa t ions  are t o  be 
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experimental cell is Rs <low2 Rcm'. 
resistances for our small cells. 

2) At low concentration ratios (X = l), the calculated efficiency is substanti- 
ally higher than the measured value (19% versus 16%). 
this back to the poor fill factor exhibited at low concentration ratio on the measured 
set of small cells. This was caused by excessive edge-leakage current, a defect 
which has been overcome since those measurements were performed. 
inconsequential at the higher concentration ratios, which explains the improved 
agreement between theory and measurements observed at the high concentration ratios. 

This falls within the range of measured series 

We have been able to trace 

This defect becomes 

CONCLUSIONS 

We have established that GaAs solar cells designed for operation in space under 
concentrated sunlight are attractive for concentration ratios up t o  more than 100 
suns, AM0 efficiencies in excess of 20% were obtained at 100 suns. Operation at 
elevated temperatures was found to be possible at AM0 efficiepcies 
with a temperature as high as 200°C. 
shallow junction depth and thin AlGaAs window layer thickness required for good 
radiation hardness and favorable spectral response under AM0 illumination in space. 

in excess of 16% 
The cells providing this performance had the 
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(A) SQUARE GRIDLINE DESIGN FOR THE 
2 crn x 2 crn GaAs CONCENTRATOR CELL 
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(BI CIRCULAR GRIDLINE DESIGN FOR THE 4 mm 
DIAMETER SPOT SIZE GaAs CONCENTRATOR CELL 
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NOTE: SEE TEXT FOR FINGER NUMBERS AND 
DIMENSIONS FOR BOTH DESIGNS 

Figure 3. Grid line designs. 
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(B) OPEN CIRCUIT VOLTAGE vs TEMPERATURE 
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Figure 4. Large area 2 cm x 2 cm GaAs space concentrator cell characteristics. 
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(A) SHORT CIRCUIT CURRENT DENSITY vs TEMPERATURE 
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(e) OPEN CIRCUIT VOLTAGE vs TEMPERATURE 
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THE EFFECT OF DIFFERENT SOLAK SIMULATORS ON THE MEASUREMENT 
0 F S HGK T-CI K C UI T C U K K E N T T E h,I PER AT U K E CO EF F IC I €  N TS 

H.B. C u r t i s  and K.E. Har t ,  Jr. 
NASA Lewis  Resea rch  C e n t e r  

Cleveland, Ohio  

SUMMARY 

G a l l i u m  a rsen ide  s o l a r  c e l l s  a r e  b e i n g  considered f o r  seve ra l  h i g h  tempera- 
t u r e  m iss ions  i n  space. Both near-Sun and c o n c e n t r a t o r  m iss ions  c o u l d  i n v g l v e  
c e l l  temperatures on t h e  o r d e r  o f  200" C. 
a t  e l e v a t e d  temperatures a re  u s u a l l y  made u s i n g  s i m u l a t e d  s u n l i g h t  and a 
matched r e f e r e n c e  c e l l .  Due t o  t h e  change i n  bandgap w i t h  i n c r e a s i n g  tempera- 
t u r e  a t  p o r t i o n s  o f  t h e  spectrum where c o n s i d e r a b l e  s imu la ted  i r r a d i a n c e  i s  
p resen t ,  t h e r e  a re  s i g n i f i c a n t  d i f f e r e n c e s  i n  measured s h o r t  c i r c u i t  c u r r e n t  
a t ' e l e v a t e d  temperatures among d i f f e r e n t  s i m u l a t o r s .  To i l l u s t r a t e  t h i s ,  b o t h  
exper imenta l  and t h e o r e t i c a l  d a t a  a re  presented f o r  g a l l i u m  a rsen ide  c e l l s .  

Performance measurements o f  c e l l s  

INTRODUCTION 

The use o f  g a l l i u m  a rsen ide  s o l a r  c e l l s  i n  space i s  b e i n g  considered f o r  
seve ra l  reasons. One reason i s  t h e i r  h i g h  temperature opera t i on ,  t hus  a l low-  
i n g  near-Sun o r  h i g h  c o n c e n t r a t i o n  m iss ions .  Be fo re  h i g h  temperature (200" C )  
g a l l i u m  a rsen ide  c e l l s  can be used, however, f u r t h e r  development work w i l l  be 
r e q u i r e d .  There w i l l  a l s o  be many r e q u i r e d  measurements a t  temperatures rang- 
i n g  f rom about room temperature t o  over  200" C. Some r e c e n t  d a t a  have i n d i -  
c a t e d  t h a t  t h e  i nc rease  i n  measured s h o r t  c i r c u i t  c u r r e n t ,  CL, w i t h  i n c r e a s i n g  
temperature depends s t r o n g l y  on t h e  t y p e  o f  s o l a r  s i m u l a t o r  used. 
t u r e  c o e f f i c i e n t  o f  CL can v a r y  b y  a f a c t o r  o f  more than 5 depending on t h e  
i n c i d e n t  i r r a d i a n c e .  The t e n t a t i v e  answer t o  why CL v a r i e s  w i t h  i n c i d e n t  
i r r a d i a n c e  depends on t h e  bandgap o f  g a l l i u m  arsenide. 
increased, t h e  decrease i n  bandgap i s  a t  p o r t i o n s  of t h e  spectrum where t h e  
- i r rad iance  o f  s i m u l a t o r s  and s u n l i g h t  i s  bo th  f a i r l y  h i g h  and v a r i e s  f rom 
s i m u l a t o r  t o  s i m u l a t o r .  Hence t h e  temperature c o e f f i c i e n t  can va ry  w ide ly .  
I n  an e f f o r t  t o  t e s t  t h i s  hypo thes i s ,  NASA Lewis performed an exper imenta l  and 
t h e o r e t i c a l  s tudy  u s i n g  g a l l i u m  arsenide c e l l s ,  a v a r i e t y  o f  s o l a r  s imu la to rs ,  
and t h e  known bandgap temperature c h a r a c t e r i s t i c s  o f  g a l l i u m  arsenide.  

The tempera- 

As t h e  temperature i s  

THEORETICAL CALCULATIONS 

The i n c r e a s e  i n  CL w i t h  temperature r e s u l t s  f rom two e f f e c t s .  The s m a l l e r  
bandgap a l l o w s  more i n c i d e n t  photons t o  be c o l l e c t e d ,  and secondly, t h e r e  can 
be  an improvement i n  t h e  l i f e t i m e  of t h e  c e l l  m a t e r i a l  ( r e f .  1). Since we a r e  
c:oncerned he re  w i t h  t h e  e f f e c t s  o f  d i f f e r e n t  s imu la to rs ,  we w i l l  o n l y  l ook  a t  
t h e  change i n  bandgap e f f e c t ,  because any i n c r e a s e  i n  l i f e t i m e  w i l l  g i v e  a 
s i m i l a r  c u r r e n t  i nc rease  f o r  each s i m u l a t o r .  The change i n  bandgap f o r  ga l -  
l i u m  a rsen ide  i s  w e l l  known ( r e f .  2 )  and can be u t i l i z e d  t o  generate a s e r i e s  
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o f  spec t ra l  response curves. I n  F igu re  1 we have p l o t t e d  spec t ra l  response 
curves f o r  g a l l i u m  arsenide a t  severa l  temperatures. The 300 K curve i s  meas- 
ured data, and the  h igher  temperature curves are generated by s h i f t i n g  the  
c u t o f f  wavelength corresponding t o  t h e  change i n  bandgap. 

of i r rad iance  by us ing  t h e  f o l l o w i n g  equation: 
The shor t  c i r c u i t  c u r r e n t  can be ca l cu la ted  f o r  any spec t ra l  d i s t r i b u t i o n  

where J ( A )  i s  t he  spec t ra l  d i s t r i b u t i o n  o f  i n c i d e n t  i r rad iance,  R ( x )  i s  spec- 
t r a l  response, A i s  c e l l  a c t i v e  area, and the  i n t e g r a t i o n  i s  over the  s o l a r  
wavelength ( A )  reg ion.  
s u n l i g h t  and f o u r  so la r  s imulators .  
severa l  temperatures f o r  g a l l i u m  arsenide s o l a r  c e l l s  under the  d i f f e r e n t  spec- 
t r a l  i r rad iances  o f  f i g u r e s  2 t o  6. F igu re  7 shows ca l cu la ted  CL as a f u n c t i o n  
o f  temperature f o r  th ree  o f  t h e  i n c i d e n t  i r rad iances ,  AMO, F i l t e r e d  xenon, and 
u n f i l t e r e d  xenon. Note t h a t  t he  increase i n  c u r r e n t  i s  n o t  necessar i l y  l i n e a r  
w i t h  inc reas ing  temperature. Note a l s o  the  l a rge  d i f f e rences  between the  un- 
f i l t e r e d  xenon curve and the AM0 and f i l t e r e d  xenon curves. The curves were 
normalized t o  the AM0 value a t  300 K (112.7mA f o r  a 4 cm2 c e l l )  f o r  d i r e c t  
comparison. 

7 and s i m i l a r  data f o r  the  two o ther  s imu la to rs  (pulsed xenon and d i c h r o i c  
f i l t e r e d  tungsten (ELH) and a re  presented i n  t a b l e  I. 
2 0 ~ A / c d - K  i s  i n  agreement w i t h  publ ished data on s i m i l a r  c e l l s  ( r e f s .  3 and 
4).  
range than i n  the  300 t o  400 K range. Note the  extremely h igh  values o f  tem- 
pera ture  c o e f f i c i e n t  f o r  the  u n f i l t e r e d  xenon s imulator .  Th is  i s  due t o  the  
very h igh  i r r a d i a n c e  i n  t h e  wavelength i n t e r v a l  near t h e  g a l l i u m  arsenide band- 
gap f o r  the u n f i l t e r e d  xenon s imulator .  

F igures  2 t o  6 show spec t ra l  d i $ t r i b u t i o n s  f o r  AM0 
Equat ion (1) was used t o  c a l c u l a t e  a a t  

The temperature c o e f f i c i e n t s  o f  a were ca l cu la ted  us ing  the  data o f  f i g u r e  

The AM0 va lue near 

I n  a l l  cases the temperature c o e f f i c i e n t  !s h igher  i n  the  400 t o  500 K 

MEASURED DATA 

I n  an e f f o r t  t o  exper imenta l l y  v e r i f y  the  ca l cu la ted  data, measurements 
were made on two g a l l i u m  arsenide c e l l s  a t  var ious temperatures and under d i f -  
f e r e n t  s imulators .  The c e l l s  were manufactured by Hughes Research Lab under 
an e x i s t i n g  NASA Lewis cont rac t ,  us ing  the  l i q u i d  phase ep i taxy  growth tech- 
nique. 
made a t  200 C (473 I() us ing  a xenon pulsed s imulator  and a t  150" C (423 I() 
us ing a f i l t e r e d  xenon s imu la to r  and an ELH lamp s imulator .  Data a t  200" C 
(473 K )  under an u n f i l t e r e d  xenon s imu la to r  were suppl ied by  Hughes. 
ured data are summarized i n  t a b l e  I 1  w i t h  cu r ren t  a t  the  h ighes t  temperature 
measured f o r  each s imu la to r  and t h e  Sa lcu la ted  temperature c o e f f i c i e n t s  re -  
ported. Data were taken o n l y  t o  150 C under the f i l t e r e d  xenon and ELH simu- 
l a t o r s  due t o  l i m i t a t i o n s  i n  t h e  temperature c a p a b i l i t i e s  o f  t he  t e s t  appara- 
t u s  

The measured da ta  are i n  f a i r l y  good agreement w i t h  ca l cu la ted  da ta  o f  
t a b l e  I. For the  th ree  xenon s imulators ,  f i l t e r e d ,  u n f i l t e r e d ,  and pulsed, 
t he  measured temperature c o e f f i c i e n t s  are 10 t o  30 percent  h igher  than the  
ca l cu la ted  values, 
i n  a due t o  improved l i f e t i m e  a t  h igher  temperatures. Accounting f o r  t h i s  
would make the measured and ca l cu la ted  temperature c o e f f i c i e n t s  agree q u i t e  
we l l  f o r  t h e  t h r e e  xenon s imulators .  For the  ELH lamp s imulator ,  the  calcu- 
l a t e d  value o f  temperature c o e f f i c i e n t  i s  l a r g e r  than the measured value. 

They are p / n  c e l l s  w i t h  an AlGaAs window. A t  Lewis measurements were 

The meas- 

However, t h e  ca l cu la ted  values do n o t  r e f l e c t  any increase 



This i s  a t t r ibu ted  t o  var ia t ions  i n  output of ELH lamps. The spectral  d i s t r i -  
bution of f igure  6 may not be the same as t h a t  of the E L H  lamp used in the 
measurements. 
lamp simulator i s  considerably lower than the t r u e  value. 

In any case,  the  temperature coeff ic ient  measured using an ELH 

CONCLUSIONS 

Both calculated and measured data indicate  a strong dependence on incident 
spectral  irradiance f o r  the measured temperature coef f ic ien t  of short  c i r c u i t  
current f o r  GaAs so lar  c e l l s .  Values of as h i  h as 80vA/cm2 K using an un- 
f i l t e r e d  xenon simulator, o r  as low as 10vA/cm K using an ELH lamp simu- 
l a t o r  may be obtained. 
bandgap change w i t h  temperature occurring a t  portions of the spectrum where 
simulators can d i f f e r  widely. 

The reason f o r  the spread in values r e s u l t s  from the 
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TABLE I .- CALCULATED VALUES OF SHORT-CIRCUIT CURRENT 

TEMPERATURE COEFFICIENTS 

Spectrum Temperature c o e f f i c i e n t s ,  ?A/cm2 K, a t  - 
300 - 400 K 400 - 500 K 

AI% 18.6 21.2 
F i 1 t e r e d  xenon 15.6 22.7 
U n f i l t e r e d  xenon 49.2 62.2 
Pulsed xenon 20.9 27.2 
E L H  10.4 10.8 

TABLE 11.- SUMMRY OF MEASURED DATA 

Simulator  Shor t  c i r c u i t  Teinperat ure 
coef f i c  i ent , c u r r e n t  

IA 

F i l t e r e d  xenon 125.2 a t  150" C 25.0 
U n f i l t e r e d  xenon 168.9 a t  200" C 80.3 
Pulsed xenon 134.0 a t  200" C 30.4 
ELH 116.2 a t  150" C 7.0 
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F i g .  5 Pulsed xenon spectrum 
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EXTENDED ABSTRACT 

The purpose of t h i s  paper is  t o  present  t h e  r e s u l t s  of our s tudy on t h e  deep- 
l e v e l  d e f e c t s  and recombination mechanisms i n  t h e  one-MeV e l e c t r o n  i r r a d i a t e d  
(A1Ga)As-GaAs s o l a r  c e l l s  under va r ious  i r r a d i a t i o n  and anneal ing condi t ions .  Deep- 
l e v e l  t r a n s i e n t  spectroscopy (DLTS) and capaci tance-vol tage (CV) techniques were used 
t o  determine t h e  d e f e c t  and recombination parameters such as  energy levels and d e f e c t  
d e n s i t y ,  carrier cap tu re  c r o s s  s e c t i o n s  and l i f e t i m e s  f o r  bo th  e l e c t r o n  and ho le  
t r a p s  as w e l l  as ho le  d i f f u s i o n  l eng ths  i n  t h e s e  e l e c t r o n  i r r a d i a t e d  G a A s  s o l a r  
cells .  GaAs s o l a r  cel ls  used i n  t h i s  s tudy w e r e  Frepared by t h e  i n f i n i t e  s o l u t i o n  
m e l t  l i q u i d  phase e p i t a x i a l  (LPE) technique a t  Hughes Research Lab., w i t h  (Alo.gGa0 2 
A s  window l a y e r ,  Be-diffused p-GaAs l a y e r  on Sn-doped n-GaAs o r  undoped n-GaAs actice 
l a y e r  grown on n+-GaAs s u b s t r a t e .  
f a b r i c a t e d  f o r  our  DLTS and CV s tudy.  The Sn-doped n-GaAs active l a y e r  has a dopant 
d e n s i t y  of 5x10I6 ~ m - ~ ,  and t h e  undoped n-GaAs l a y e r  has  a carrier d e n s i t y  of 
1 . 5 ~ 1 0 ~ 5  cm-3. Three d i f f e r e n t  i r r a d i a t i o n  and annea l ing  experiments w e r e  performed 
on t h e s e  s o l a r  cel ls :  (1) one-MeV e l e c t r o n  i r r a d i a t i o n  w a s  done a t  room temperature  
on Sn-doped (A1Ga)As-GaAs s o l a r  ce l l s  f o r  e l e c t r o n  f luences  of 
~ m - ~ ,  and subsequent ly  annealed a t  23OOC f o r  10 ,  20, 30, and 60 minutes.  
type  of G a A s  cel ls  w a s  i r r a d i a t e d  a t  150°C and 2OOOC ceU'S temperature and f luence  of 
1015 cm-2 us ing  two d i f f e r e n t  f l u x  rates (4x1010 e/cm2-s and 2x109 e/cm2-s). (3) 
one-MeV e l e c t r o n  i r r a d i a t i o n  w a s  performed on t h e  undoped GaAs s o l a r  cel ls  a t  200°C 
c e l l ' s  temperature  f o r  f luence  of 1014 and 1015 cm-2. 
made on t h e  cells descr ibed  above, and t h e  r e s u l t s  are discussed next .  

Mesa s t r u c t u r e  w i t h  area of 5 .86~10-4 cm2 w a s  

and 1016 
(2) Same 

DLTS and C-V meqsurements w e r e  

Fig.  1 and Fig.  2 show t h e  DLTS scan  of e l e c t r o n  and ho le  t r a p s  i n  t h e  (A1Ga)As- 
G a A s  cells i r r a d i a t e d  w i t h  1 O I 6  e / c m 2  e l e c t r o n  f luence  and annealed a t  230°C i n  
vacuum f o r  20, 30, and 60 minutes,  r e spec t ive ly .  Three e l e c t r o n  t r a p s  w i t h  ene rg ie s  
of E,-0.31, 0.71, and 0.90 e V  and one ho le  t r a p  wi th  energy of Ev+0.71 e V  w e r e  ob- 
served i n  t h e s e  samples. The DLTS d a t a  showed t h a t  d e n s i t y  of each de fec t  level w a s  
reduced as a r e s u l t  of t h e  230°C thermal  anneal ing.  
has  t h e  l a r g e s t  reduct ion  i n  i t s  d e n s i t y  followed by t h e  230°C annea l ing  f o r  60 min- 
u t e s .  
ho le  t r a p  from t h e  230°C annea l ing  process  ( s e e  Fig. 2) .  A s i m i l a r  r e s u l t  f o r  bo th  
e l e c t r o n  and h o l e  t r a p s  w a s  a l s o  obta ined  f o r  cel ls  i r r a d i a t e d  by t h e  1015 e / c m  
e l e c t r o n  f luence .  Table 1 and t a b l e  2 summarize t h e  r e s u l t s  deduced from t h e  DLTS 
and C-V measurements f o r  t h e  Sn-doped G a A s  s o l a r  c e l l s  i r r a d i a t e d  a t  room temperature  

Note t h a t  t h e  "E3" e l e c t r o n  t r a p  

S i g n i f i c a n t  r educ t ion  i n  t h e  t r a p  d e n s i t y  w a s  a l s o  observed f o r  t h e  Ev+0.71 e V  

2 
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wi th  f luences  of 1015 and 1016 e/cm2 and annealed a t  
minutes. Hole d i f f u s i o n  l e n g t h s  c a l c u l a t e d  from t h e  
between 1.5 t o  2.44 um f o r  $e  = 1015 e / c m 2  f luence .  
rate and c e l l ' s i r r a d i a t i o n  temperature  on t h e  de fec t  
doped G a A s  cells i r r a d i a t e d  w i t h  1015 e/cm2 f luence .  
t i v e l y  t h e  DLTS scans  of e l e c t r o n  and h o l e  t r a p s  f o r  
i r r a d i a t e d  by 1015 e/cm2 f luence ,  w i th  f l u x  rates of 

2 3 O O C  f o r  20, 30, and 60 
DLTS d a t a  w e r e  found t o  va ry  
The e f f e c t s  of i nc iden t  f l u x  
parameters w e r e  s tud ied  on Sn- 

F ig .  3 and Fig .  4 show respec-  
t h e  Sn-doped G a A s  s o l a r  ce l l s  
4x1010 e/cm2-s and 2x109 e/cm2-s 

and i r r a d i a t e d  a t  150 and 2OOOC ce l l ' s t empera tu re .  The r e s u l t s  show t h a t  t h e  domi- 
nant  e l e c t r o n  t r a p  is  due t o  E,-0.71 e V  l e v e l ,  and t h e  dominant h o l e  t r a p  i s  due t o  
E-fi0.71 eV. The d e n s i t y  f o r  bo th  t r a p s  i nc reases  wi th  inc reas ing  f l u x  rate and 
rzducing c e l l ' s  temperature.  For cel ls  i r r a d i a t e d  a t  4x1010 e / c m 2 - s  f l u x  rate, two 
a d d i t i o n a l  e l e c t r o n  t r a p s  ( i . e . ,  E3 and E5) w e r e  a l s o  de t ec t ed .  The d e f e c t  and 
recombination parameters c a l c u l a t e d  from t h e  DLTS d a t a  f o r  t h e s e  c e l l s  are summarized 
i n  t a b l e  3 and t a b l e  4. Note t h a t  t h e  DLTS d a t a  shown i n  F ig .  1 through Fig .  4 are 
f o r  t h e  Sn-doped G a A s  s o l a r  ce l l s .  The DLTS scans  of e l e c t r o n  and ho le  t r a p s  f o r  t h e  
uiidoped G a A s  s o l a r  cells  i r r a d i a t e d  a t  200°C are shown i n  Fig.  5 and Fig.  6,  respec- 
t i v e l y .  Fig.  5 shows t h e  DLTS scan  of e l e c t r o n  t r a p s  f o r  ce l l s  i r r a d i a t e d  w i t h  1014 
and l G 1 5  e / c m 2  f luence ,  r e s p e c t i v e l y ;  fou r  e l e c t r o n  t r a p s  w i th  ene rg ie s  of E,-0.13, 
0.41, 0.71, and 0.90 e V  w e r e  observed i n  t h e s e  two ce l l s .  Note t h a t  Ec-0.13 e V  and 
E,-0.41 e V  e l e c t r o n  t r a p s  are no t  de t ec t ed  i n  t h e  Sn-doped G a A s  c e l l s  shown i n  F i g . l .  
Fig.  6 Fhows t h e  DLTS scan of ho le  t r a p s  f o r  t h e  same ce l l s  shown i n  Fig.  5; two ho le  
t ra  s wi th  ene rg ie s  of Ev+0.29 and Ev+0.71 e V  w e r e  observed f o r  c e l l s  i r r a d i a t e d  wi th  
los  e/cm2,  and only one ho le  t r a p  wi th  energy of Ev+0.71 e V  w a s  observed i n  1014 
e/cm2 i r r a d i a t e d  c e l l s .  I n  both f i g u r e s  i t  is  noted t h a t  i nc reas ing  e l e c t r o n  f luence  
w i l l  i nc rease  t h e  d e n s i t y  of both e l e c t r o n  and ho le  t r a p s  i n  t h e s e  cel ls .  Defect and 
recombination parameters deduced from t h e  DLTS and C-V d a t a  f o r  ce l l s  shown i n  F ig .  5 
and Pig.  6 are summarized i n  t a b l e  5 and t a b l e  6. Fig.  7 shows t h e  d e f e c t  anneal ing 
rate f o r  t h e  *'E3" e l e c t r o n  t r a p  f o r  e l e c t r o n  f luence  of 1016 e/cm2 and f o r  t h e  "E<' 
e l e c t r o n  t r a p  f o r  e l e c t r o n  f luence  of 1015 e / c m 2 ,  f o r  G a A s  cel ls  shown i n  F ig .  1 and 
t a b l e  1. From t h e  s tudy  of deep-level  d e f e c t s  and t h e i r  anneal ing behavior ,  i t  i s  
concluded t h a t  ( i )  one-MeV e l e c t r o n  i r r a d i a t i o n  on G a A s  c e l l s  grown by t h e  i n f i n i t e  
s o l u t i o n  m e l t  LPE technique w i l l  i n  gene ra l  produce t h r e e  t o  four  e l e c t r o n  t r a p s  and 
one t o  two ho le  t r a p s  i f  t h e  e l e c t r o n  f luence  i s  g r e a t e r  than  1014 e/cm2; ( i i )  d e f e c t  
d e n s i t y  w i l l  i n c r e a s e  wi th  inc reas ing  inc iden t  f l u x  r a t e  and f luence ;  ( i i i )  increas-  
ing  annea l ing  temperature  and annea l ing  t i m e  w i l l  reduce t h e  d e n s i t y  of bo th  e l e c t r o n  
and ho le  t r a p s ;  ( i v )  i nc reas ing  t h e  c e l l ' s  temperature  dur ing  e l e c t r o n  i r r a d i a t i o n  
w i l l  e f f e c t i v e l y  reduce t h e  t r a p  dens i ty ;  (v) low temperature  thermal anneal ing i s  
more e f f e c t i v e  i n  annea l ing  out  t h e  shallower t r a p s  than  t h e  deeper t r a p s ;  ( v i )  t h e  
recombination enhanced annealingLI1 w a s  found t o  be e f f e c t i v e  f o r  reducing t h e  densi-  
t y  of deep-level recombination c e n t e r s ;  ( v i i )  t h e  a c t i v a t i o n  energy f o r  t h e  "E3" 
e l e c t r o n  t r a p  w a s  found s l i g h t l y  d i f f e r e n t  i n  t h e  undoped G a A s  than  t h a t  of t h e  Sn- 
doped G a A s  s o l a r  c e l l s  ( i .e. ,  E,-0.41 e V  vs. Ec-0.31 eV), and ( v i i i )  t h e  (Ev+0.29 eV)  
ho le  t r a p  observed i n  t h e  undoped G a A s  cells  w a s  no t  de t ec t ed  i n  t h e  Sn-doped G a A s  
s o l a r  cel ls  under same i r r a d i a t i o n  condi t ions .  

*Research supported by t h e  Aeropropulsion Lab., AFWAL, subcont rac t  through Universa l  

+Supported by NASA L e w i s  Research Center.  
[l] J. D. Weeks, J. C. Tu l ly ,  and L. C. Kimerling, Phys. Rev. B,  2, 3286 (1975). 

Energy System Inc . ,  Ohio. 
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Annealing 
time b 

Temperature 

Fluence (e/cm 2 ) 

1016 

Unannealed 

ND ( ~ m - ~ )  hne:l;:Ep:ime ET (ev) NT (cm-3) 

13 

13 

13 

3 . 5 ~ 1 0 ~ ~  20min.at230°C Ev+0.71 9 ~ 1 0 ~ ~  
14 

14 

5 . 5 ~ 1 0 ' ~  20min.at  23OoC Ev+0.71 9x10 

30 " " " 6 . 8 ~ 1 0  

60 " " " 3 . 4 ~ 1 0  

30 " " " 6 . 2 ~ 1 0  

60 " " " l . l x l 0  

230°C for  
20 min. 

23OoC for 
30 min. 

23OOC f o r  
60 min. 

2 . 7 7 ~ 1 0 - ~  1' 230o~E2  7 .9~10"  1x10-16 - 
4.26x10-' 
1.25x10-' 5 .7~10 '  5. ~ x I O - ~  7.64x10-' 

I?; 1 - 1 - 1 - I 1.04~10-9 mino) E., 1.iX1014 5 . 8 ~ 1 0 - ' ~  3 . 2 ~ 1 0 - ~  

9 . 9 2 ~ 1 0 - ~  Ej 2 . 6 ~ 1 0 ' ~  1.8~10-l~ 4.75x10-' 
4 . 3 9 ~ 1 0 - ~  E4 5 .4x101 5.1x10-' 8 . 0 7 ~ 1 0 - ~  
2 . 9 3 ~ 1 0 - ~  E5 6 . 1 ~ 1 0 ' ~  5 . 8 ~ 1 0 - l ~  5.77~10-' 

1.01x10-~ 2 . 4 ~ 1 0 ' ~  1 . 8 ~ 1 0 - ' ~  5.1~10-~ 
5.41x10-' :; 2 . 5 ~ 1 0 ' ~  5.1~10-'~ 1.6x10-' 
5.68xlO-' E5 3 . 1 ~ 1 0 ' ~  5.8x10-'" 1.14~10-~ 

4.57x10-* E3 7.2~10'~ l.8x10-'4 5 . 6 ~ 1 0 ~ ~  
2.22x10-8 6.45x10-' 

2 . 1 9 ~ 1 0 - ~  1 E5 2.2~lO'~ 5 . 8 ~ 1 0 - l ~  1.6x10-* 
E4 1.8x101 5 . 1 ~ 1 0 - l ~  

Table. 1 Electron t r a p  parameters in one-MeV e lec t ron  i r r a d i a t e d  (A1Ga)As-GaAs s o l a r  cells  
annealed a t  230 OC f o r  10,20,30, and 60 m i n .  ND = 5 ~ 1 0 ~ 6  cm-3 (Sn-doped n-GaAs) 

Tab le .2  Defect parameters of Hole Traps in one-MeV Elec t ron  I r r a d i a t e d  
(A1Ga)As-GaAs Solar C e l l s  vs .  Anned ing  Time 

le  Trap I 

a (cm') 

4.OlxlO-' 

4 . 0 1 ~ 1 0 '  

Table .3  Electron Trap Parameters vs. Flux Rate i n  one-MeV Electron 
I r r a d i a t e d  (A1Ga)As-GaAs So la r  C e l l s  f o r  $e = 1015 e/cm2 
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Table.4 Hole Trap Parameters VS. Flux Rate in one-MeV Electron 
Irradiated (A1Ga)As-GaAs Solar Cells for $e e/cm2 

Table. 5 Electron and Hole Traps ,in one-MeV Electron 5r 

Irradiated (at 200'C) (A1Ga)As-GaAs Solar Cells. 

Electron 
Fluence (cI~I-~) 

b 

*Carrier removal rate An/+o = 0.5 cm-'. 
undoped n-CaAs LPE layer. 
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ELECTRON T R A P S  

- I  

I I I I 1 I 
150 ZOO 250 300 350 400 

T ( K )  

Flq. I D L T S  scan of e l e c t r m  t raps  ~n une-MeV e l e c t n n  I r r a d i a t e d  (AlGa)As-GaAs 501ar Celts 
as a f u n c t i o n  of a n n e a l ~ n q  ( 230 "C) t ~ m e .  

E" t 0.71 eV 

H o l e  Traps 

6 = 1 0 1 5  

I .  230 OC 20 m i " .  annealmna 

3. ' 60 " 

2. ' 8  30 ' 8  

e z34.4 5-I P 
Sn-doped n-Ga s 
ND= 5.1016 cm-$ 

I I I I 

150 200 250 300 350 
T (KI 

Fiq 2 D L T S  scan of hole  t r a p s  I" one-MeV electrcin ~ r r a d i a l e d  (AlGa)As-GaAs solar cells 
fur d i f f e r e n t  annealgnq t i m e s .  
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ELECTRON TRAPS 

e,=34.48 
= 10'5 e/cm2 

I 
E5: Et091 eV 

4 ~ 1 0 ' ~  e/cm2-s 

~ ~ 1 0 9  $ 3  

2x109 " 

Sn-doped n-FpAs 
N~ = 5 x I O  crn 3 V 

I 

E4:E; OUeY 

I 1  I I I 
I 150 200 250 300 350 400 

T ( H I  
F i q .  3 DLTS scan nf  e l e c t r m  traps i n  cme-MeV e l e c t r i n  I r r a d i a t e d  (AIGalAs-GaAs so lar  c e l l s  

YS Incident f l u x  rate  and a n n e a l ~ n q  temperature. 

B : $+ 0.71 eV 

HOLE TRAPS 

ep=34.4 I-' 

+, = l o t s  e/cn2 
Sn-doped n-GaAs 
ND = 5 x I O n 6  

I I I I I I 
150 200 250 300 350 400 

1 ( K )  
F l q .  4 OLTS scan of hole traps t n  one-MeU electrm ~ r r a d i a l e d  (AlGa)As-GaAS solar  cells 

YS incident e lec t ron  f l u x  rate  and anneal~nq lemperalure. 
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I e; 34.4s-' 

I I I I I I 

E3 = E ,  - 0.41 eV 

I 

F i q . 5  DLTS scan of  z lectron traps i n  me-MeV e l e c t r c m  Irradiated ( a t  200 'C) (A IGa)As-GaAs 
S l l l a r  cells as a f u n c r l l i n  o f  e l e c t r , r  f l u e n c e .  

E, + 0 71 eV 
I 

Hiile T r a p s  e :172s-' P 

E" +O 2 9  e!! 

I 

I I I I I I 
100 150 200 250 300 350 

( 0 . 6  OLTS scan d hcrle l r a p s  on ,ne-MeV e l e c t r i r  Irradialed ( a 1  200 'Cl (AlGa)As-GaAs 5 l a r  cells 
T l K l  

as a f u n c t i r m  uf electron fluence 
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ELECTRON TRAPS 

Annealed at 
230 OC. 

E3 = Ec-0.31eV 

E5 = Ec-0.90eV 
x l O - ~  5-1 

\ 

I I I I I I 

0 I O  20 30 40 50 60 

ANNEALING TlHE ( H l N . )  

F i q . 7 A n n e a l i n q  r a l c  o f  E and E eleclrtsn l raps  i n  one-HeV e l e c t r o n  i r r a d i a t e d  
( A I  Ga) AS-GaAs sular3ce I Is . ’  
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DEFECT BEHAVIOR I N  ELECTRON-IRRADIATED BORON- 
A N D  GALLIUM-DOPED SILICON 

P e t e r  3 .  Drevinsky and Henry kI. DeAngelis 
R o m e  Air  Development  C e n t e r  

Hanscom Air  Force Base, Massachusets  

ABSTRACT 

Product ion and anneal o f  d e f e c t s  i n  e l e c t r o n - i r r a d i a t e d ,  f l o a t - z o n e  s i l i c o n  
s o l a r  c e l l s  were s t u d i e d  by DLTS. I n  boron- and gal l ium-doped, n+-p c e l l s ,  domi- 
nant  d e f e c t s  were due t o  t h e  divacancy, carbon i n t e r s t i t i a l ,  and carbon complex. 
Resu l ts  suggest t h a t  t h e  DLTS peak normal ly  a s c r i b e d  t o  carbon complexes a l s o  i n -  
vo lves  ga l l ium.  
l i f e t i m e  shows s u b s t a n t i a l  recovery o n l y  when t h e  carbon-complex peak has annealed 
o u t  a t  400OC. 
observed by DLTS i n  c e l l s  w i t h  a boron p+, b u t  n o t  i n  those w i t h  an aluminum p+ 
back. 
back types  o f  samples. 

For g a l l i u m -  and, t o  a l e s s e r  e x t e n t ,  boron-doped samples, damaged 

I n  boron-doped, n+-p-p+ c e l l s ,  a m i n o r i t y  c a r r i e r  t r a p  ( E l )  was a l s o  

A l e v e l  a t  E, + 0.31 eV appeared upon 150°C annea l ing  ( E l  o u t )  i n  b o t h  p+ 

INTRODUCTION 

I n  e l e c t r o n - i r r a d i a t e d  e l e c t r o n i c  dev ices such as s o l a r  c e l l s ,  i n t e r a c t i o n s  
between dopant, i n t r i n s i c  i m p u r i t i e s ,  and p o i n t  d e f e c t s  can l e a d  t o  t h e  fo rmat ion  
o f  damaging complexes. I r r a d i a t i o n  o f  boron-doped s i l i c o n ,  f o r  example, can pro-  
duce var ious  d e f e c t s  i n v o l v i n g  boron, carbon, oxygen, vacancies,  and i n t e r s t i t i a l s .  
Techniques such as Deep Level  Trans ien t  Spectroscopy (DLTS) have been used ( r e f s .  1 
t o  3) f o r  d e f e c t  de tec t ion .  Weinberg and Swarz ( r e f s .  4 and 5) ,  i n  c o r r e l a t i n g  t h e  
annea l ing  behavior  o f  d e f e c t s  observed by DLTS ( r e f .  3) wi th s h o r t  c i r c u i t  c u r r e n t  
( J s c ) ,  a t t r i b u t e d  t h e  observed reverse  anneal o f  Jsc t o  t h e  emergence o f  t h e  E, + 
0.30 eV l e v e l .  
d e f e c t  i s  respons ib le  f o r  reverse  annea l ing  i n  i r r a d i a t e d  boron-doped c e l l s .  

Rohatgi ( r e f .  6 )  a l s o  concluded from DLTS measurements t h a t  t h i s  

Th is  r e p o r t  descr ibes r e s u l t s  o f  our  DLTS s t u d i e s  o f  d e f e c t s  i n  e l e c t r o n -  
i r r a d i a t e d  s o l a r  c e l l s  f a b r i c a t e d  f rom f l o a t - z o n e  s i l i c o n .  
l ium-doped c e l l s  have shown a p o t e n t i a l  f o r  g r e a t e r  recovery a f t e r  anneal than 
boron-doped c e l l s  ( r e f .  7) ,  we have compared r a d i a t i o n - i n d u c e d  d e f e c t s  i n  h i g h  
p u r i t y ,  n+-p s i l i c o n  c e l l s  doped w i t h  g a l l i u m  and boron. 
annea l ing  s t u d i e s  a r e  presented and m i n o r i t y  c a r r i e r  l i f e t i m e  measurements a r e  
c o r r e l a t e d  w i t h  d e f e c t  anneal. Defect  p r o d u c t i o n  and annea l ing  behav io r  have a l s o  
been s t u d i e d  i n  a s e t  o f  boron-doped, n+-p-p+ s i l i c o n  c e l l s ,  which were f a b r i c a t e d  
w i t h  e i t h e r  an aluminum p+ o r  a boron p+ back sur face.  

Since i r r a d i a t e d  g a l -  

Resu l ts  o f  d e f e c t  
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EXPERIMENTAL 

D i f f u s e d  j u n c t i o n ,  n+-p c e l l s ,  doped w i t h  e i t h e r  g a l l i u m  (2, 10, and 20 ohm- 

A second s e t  c o n s i s t e d  o f  d i f f u s e d  j u n c t i o n ,  n+-p-p+ 
cm) o r  w i t h  boron ( 2  ohm-cm), were f a b r i c a t e d  by Spectrolab, Inc. f rom h i g h  p u r i t y ,  
f l o a t - z o n e  s i l i c o n  ( r e f .  8). 
c e l l s  doped w i t h  boron ( 1  and 10 ohm-cm) and f a b r i c a t e d  by Comsat Labora tor ies  f rom 
f l o a t - z o n e  s i l i c o n .  
back sur face  and these w i l l  be r e f e r r e d  t o  as A1 p+ and B p+, r e s p e c t i v e l y .  
cess ing.  c o n d i t i o n s  were: 
phorus f r o n t  and aluminum back d i f f u s i o n  a t  850°C f o r  30 min., and no post ,  o r  
f i n a l ,  anneal; 10 ohm-cm, B p+ c e l l s  - no p r e - o x i d a t i o n ,  boron back d i f f u s i o n  a t  
950°C f o r  30 min., phosphorus f r o n t  d i f f u s i o n  a t  850°C f o r  15 min., and p o s t  anneal 
a t  450°C f o r  14 hrs.; 1 ohm-cm, B p+ c e l l s  - i d e n t i c a l  t o  t h e  10 ohm-cm, B p+ 
c e l l s  except f o r  p r e - o x i d a t i o n  a t  1050°C f o r  30 min, 
0.25 cm on edge and these were mesa-etched t o  min imize leakage c u r r e n t ,  mounted on 
TO-5 headers w i t h  s i l v e r  epoxy, and top-contac ted  by u l t r a s o n i c  bonding ( r e f s .  9 
and 10).  

C e l l s  f o r  each base r e s i s t i v i t y  had an aluminum and boron p+ 
Pro- 

A l l  A1 p+ c e l l s  - no p r e - o x i d a t i o n ,  s i n g l e - s t e p  phos- 

C e l l s  were d i c e d  i n t o  c h i p s  

0 
t 

Defects  were de tec ted  by DLTS ( r e f .  11) by u s i n g  t h e  l o c k - i n  a m p l i f i e r  v e r s i o n  
f t h e  technique ( r e f .  1 2 ) -  
he reg ions  approx imate ly  0.3 t o  3 micrometers below t h e  m e t a l l u r g i c a l  j u n c t i o n  

For b i a s  pu lse  vo l tages  and base r e s i s t i v i t i e s  used, 

c o u l d  be examined. 
recovery technique and deeper l e v e l s  unobservable by DLTS were moni tored by 
capaci tance-vo l tage measurements. 
cm o r  1x2 cm c e l l  p ieces w i t h  t h e  use o f  a Spec t ro lab  s o l a r  s imu la to r .  

M i n o r i t y  c a r r i e r  l i f e t i m e  was measured by a d iode reverse  

Short  c i r c u i t  c u r r e n t  was measured on e i t h e r  1 x 1  

Samples were i r r a d i a t e d  i n  a i r  a t  room tern e r a t u r e  w i t h  1-MeV e l e c t r o n s  t o  
f luences  rang ing  f rom 1.0~1015 t o  1 . 6 ~ 1 0 ~ ~  e-/cm?, measured w i t h i n  one day a f t e r  
i r r a d i a t i o n ,  and s t o r e d  i n  dry ice ,  Lower f luences were used on c e l l s  and on com- 
panion samples f o r  accompanying DLTS scans and m i n o r i t y  c a r r i e r  l i f e t i m e  measure- 
ments. Samples were i s o c h r o n a l l y  annealed t o  100°C i n  a i r  and cont inued t o  about 
425°C i n  a n i t r o g e n  atmosphere f o r  p e r i o d s  o f  e i t h e r  20 o r  30 minutes a t  tempera- 
t u r e .  

RESULTS AND D I S C U S S I O N  

P r i n c i p a l  DLTS peaks i n  i r r a d i a t e d  samples were found t o  be m a j o r i t y  c a r r i e r  
t r a p s  assoc ia ted  w i t h  l e v e l s  a t  E, + 0.21eV ( H l ,  d ivacancy)  , +0.27ev (H2, carbon 
i n t e r s t i t i a l )  , and +0.34eV (H3, carbon complex). A m i n o r i t y  c a r r i e r  t r a p  a t  E,- 
0.26eV ( E l ,  boron complex) was observed f o r  boron-doped, B p+ samples and upon 
annea l ing  a t  15OoC, t h i s  l e v e l  d isappeared and another  m a j o r i t y  c a r r i e r  t r a p  a t  
E, + 0.31eV (H4) emerged. 

n+-p c e l l s  

F i g u r e  1 shows DLTS s p e c t r a  o f  2, 10 and 20 ohm-cm (6.5~1015, 1.4~1015, and 
5 .9~1014 cmm3, r e s p e c t i v e l y )  , gal l ium-doped s i l i c o n  samples i r r a d i a t e d  t o  a f l u e n c e  
o f  5 ~ 1 0 ~ ~ e - / c m 2 .  The t h r e e  dominant m a j o r i t y  c a r r i e r  t r a p s  H1, H2, and H3 a r e  
a t t r i b u t e d  t o  t h e  divacancy ( r e f .  2) ,  carbon i n t e r s t i t i a l  ( r e f .  2) ,  and carbon 
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complexes, r e s p e c t i v e l y .  The i d e n t i t y  o f  these carbon complexes i s  u n c e r t a i n  and 
they  have been descr ibed as a carbon i n t e r s t i t i a l - s u b s t i t u t i o n a l  p a i r  (CI-Cs) i n  
re fe rence 2 and as a vacancy-oxygen-carbon complex (V-0-C) i n  r e f e r e n c e  3. It i s 
apparent t h a t  t h e  ampl i tude o f  H3 i s  g a l l i u m  c o n c e n t r a t i o n  dependent, i n c r e a s i n g  
as t h e  g a l l i u m  conten t  increases. It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  r e l a t i v e  
concent ra t ions  o f  H2 t o  H3 decrease w i t h  i n c r e a s i n g  g a l l i u m  concent ra t ion .  
i n t r o d u c t i o n  r a t e  f o r  H 1  i s  e s s e n t i a l l y  cons tan t  f o r  a l l  t h r e e  sample r e s i s t i v i t i e s .  
It should be noted t h a t  boron-doped samples showed H 1  and H2, b u t  l i t t l e  o r  no 
p r o d u c t i o n  o f  H3. 

The 

Isochronal  anneals f rom 50" t o  100°C i n d i c a t e  t h a t  t h e  g a l l i u m  conten t  
apparent ly  i n f l u e n c e s  t h e  anneal o f  t h e  carbon i n t e r s t i t i a l ,  which disappeared more 
r a p i d l y  i n  t h e  o r d e r  o f  decreas ing r e s i s t i v i t y .  
behav io r  i n  f loa t -zone,  boron-doped s i l i c o n .  Peak H3 grew d u r i n g  t h i s  annea l ing  
sequence, and t h e  l a r g e s t  i n c r e a s e  occur red  i n  t h e  20 ohm-cm samples. 

We have n o t  observed s i m i l a r  

The most dramat ic  example o f  t h e  e f f e c t  o f  g a l l i u m  on annea l ing  behav io r  i s  
g i v e n  i n  f i g u r e  2 which shows t h e  anneal o f  peak H3. The annea l ing  d a t a  were 
normal ized t o  t h e  ampl i tude o f  peak H3 a f t e r  t h e  100°C annea l ing  step. It i s  
c l e a r l y  seen t h a t  peak H3 i n v o l v e d  a t  l e a s t  two d e f e c t s  as an annea l ing  s tage 
centered a t  about 175°C appears and becomes more pronounced w i t h  i n c r e a s i n g  g a l l i u m  
concentrat ion.  Peak H3 may c o n t a i n  a carbon complex, b u t  i t  a l s o  c o n t a i n s  another  
d e f e c t  which i n v o l v e s  g a l l i u m  i n  some way. Cont inu ing t h e  anneal ,  one f i n d s  a 
s i g n i f i c a n t  growth i n  peak H3, again showing a g r e a t e r  f r a c t i o n a l  growth f o r  t h e  
lower  g a l l i u m  concent ra t ion .  
doped f l o a t - z o n e  as w e l l  as cruc ib le-grown,  samples s e p a r a t e l y  prepared from 1 
and 10 ohm-cm s i l i c o n  wafers. 
and a f t e r  t h e  175°C anneal ing stage, and a t  t h e  maximum growth p o i n t  o f  300°C has 
n o t  y e t  been done. 
anneal. The divacancy annealed o u t  a t  250°C t o  300°C. It should be noted t h a t  an 
u n i d e n t i f i e d  m a j o r i t y  c a r r i e r  t r a p ,  sha l lower  than H3, emerged d u r i n g  t h e  anneal a t  
about 200°C and disappeared a f t e r  t h e  400°C step. 

Note t h a t  t h i s  behav io r  was observed i n  o t h e r  g a l l i u m -  

A d e t a i l e d  a n a l y s i s  o f  peak H3 a t  t h e  100°C step,  a t  

E s s e n t i a l l y  complete recovery  i s  achieved a f t e r  t h e  400°C 

Degradat ion and recovery o f  m i n o r i t y  c a r r i e r  l i f e t i m e  was f o l l o w e d  a f t e r  each 
The da ta  f o r  20 ohm- i r r a d i a t i o n  and anneal ing s tep  f o r  a l l  gal l ium-doped samples. 

cm samples a r e  shown i n  f i g u r e  3 which d e p i c t s  t h e  annea l ing  behavior  o f  peak H3, 
t h e  l i f e t i m e ,  and t h e  recovery o f  "deeper l e v e l s "  n o t  observable by DLTS b u t  
moni tored by capaci tance-vo l tage measurements. It i s  noted t h a t  t h e  s u b s t a n t i a l  
growth i n  peak H3 co inc ides  w i t h  t h e  complete anneal o f  t h e  deeper l e v e l s .  L i f e t i m e  
shows no s i g n i f i c a n t  recovery u n t i l  H3 has annealed o u t  a t  t h e  400°C s t e p  a t  which 
p o i n t  i t  recovered t o  about 60 percent  o f  i t s  p r e - i r r a d i a t i o n  value. The recovery 
o f  l i f e t i m e  i n  t h e  2 and 10 ohm-cm, gal l ium-doped samples f o l l o w e d  a s i m i l a r  p a t t e r n .  

i sochrona l  anneals f rom 50°C t o  400°C f o r  t h e  2 ohm-cm, boron-doped s i l i c o n .  
anneal o f  peak H2, a t t r i b u t e d  p r i m a r i l y  t o  t h e  carbon i n t e r s t i t i a l ,  i s  e s s e n t i a l l y  
complete by about 75°C. 
can be g iven a t  t h i s  t ime. The growth o f  H3 i s  ev ident ,  b u t  n o t  s i g n i f i c a n t  u n t i l  
one exceeds 225°C. 
Peak H3 reaches a maximum a t  350°C and anneals o u t  by 400°C. 
observed a f t e r  t h e  150°C anneal and i t  has been suggested t h a t  i t  i s  e i t h e r  a boron- 
oxygen-vacancy (B-0-V) i n  re fe rence 3 o r  a s i l i c o n  i n t e r s t i t i a l  p a i r  ( S i I - S i 1 )  i n  
re fe rence 2. 
Anneal ing behav io r  was found t o  be s i m i l a r  i n  cruc ib le-grown,  boron-doped s i l i c o n .  

F i g u r e  4 shows d e f e c t  annea l ing  da ta  and l i f e t i m e  measurements as a r e s u l t  o f  
The 

No e x p l a n a t i o n  f o r  t h e  r e s i d u a l  which p e r s i s t s  a t  100°C 

No secondary annea l ing  s tage appears as i n  gal l ium-doped samples. 
The peak H4 was f i r s t  

It cont inues t o  grow, peaks a t  350"C, and anneals o u t  a t  400°C. 
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It i s  impor tant  t o  note t h a t  l i f e t i m e  does n o t  recover u n t i l  t he  400°C anneal s tep  
a t  which p o i n t  H3 and H4 are  gone and even then on ly  t o  about 20 percent o f  t h e  
p r e - i r r a d i a t i o n  values. Our l i f e t i m e  measurements on these boron-doped samples 
g i ve  no suggestion o f  a reverse anneal. 

n+-p-p+ c e l l  s 

Figure 5 shows t y p i c a l  DLTS spectra,  taken under i n j e c t i o n  cond i t i ons  
ohm-cm, boron-doped, A1 p+ and B p+ samples i r r a d i a t e d  t o  a f luence o f  1x1015 
e-/cm2. 
( E l )  i n  B p+ and i t s  absence i n  A1 p+ samples. It i s  impor tant  t o  note t h a t  DLTS 
samples o f  bo th  types o f  c e l l s  were well-behaved diodes w i t h  s i m i l a r  dark cu r ren t -  
vo l tage and i n j e c t i o n  c h a r a c t e r i s t i c s .  
s i l i c o n  ingot .  In  s p i t e  o f  being i d e n t i c a l  samples, except f o r  back sur face type  
and processing, on l y  B p+ showed E l .  F igure 5 a l so  shows evidence f o r  peak H3 i n  
bo th  sample types, q u i t e  suppressed i n  A1 p+. 
q u a n t i t i e s  i n  both types. 

o f  10 

The most s t r i k i n g  d i f f e r e n c e  i s  t he  presence o f  a m i n o r i t y  c a r r i e r  t r a p  

Also, c e l l s  had been prepared from the  same 

Peaks H 1  and H2 appear i n  comparable 

The absence o f  a d i s t i n c t  reverse anneal i n  i r r a d i a t e d ,  h igh -pu r i t y ,  boron- 

F igure 6 shows t h e  

doped s i l i c o n  (see f i g .  4) as fo l lowed by l i f e t i m e  measurements w i t h  the  d iode 
reverse recovery technique l e d  t o  a study o f  c e l l  anneal ing behavior. Companion 10 
ohm-cm c e l l s  and DLTS samples were i r r a d i a t e d  simultaneously.  
isochronal  anneal, us ing Jsc measurements, o f  f o u r  types o f  c e l l s  i n c l u d i n g  a 10 
ohm-cm, gall ium-doped c e l l  f o r  comparison. It i s  c l e a r  t h a t  the  A1 p+ and B p+ 
c e l l s  show s i m i l a r  t rends and recovery c h a r a c t e r i s t i c s ,  w i t h  a reverse anneal i n  
t h e  200" t o  300°C reg ion  and v i r t u a l l y  complete recovery a f t e r  anneal ing a t  400°C. 
The 2 ohm-cm c r u c i  b l  e-grown c e l l  behaves s imi  1 a r l y .  The gal  1 i um-doped c e l l  does 
n o t  show the  pronounced reverse anneal and, i n  f a c t ,  recovers i n  t h e  200" t o  300°C 
region. 
( r e f .  13) i n  an extens ive study o f  anneal ing performance o f  s o l a r  c e l l s .  Companion 
DLTS samples showed spect ra s i m i l a r  t o  those presented i n  f i g u r e  7 and de fec t  
anneal ing behavior s i m i l a r  t o  t h a t  shown i n  f i g u r e  8. Although these f i g u r e s  show 
data f o r  more h e a v i l y - i r r a d i a t e d  samples, they  demonstrate t h a t  deeper l eve l s ,  H3, 
and H4 are present i n  s i g n i f i c a n t  concentrat ions du r ing  t h e  reverse anneal exper i -  
enced by the  boron-doped c e l l s .  

General l y  , t h i s  anneal ing behavior i s  s imi  1 a r  t o  t h a t  repor ted  e a r l  i e r  

I n  f i g u r e  7, t y p i c a l  DLTS spect ra f o r  10 ohm-cm, B p+ samples a f t e r  i r r a d i a -  
t i o n  t o  a f luence o f  1 . 6 ~ 1 0 ~ ~ e - / c m 2  and a f t e r  t h ree  representa t ive  anneal ing 
steps are shown. A1 p+ samples gave s i m i l a r  spectra,  except fo r  t h e  absence o f  
E l .  
theses under the  i r r a d i a t i o n  f luence and the  anneal ing temperature. 
spectrum a f t e r  t h e  427°C anneal was taken a t  t e n  t imes grea ter  s e n s i t i v i t y  than 
t h a t  f o r  t he  o ther  th ree  spectra. 
appears. The prominent peaks observed a f t e r  i r r a d i a t i o n  a re  i d e n t i c a l  t o  those 
obta ined f o r  t he  more 1 i g h t l y - i  r r a d i a t e d  B p+ shown i n  f i g u r e  5. 
anneal out ,  a new generat ion o f  de fec ts  appears i n  lower concentrat ion.  A t  177"C, 
H2 i s  gone, H3 has grown, and H4 has come i n  a t  a temperature associated w i t h  t h e  
disappearance o f  E l .  H1 i s  s t i l l  present i n  i t s  p o s t - i r r a d i a t i o n  concentrat ion.  
A t  355°C l i f e t i m e  begins t o  show recovery and i t  i s  impor tant  t o  no te  t h a t  capaci-  
tance-vol tage measurements show t h a t  deeper l e v e l s  have now annealed out. 
spectrum shows a l o s s  i n  H3 and t h e  appearance o f  small q u a n t i t i e s  o f  u n i d e n t i f i e d  
defects ,  H5 and H6. 

The f r a c t i o n a l  o r i g i n a l  m i n o r i t y  c a r r i e r  l i f e t i m e  ( T / T ~ )  i s  g iven i n  paren- 
Note t h a t  t h e  

Each given peak i s  labe led  once as i t  f i r s t  

When these 

The 

A t  427"C, t h e  spectrum a t  g rea ter  s e n s i t i v i t y  shows the  l o s s  
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o f  e s s e n t i a l l y  a l l  o f  the  i n i t i a l  rad iat ion-produced de fec ts  and t h e  presence o f  
add i t i ona l ,  u n i d e n t i f i e d  H7, H8, and H9 defects .  
s t a n t i a l  recovery i n  t h i s  boron-doped sample. Other boron-doped samples have 
shown as much as 30 percent recovery a t  t h i s  temperature. 

L i f e t i m e  has begun t o  show sub- 

F igure 8 shows the  anneal ing behavior o f  defects  in t roduced by i r r a d i a t i n g  
10 ohm-cm, B p+ samples t o  a f luence o f  1.6~1016 e-/cmz. Except f o r  t h e  absence o f  
E l  and smal ler  product ion o f  H3, de fec ts  i n  10 ohm-cm, A1 p+ samples showed s i m i l a r  
anneal ing behavior f o r  t h i s  f luence. The t o t a l  rad iat ion- induced de fec t  concentra- 
t i o n  f o r  each p+ type i s  nea r l y  t h e  same and est imated t o  be about 4x1014 cm-3 f o r  
these samples. 

CONCLUDING REMARKS 

We have observed s i g n i f i c a n t  d i f f e rences  i n  the  de fec t  product ion and anneal- 
i n g  behavior o f  f loa t -zone s i l i c o n ,  comparably doped w i t h  ga l l i um and boron. 
recovery o f  Jsc i n  l i m i t e d  anneal ing s tud ies  o f  ga l l i um-  and boron-doped s i l i c o n  
s o l a r  c e l l s  r e f l e c t s  some o f  these d i f fe rences .  

The 

I n  n+-p-p+ samples, a m i n o r i t y  c a r r i e r  t r a p  loca ted  a t  E, - 0.26eV was observ- 

There may be s u f f i c i e n t  oxygen i n  these samples t o  produce t h e  BI-01 complex 

ed i n  those w i t h  a B p+ back, bu t  no t  observed i n  those w i t h  an A1 pt  back surface. 
The d i f f e rences  i n  processing o f  these c e l l s  does in t roduce oxygen i n t o  t h e  B p+ 
c e l l s .  
suggested i n  re ference 3. We c l e a r l y  observed the  m i n o r i t y  c a r r i e r  t r a p  i n  c r u c i b l e -  
grown s i l i c o n ,  comparably doped w i t h  boron. 
m i n o r i t y  c a r r i e r  t r a p  o r  n o t  i n  n -p-p+ samples, E, + 0.31eV grows in ,  
and A1 p+ show t h e  i n f l uence  o f  t h i s  growth i n  the  reverse anneal. 

Regardless o f  whether we observe t h e  
Both 8 p+ 

Add i t iona l  study i s  needed on diodes fab r i ca ted  from f loat -zone,  boron-doped 
s i l i c o n  which i s  o f  h igh  p u r i t y  and low carbon content.  Diodes should be f a b r i c a t -  

n a c a r e f u l l y  ntroduced i n  processing o r  in t roduced ed such t h a t  oxygen i s  no t  
c o n t r o l  l e d  manner. 
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F i g u r e  1. DLTS spec t ra  of 1-MeV e l e c t r o n - i r r a d i a t e d ,  f l o a t  zone 
s i l i c o n  a t  var ious  g a l l i u m  doping l e v e l s .  
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Figure  2. Isochronal  anneal o f  t h e  carbon- re la ted  peak H3) i n  a l l i u m -  
doped s i l i c o n  i r r a d i a t e d  w i t h  1-MeV e l e c t r o n s  (5x10 15  e-/cm 3 ) .  
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Figure 3. Isochronal anneal o f  t h e  carbon-related peak (H3) i n  1-MeV 
e lec t ron  i r r a d i  a ted (5x1015 e-/cm2) 20 ohm-cm gal 1 i um-doped 
s i l i c o n  as wel l  as anneal o f  deep l e v e l s  and recovery o f  l i f e t i m e .  
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Figure 4. Isochronal anneal o f  1-MeV e l e c t r o n  i r r a d i a t e d  (5x1015 e/cm2) 
2-ohm-cmY boron-doped s i l i c o n  showing behavior o f  t h ree  peaks (H2, 
H3, and H4) and recovery o f  l i f e t i m e .  
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Figure  5. Comparison o f  DLTS spec t ra  o f  e l e c t r o n - i r r a d i a t e d  A1 p+ and 
6 p+ back sur face  samples f rom n+-p-pf c e l l s .  
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Figure  6. Isochronal  anneal o f  s h o r t  c i r c u i t  c u r r e n t  (Jsc) i n  e l e c t r o n -  
i r r a d i a t e d ,  s i l i c o n  s o l a r  c e l l s .  Crucible-grown c e l l  i s  2 ohm-cm. 
A l l  o t h e r  c e l l s  a r e  10 ohm-cm. 
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Figure 7. Typical  DLTS spect ra o f  boron-doped, B p+ s i l i c o n  c e l l s  a f t e r  
e l e c t r o n  i r r a d i a t i o n  and several  anneal ing steps. The f r a c t i o n a l  
p r e - i r r a d i a t i o n  1 i f e t i m e  i s  given i n  parenthesis.  
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TEMPERATURE, "C 

Figure  8. Isochronal  anneal o f  p r i n c i p a l  d e f e c t s  and o f  deeper l e v e l s  
i n  e l e c t r o n - i r r a d i a t e d ,  boron-doped s i l i c o n .  
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C O L D  CRUCIBLE CZOCHKALSKI FOR SOLAR CELLS 

T e r r y  M. Trumble  
Air  F o r c e  Wright  Aeronau t i ca l  Labora to r i e s  

Wright -Pa t te rson  Air  F o r c e  Base,  O h i o  

INTRODUCTION 

The efficiency and radiation resistance of present silicon solar cells are a 
f'unction of the oxygen and carbon impurities and the boron doping used to provide 
the proper resistivity material. 
grow single crystal silicon contaminates the silicon stock material due to the use 
of a quartz crucible and graphite components. The use of a process which replaces 
these elements with a water cooled copper to crucible has provided a major step in 
providing gallium doped (100) crystal orientation, low oxygen, low c rbon, silicon. 
This paper provides a discussion of the Cold Crucible Czochralski (C Z) process 
and recent Float Zone (FZ) developments. 

The standard Czochralski (CZ) process used to 

3 

PROGRAM GOALS 

The goal of this program is to provide high efficiency, low cost, radiation re- 
sistant solar cells by providing high purity, low dislocation count, single crys- 
tal silicon. The two major iygurities to be removef6are carbon and oxygen with a 
maximum concentration of 1x10 for oxygen and 5x10 for carbon. Minority carrier 
lifetime should be 100 microseconds or greater f o r  1 ohm-cm material. Solar cell 
performance goals are 18% efficiency (AMO) at 25'C wi$J$ 15%2end of life efficiency 
at 25OC after exposure to an electron fluence of 1x10 e/cm at 1 MeV. 

APPEOACH 

The standard Czochralski method is a well proven process for growing several 
million kilograms of silicon a year. The major drawback of this process is due to 
the contamination of the melt from the quartz crucible. The crucible contributes 
boron, aluminwphosphorous and oxygen contaminants tg the melt along with other 
minor constituents. The Cold Crucible Czochralski ( C  Z) eliminates this problem 
by replacing the quartz crucible with a water cooled copper crucible (fig. 1). A 
very pure silicon charge is placed in the copper crucible and subsequently heated 
using a susceptor. Once the silicon begins to melt, the W field couples into the 
silicon to complete the melt. The RF field then levitates the silicon away from 
the water cooled fingers as shown in figure 2. A seed crystal is brought in con- 
tact with the surface of the melt, and after adhering to the liquid silicon, the 
rotating crystal is drawn up out of the melt and the single crystal silicon allowed 
to solidify. The ( L O O )  crystal growth is based upon the orientation of seed crystal. 
The diameter and dislocation count are a function of the thermodynamic exchanges 
between the single crystal rod, the turning and pulling rate and the frequency and 
power in the RF field. 
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PROGRESS 

As early as September 1980, moderate success in growing a 1" diameter (100) 
single crystal was achieved. It was approximately 1800 ohm-em p-type that twinned 
in the neck region, producing $n osientation slightly pff (111). Maximum disloca- 
tion densities were about 5x10 /cm in the2center and 6dO5 at the edge. 
densities were further reduced to 5x10 /cm at 
the center of the seed end. Dislocations are linear imperfections in crystal lat- 
tices associated with extraneous, missing or warped planes of atoms. The program 
is oriented toward the growth of three resistivities, C.l, 1.0 and 10.0 ohm-em so 
that gallium doped pure silicon can be properly evaluated. Initial attempts to grow 
10 ohm-em material resulted in an 8 ohm-centimeter crystal with a resistivity varia- 
tion of +3, -6% over a 5 em long crystal. Refinements in the crystal growth process 
made it possible to more accurately dope the crystals on subsequent runs. 

D%locptjon 4 at the edge ar,d as low as 6xioL/cm 

Recently, 3 crystals of 2.54 em diameter were grown from a 350 gm charge in 
2.5 em to 3.3 em lengths. Good single crystals were grown at resistivities of TOO 
ohm-em and 1 5 U O  ohm-cm (p-type j . 

Presently, wafers sliced from 0.1, 1.0 and 10 ohm-centimeter material are being 
made into solar cells. Additional wafers are being analyzed by FTIR to determine 
the amount of oxygen, carbon and gallium in the material. Table 1 shows two typical 
gallium doped wafers which are presently being evaluated. 

Recently, studies have been conducted with single pass FZ and regular CZ 
silicon material made into N+/P solar cells. Low resistivit cell made with 
boron or gallium doping were irradiated at a fluence of 1x10 
exposed to photon radiation for 10 hours. 
solar cells,P/P,was 0.728, for the gallium doped cells it was 0.818 which confirms 
the fact that gallium doped pure silicon is better than boron doped silicon. 

Y4 2 e/cm at 1 MeV and 
For the 2 ohm-centimeter boron doped 

FUTURE WORK 

3 Although it was possible to make 2.54cm diameter C Z silicon, hardware prob- 
lems caused by RF arcing, hardware design, and other system unknowns caused recon- 
sideration of redesigning the system for 6.3cm diameter silicon. During the past 
year, an AFWAL Material Laboratory Manufacturing Technology program to Hughes In- - 

3 
dustrial Products Division has resulted in the ability to manufacture vacuum FZ 
in large quantities at reduced costs. This success spurred an effort to replace C Z 
by 3 pass FZ and start with extremely pure polysilicon rods costing upwards of $750 
per kilo. From this material 0.1, 1.0 and 10 ohm-cm (100) crystals will be grown. 

Wafers will be analyzed by conventional methods to determine oxygen and carbon 
content, gallium distribution, dislocation count, resistivity, mobility and radia- 

2 tion damage. using 
IV curves and will be subsequently radiation tested at fluences up to lx10p5 e/cm 
at 1 MeV. 

Solar cells made from additional wafers will be characterize 
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CONCLUSIONS 

3 The gallium doped C Z or FZ material could be a mission enabling technology. 
Gallium arsenide solar cells with 17% to 18% BOL efficiencies will not be available 
in production quantities until the 1985-1986 time period. 
efficient silicon solar cell with a 9% EOL efficiency due to radiation damage cannot 
be expected to provide the longer life in high radiation orbits without costly re- 
placement of satellites. 

Until then, the 13.5% 
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Crystal  No. 

Nominal R e s i s t i v i t y  

Ty Pe 

Dopant 

Growth Date 

Folysi 1 icon Lot 

Poly Data: 

Boron 

Donors 

Crystal  Diameter 

TABLE 1 

COLD C R U C I B L E  GROWN CRYSTALS 

CC 814901 

1.0 ohm-cm 

P 

Ga 

12-9-81 

CB021199 

.06 ppb 

.25 ppb 

0.6 inches 

CC 815001 

10 ohm-cm 

P 

Ga 

12-18-81 

CB021199 

.06 ppb 

.25 ppb  

0.3 t o  0 .8  inches 

Length (Approx.) 2 .7  inches 1 inch 

R e s i s t i v i t y  vs. Distance 
From Seed (cm) 

1 .951 ohm-cm 11.7 ohm-cm 

2 ,848 12.6 

3 .856 

P i s loca t ion  Density ( t o  be determined) 
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COLD CRUCIBLE CZOCHRALSKI CRYSTAL GROWTH 
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Figure  2 
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MICRODISTRIBUTION OF OXYGEN I N  SILICON A N D  ITS 
E F F E C T S  O N  E L E C T K O N I C  PROPERTIES* 

H.C. Catos, B.-Y. Mao, K. N a u k a ,  a n d  3. L a g o w s k i  
M a s s a c h u s e t t s  I n s t i t u t e  of Technology 

Lexington ,  M a s s a c h u s e t t s  

ABSTRACT 

The e f f e c t s  of i n t e r s t i t i a l  oxygen on t h e  e lec t r ica l  c h a r a c t e r i s t i c s  of 
Czochralski-grown s i l i c o n  c r y s t a l s  w e r e  i nves t iga t ed  f o r  t h e  f i r s t  t i m e  on a micro- 
scale. It w a s  found t h a t  t h e  genera t ion  of thermal  donors i s  no t  a d i r e c t  func t ion  
of t h e  oxygen concent ra t ion .  It w a s  f u r t h e r  found t h a t  t h e  minor i ty  carrier l i f e -  
tfme decreases  wi th  inc reas ing  oxygen concent ra t ion ,  on a microsca le  i n  "as-grown'' 
c r y s t a l s .  It w a s  t hus  shown, aga in  f o r  t he  f i r s t  t i m e ,  t h a t  oxygen i n  "as grobm" 
c r y s t a l s  i s  not  e l e c t r o n i c a l l y  i n e r t  as gene ra l ly  be l ieved .  Preanneal ing a t  1200°C 
commonly employed i n  device f a b r i c a t i o n ,  w a s  found t o  suppress  the  donor genera t ion  
a t  450°C and t o  decrease t h e  deep l e v e l  concent ra t ions .  

INTRODUCTION 

Oxygen, i n v a r i a b l y  p re sen t  i n  Czochralski-grown c r y s t a l s ,  i s  a most undes i rab le  
impur i ty ,  as i t  has  no t  only adverse ,  bu t  a l s o  unpredic tab ly  complex e f f e c t  on S i  
devices  ( r e f .  1). 

I n t e r s t i t i a l  oxygen i n  Ifas grown" c r y s t a l s  has been gene ra l ly  considered t o  be 
e l e c t r o n i c a l l y  i n e r t .  Upon h e a t  t reatment  a t  450"C, i t  becomes e l e c t r o n i c a l l y  
active and l eads  t o  the  genera t ion  of donors which have been a t t r i b u t e d  t o  t h e  
formation of S i - 0  complexes ( r e f .  2 ) .  The concent ra t ion  of t hese  donors has  been 
re1at:ed d i r e c t l y  t o  t h e  oxygen concent ra t ion  ( r e f .  3 ) .  These donors can be annihi-  
l a t e d  a t  h ighe r  temperatures.  Eventual ly  prolonged hea t  t reatment  a t  temperatures  
exceeding 1000°C l eads  t o  mic roprec ip i t a t e s  of S i 0  ( r e f .  4 ) .  

X 

I n  our s t u d i e s  we have developed techniques f o r  t h e  d i r e c t  comparison of 
oxygen concent ra t ion  and thermally a c t i v a t e d  donors on a microsca le  ( r e f .  5 ) .  Most 
r e c e n t l y  w e  developed a technique f o r  determining t h e  minor i ty  c a r r i e r  l i f e t i m e  on 
a microscale ,  and thus  t h e  means of comparing d i r e c t l y  t h e  oxygen concent ra t ion  t o  
t h e  l i f e t i m e .  W e  have found t h a t  t h e  thermally a c t i v a t e d  donors are not  n e c e s s a r i l y  
a d i r e c t  func t ion  of t he  oxygen concent ra t ion .  More impor tan t ly ,  w e  found t h a t  
i n t e r s t i t i a l  oxygen o r  oxygen i n  "as grown" c r y s t a l s  is  no t  e l e c t r o n i c a l l y  i n e r t ,  
bu t  i t  has  a pronounced e f f e c t  on t h e  minor i ty  carrier l i f e t i m e .  Furthermore, h e a t  
t rea tments  do n o t  j u s t  c o n t r o l  t h e  donor Concentrat ion,  bu t  cause complex e l e c t r o n i c  
i n t e r a c t i o n s  wi th  d i r e c t  imp l i ca t ion  t o  S i  devices ,  i nc lud ing  photovol ta ics .  

EXPERIMENTAL 

Czo r a l  ki-grown B-doped (%1015cm-3) c r y s t a l s  w i th  an oxygen concent ra t ion  of €b -9 about: 10 cm w e r e  employed f o r  t h e  s tudy of t h e  e f f e c t s  of oxygen concent ra t ion  o r  
oxygen concent ra t ion  v a r i a t i o n s  on the  e l e c t r o n i c  p r o p e r t i e s .  Longi tudina l  slices 
of S i  w e r e  employed, s i n c e  pronounced oxygen concent ra t ion  v a r i a t i o n s  are p resen t  
* 
This  work w a s  supported by NASA L e w i s  Research Center ,  Grant No. NSG 3017. 
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along t h e  growth d i r e c t i o n  ( r e f .  6 ) .  On t h e  o t h e r  hand, t h e  e f f e c t s  of h e a t  treat- 
ment on energy l e v e l s  w i t h i n  t h e  energy gap w e r e  i n v e s t i g a t e d  on slices c u t  perpen- 
d i c u l a r  t o  t h e  growth d i r e c t i o n  i n  which t h e  oxygen concent ra t ion  v a r i a t i o n s  are 
r e l a t i v e l y  s m a l l .  

Oxygen mic ropro f i l e s  w e r e  ob ta ined  w i t h  scanning I R  absorp t ion  ( r e f .  7) and 
carrier concent ra t ion  p r o f i l e s  w i t h  h igh  r e s o l u t i o n  spreading  r e s i s t a n c e  measurements. 

L i fe t ime and oxygen concent ra t ion  mic ropro f i l e s  w e r e  ob ta ined  wi th  a newly deve- 
loped double laser arrangement as shown i n  Fig. 1. The CO laser (9.17 pm wavelength) 

w a s  employed f o r  ob ta in ing  a t r a n s m i s s i v i t y  p r o f i l e  from wnich t h e  oxygen concentra- 
t i o n  p r o f i l e s  could be  determined. A second t r a n s m i s s i v i t y  prof i le--over  t h e  iden- 
t i c a l  area--was obta ined  employing both t h e  CO2 laser and a YAG laser (10.6 um wave- 
l eng th ) .  This  t r a n s m i s s i v i t y  p r o f i l e  r e f l e c t e d  t h e  v a r i a t i o n  of excess  carriers 
(generated by t h e  YAG l a s e r )  superimposed t o  t h e  v a r i a t i o n s  of oxygen concentrat ion.  
By s u b t r a c t i n g  t h e  con t r ibu t ion  of t h e  oxygen absorp t ion  from the  composite t r ans -  
m i s s i v i t y  p r o f i l e  we  obtained t h e  v a r i a t i o n  of t h e  excess carrier concent ra t ion .  
Since t h e  i n t e n s i t y  of YAG laser, I ,  w a s  maintained cons tan t  from t h e  v a r i a t i o n  i n  
excess  carrier concent ra t ion ,  An, t h e  v a r i a t i o n  i n  carrier l i f e t i m e ,  T, could be 
d i r e c t l y  determined, s i n c e  

2 

An = ( l - R ) 1 ~  

where R i s  t h e  r e f l e c t i v i t y  c o e f f i c i e n t .  

Energy levels w e r e  determined by Ha l l - e f f ec t  measurements as a func t ion  of 
temperature  and by deep level t r a n s i e n t  spectroscopy,  DLTS. 

RESULTS AND DISCUSSION 

I n  previous communications ( r e f .  5)  w e  r epor t ed  t h a t  oxygen concent ra t ion  vari- 
a t i o n s  (on microsca le)  are no t  d i r e c t l y  r e l a t e d  t o  t h e  thermally a c t i v a t e d  donor 
concent ra t ion  v a r i a t i o n s ,  and it  has  been shown t h a t  microdefects  p l ay  an important  
r o l e  i n  the  gene ra t ion  of thermal  donors. The a n a l y s i s  of t hese  r e s u l t s  i s  sum- 
marized i n  Fig. 2. 
f i l e s  of oxygen and thermal  donor concent ra t ions  ( r e f .  5b).  The l i n e  r ep resen t s  t h e  
proposed dependence of thermal  donor concent ra t ion  on t h e  f o u r t h  power of oxygen 
concent ra t ion  ( r e f .  3). It is seen  t h a t  measurements on a microsca le  do n o t  support  
t h i s  dependence and t h a t  macroscale measurements do l e a d  t o  erroneous conclusions.  

The exper imenta l  p o i n t s  w e r e  ob ta ined  from numerous micropro- 

It has been gene ra l ly  assumed t h a t  oxygen i n  "as grown" S i  c r y s t a l s  i s  elec- 
For obvious reasons ,  c r i t i ca l  t e s t i n g  of t h i s  assumption could t r o n i c a l l y  i n e r t .  

no t  be c a r r i e d  out  on t h e  b a s i s  of macroscale measurements. However, employing 
double laser scanning I R  absorp t ion  revea led ,  f o r  t h e  f i r s t  t i m e ,  t h a t  indeed oxygen 
i s  e l e c t r o n i c a l l y  active, as seen  i n  Fig. 3. It is  seen  t h a t  t h e  minor i ty  carrier 
l i f e t i m e ,  determined as o u t l i n e d  above, i s  s i g n i f i c a n t l y  a f f e c t e d  by oxygen. Maxima 
i n  t h e  l i f e t i m e  correspond t o  minima i n  oxygen absorp t ion  ( i . e . ,  i n  oxygen concen- 
t r a t i o n ) .  

These r e s u l t s  are very  s u r p r i s i n g ,  as they  i n d i c a t e  t h a t  i n t e r s t i t i a l  oxygen 
cannot as y e t  be understood on a t h e o r e t i c a l  b a s i s .  It must, t hus ,  be assumed, a t  
t h i s  t i m e ,  t h a t  oxygen-Si o r  oxygen-point d e f e c t  complexes are p resen t  a long wi th  
t h e  i n t e r s t i t i a l  oxygen spec ie s .  
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A t t e m p t s  w e r e  made t o  s tudy  t h e  l i f e t i m e  v a r i a t i o n s  on a microsca le  a f t e r  450°C 
hea t  t reatment .  However, a pronounced o v e r a l l  decrease i n  t h e  l i f e t i m e  made t h e  
de te rmina t ion  of i t s  v a r i a t i o n s  e s s e n t i a l l y  impossible .  

Thus, a series of experiments w e r e  i n i t i a t e d  t o  determine t h e  e f f e c t s  of 
h e a t  t rea tment  a t  va r ious  temperatures  (300 t o  750OC) on t h e  l i f e t i m e  employing 
macroscale measurements. Prel iminary r e s u l t s  showed t h a t ,  i n  gene ra l ,  t h e  l i f e t i m e  
decreases  wi th  inc reas ing  anneal ing temperature. However, f o r  a given annea l ing  
temperature t h e  l i f e t i m e  va lues  va ry  s i g n i f i c a n t l y  as a func t ion  of l i f e t i m e  measure- 
ment temperature  (10 t o  300 K) .  Apparently, recombination c e n t e r s  of a d i f f e r e n t  
n a t u r e  are in t roduced  a t  t h e  va r ious  h e a t  t rea tment  temperatures.  Work is being 
pursued t o  determine t h e  c h a r a c t e r i s t i c s  of t h e  va r ious  recombination c e n t e r s  and 
w i l l  be  repor ted  i n  a f u t u r e  communication. 

I n  another  series of experiments t h e  e f f e c t s  of preanneal ing a t  1200°C f o r  
30 minutes on subsequent low temperature  anneal ing and on t h e  deep levels i n  S i  were 
inves t iga t ed .  This  type  of preanneal ing is  usua l ly  employed p r i o r  t o  device  f a b r i -  
ca t ion .  The r e s u l t s  of t h e s e  experiments are shown i n  f i g u r e s  4 ,  5 ,  and i n  Table I. 

It i s  seen  i n  Fig. 4 t h a t  preanneal ing decreases  t h e  rate of thermal  donor 
genera t ion  a t  450°C. 
without  preannea l ing ,  does no t  t ake  p l ace  upon preanneal ing,  even a f t e r  hea t  treat- 
ment f o r  200 h r s .  

I n  f a c t ,  conversion from n- t o  p-type, which t akes  p l ace  

I n  an a t t e m p t  t o  c l a r i f y  t h e  r o l e  of high temperature preanneal ing,  t h e  deep 
l e v e l  concent ra t ions  w e r e  determined i n  "as growntt c r y s t a l  segments and preannealed. 
A s  seen  i n  Fig.  5 ,  two d i s t i n c t  acceptor  deep leyels w e r e  observed i n  "as grown" S i .  
The concent ra t ion  of t hese  l e v e l s  decreased s i g n i f i c a n t l y  upon preannea l ing ,  as 
shown i n  Table I ,  i n d i c a t i n g  t h a t  t hese  levels do not  o r i g i n a t e  i n  impuri ty  atoms, 
bu t  r a t h e r  i n  impuri ty  atom-point d e f e c t  complexes. Although t h e  r e l a t i o n s h i p  
between t h e  r e s u l t s  of Fig. 4 and Table I i s  no t  c l e a r  a t  p r e s e n t ,  i t  p o i n t s  t o  
the  conclusion t h a t  t h e  thermal donor genera t ion  i s  a po in t  de fec t - a s s i s t ed  process .  

I n  summary, oxygen i n  ''as grown'' S i  o r  upon hea t  t r ea tmen t s ,  employed i n  
device processing,  has  pronounced e f f e c t s  on e l e c t r o n i c  p r o p e r t i e s  c o n t r o l l i n g  
device  performance. 
wi th  po in t  d e f e c t s  o r  po in t  d e f e c t  complexes. I d e n t i f y i n g  t h e  n a t u r e  and achieving 
c o n t r o l  of t h e s e  i n t e r a c t i o n s  should prove of paramount importance i n  opt imizing 
device performance and s t a b i l i t y .  

These e f f e c t s  appear t o  be  t h e  r e s u l t  of oxygen i n t e r a c t i o n s  
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TABLE I. - DEEP ACCEPTOR LEVELS I N  S i  AND THE EFFECT OF PREANNEALING AT 1200°C FOR 
30 MINUTES 

Sample 0.19 e V  0.43 e V  

A 2.4 x 10 1.2 x 10 11 

11 A s  Grown 
A’ 2.7 x 10 l1 1.2 x 10 

10 B 7.2 x 10 lo 7.2 x 10 

B’ undect ab 1 e undect ab l e  
Preanneal ing 
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Figure 1. Schematic representation of double laser scanning absorption. 

0 0 0  0 0 0 3  

0 O O  

O O  

0 

1.5 !015 

I x ioi5 

5 x 1014 

2 x lot4 Y 
0 

O A  

0 O O  y o  i 0 

J 
0 0 0  

/ o  

0 0 

I ioi4 - 0  I I I I I I 
1~10'~ 1.1 xIO'* 1.2x10i8 1.3~10'~ 1.4~10'~ 1.5~10'~ 1.6~10'~ 1.7~10'~ 

Figure 2. Thermal donor concentrations activated by heat treatment at 450°C 
for 4 hrs as a function of oxygen concentration. Straight line represents 
proposed relationship between thermal donor and oxygen concentrations 
(ref. 3). 
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Var ia t ion  of oxygen concent ra t ion  (C02 laser absorp t ion)  and 
as a func t ion  of d i s t a n c e  along t h e  growth d i r e c t i o n  ( see  t e x t ) .  

c 
E 
0 

c 
- 1015, 
P I -I- 

a 

~ 

I U  - 

IO0 IO' IO2 103 
Annealing time ( h r s )  

Figure 4. Carrier concent ra t ion  as a func t ion  of annea l ing  t i m e  a t  450'C 
0 "as grown" S i ;  o preannealed a t  120OoC f o r  30 minutes. 
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Figure 5. DLTS spectrum of "as grown" Si. 
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EFFECTS OF INJECTION CHARGE DISTRIBUTION ON THE PERFORMANCE 
OF RADIATION DAMAGED, HIGH KESISTIVITY CELLS 

I. Weinberg, C. Goradia", and C.K. S w a r t z  
NASA Lewis  Resea rch  C e n t e r  

Cleveland,  Ohio  

Extended Abstract 

Previous results indicate that, contrary to expectations, for sufficiently 
high cell base resistivities, the radiation resistance of silicon solar cells 
decreases as cell resistivity increases (ref. 1). This result was observed 
for n'pp' cells of 84 and 1250 n-cm base resistivities, the data being 
analyzed using a theory valid only under open circuit conditions (ref. 2). 
From this a qualitative argument was presented to show that the increased 
degradation was due primarily to an increased voltage drop in the cells' base 
region (ref. 1). In the present case we use an analytical model, valid over 
all cell voltages, to place our previous qualitative conclusions on a firmer 
quantitative basis. Since loss of conductivity modulation is attributable to 
the behavior of the base injected charge distribution (ref. 3), we pay partic- 
ular attention to this factor in our present treatment of the data. 

Normalized maximum power as a function o f  fluence, after irradiation by 1 
MeV electrons, is shown in figures 1 and 2. Also shown in figure 1 are the 
data for a 10 n-cm silicon cell with BSF (ref. 4). From both figures it is 
readily seen that in the resistivity range shown, as cell base resistivity in- 
creases the radiation induced degradation increases. This is the reverse of the 
behavior usually observed for cells in the lower resistivity ranges (ref. 4). 

are lower than the injected minority carrier concentrations at air mass zero. 
Hence, the usual low injection models do not apply. For this reason, we have 
developed a model, valid for both high and low injection levels, to use in 
treating the present data. Additional details have been presented in a pre- 
vious publication (ref. 5). The model takes into account nonuniform optical 
carrier generation, band gap narrowing, generation, and recombination in the 
n'p space charge region, wave1 ength-dependent ref 1 ect ion coefficients, and 
ohmic and Dember voltage contributions in the base region. 

Base majority carrier concentrations, in the present unirradiated cells, 

Schwartz et al. (ref. 3) have shown the importance of the base minority 
carrier distribution as a factor in cell degradation under high injection 
conditions. Calculations for a BSF cell under these conditions show that, 
with increasing cell current, the injected carrier concentration at the back 
junction decreases, with the region of low concentration progressively 
extending toward the front junction (ref. 3). In the present case, a similar 
situation holds for the high resistivity cell as diffusion length decreases 
with fluence (fig. 3).At the lower fluences the cell of figure 3 is in high 
injection. With increased fluence, the injected carrier concentration 
decreases, and portions of the cell near the back junction are in low 

*Dept. of Electrical Engineering, Cleveland State University, Cleveland, Ohio. 



injection. As the injected carrier concentration is lowered, the ohmic 
voltage drop across the cells' base region is anticipated to contribute 
significantly toward cell degradation. However, as cell thickness decreases, 
the diffusion lengths are still large enough, compared with cell thickness, 
that one does not encounter the gradient of injected carrier concentration 
seen in figure 3 .  This is illustrated in figure 4 for the thinnest higher 
resistivity cell. In this case, although the injected carrier concentration 
is higher than the base concentration, the cell base resistivity is still high 
enough to contribute a significant ohmic drop in the cells' base region. 
Behavior of the injected carrier concentration for the thicker 84 a-cm cell 
is shown in figure 5. In this case the cell is near the high injection 
condition at low fluence, the entire cell being in low injection at the higher 
fluences. 
cells except the 10 a-cm cell of figure 1. 
calculating components of the cell output voltage V where 

Similar calculations of charge densities were carried out for all 
These served as the basis for 

where V1 and V2 are the front and rear junction voltages, VDEM is the Dember 
potential, Vohmic is the ohmic voltage drop across the cells' base region and 
I R s  is the remaining series resistance voltage drop due to cell components oth- 
er than the base. The computed voltage drops are shown in figures 6 and 7 for 
the thicker cells of both resistivities. The ohmic drop is seen to be the dom- 
inant factor in degradation of the higher resistivity cell. 
ohmic contribution diminishes with decreased cell resistivity but remains a 
significant factor in the thicker low resistivity cell. As shown i n  figure 8, 
this component diminishes with cell thickness. but is still significant in the 
thinner high resistivity cell, and is nontrivial in the thinner lower resistiv- 
ity cell. 

As expected, the 

The present results indicate that as cell resistivity increases, the base 
injected minority carrier distributions, leading to lack of conductivity mod- 
ulation, are increasingly significant factors in radiation-induced cell degra- 
dation. Although, for the cells presented here, degradation increases with 
increased resistivity, cells of lower resistivity show decreased degradation 
with increased resistivity (ref. 4). Thus, there appears to be a trade-off 
between decreased radiation-induced degradation due to decreased dopant con- 
centration and the degrading effects of ohmic voltage drops. 
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Figure 3. - Injected carrier concentration in cell's base region a t  Pmax. 
p = 1250 n-cm; thickness = 250prn. 
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Figure 4. - Injected carrier concentration in cell's base region at Pmax. 
p = 1250 n-cm, thickness = 61 pm. 
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Figure 5. - Injected carrier concentraticn in cell base. p = 84 n-cm; 
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Figure 6. - Voltage components at Pma,. P = 1250 n-cm, t = 250 urn. 
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Figure 7. - Voltage components at PmaX.  P = 84 n-cm; t = 250 vm. 
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Figure 8. - Ohmic voltage component - all cells. 
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Figure 1. - Normalized maximum power versus 1-MeV electron fluence for high 
resistivity n+pp++ cells. Cell thickness, 101 to 305 urn. 
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RADIATION DAMAGE A N D  ANNEALING I N  LARGE AREA n'/p/p' 
G a A s  SHALLOW HOMOJUNCTION SOLAR CELLS 
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NASA Lewis  Resea rch  C e n t e r  

Cleveland,  Ohio  

and  

John C.C. F a n  
Lincoln La bora  t or y 

Massachuse t t s  In s t i t u t e  of Technology 
Lexington, Massachuse t t s  

SUMMARY 

Annealing o f  radiat ion damage has been observed f o r  the f i r s t  time in 
VPE-grown, 2- by 2-cm, n + / p / p +  GaAs shallow homojunction so lar  c e l l s .  
t r i c a l  performance of several c e l l s  was det  mined as a function of 1-MeV 
electron fluence in the range of t o  IOf5 e-/cm2 and as a tunction of 
thermal annealing time a t  various temperatures. Degradation of normalizeu 
power output a f t e r  a f luence of 1015 1-MeV 
24 t o  31 percent o f  i n i t i a l  maximum power. 
aegradation was limited t o  the range from 10 t o  19  percent of preirradiated 
values. Thermal annealing was carr ied o u t  in a flowing nitrogen gas ambient, 
w i t h  annealing temperatures spanning the range from 125O t o  200" C. Substan- 
t i a l  recovery of short  c i r c u i t  current was observed a t  tempertures as low as 
175" C.  In one case improvement by as much as 10 percent o f  the  post i r radi-  
cted value was observed. The key fea tures  of these c e l l s  are  t h e i r  extremely 
th in  erni t t e r  layers (approximately 0.05 urn) ,  the absence of any Al,Gal_,As 
passivating window layer,  and t h e i r  fabr icat ion by vapor pnase epitaxy. 

Elec- 

electrons/crr? ranged from a low of 
Normalizeu short  c i r c u i t  current 

INTRODUCTION 

The GaAs shallow homojunction so lar  c e l l  ( r e f s .  1 and 2 )  i s  a poten t ia l ly  
superior s t ruc ture  f o r  space applications.  Among the fea tures  of the  c e l l  
which contr ibuie  t o  such performance a re  (1) the extremely th in  (0.05 p m ) ,  
n i g h l y  aoped n emitter;  ( 2 )  absence of the AlxGal-xAs surface passivating 
layer; ana ( 3 )  incorporation of the p-type base and p+ back surface f i e l d  re- 
gion. The t h i n  n+ emitter assures t h a t  most of the electron hole p a i r s ,  
created by inciuent photons with energies greater  than the 1.43-eV bandgap of 
GaAs, a re  generated in the p-type base region of the c e l l .  Since electrons 
are  the minority c a r r i e r s  in the p-type base, minority c a r r i e r  diffusion 
lengths a re  expected t o  be greater  t h a n  i n  n-type material with the same uop- 
ing density; hence, col lect ion eff ic iency and resis tance t o  raa ia t ion  
carnage should be higher than in an equivalent p + / n / n +  s t ruc ture .  

The c e l l s  incorporated in t h i s  Study were fabricateu a t  the Lincoln Labo- 
ra tory ( r e f .  3) using the chloride t ransport  method of vapor phase epitaxy 
( V P E ) .  A l l  a r e  2 by 2 cm i n  t o t a l  area with anodic oxide an t i re f lec t ion  coat- 
ings anu e lectroplated t i n  f ron t  contacts.  
g o l d . +  A cross  section of the c e l l  s t r  
low n emitter i s  s l f u r  doped t o  5x1OY', while the p region dopant varied 
from 4x10I6 t o  6x10y7 cm3. 

Back contacts are  e lectroplatea 
t u r e  i s  shown in f igure  1. The shal- 
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KESlJLTS AND DISCUSSION 

I r r a d i a t i o n s  by 1-MeV e lec t rons  were conducted a t  room temperature us ing  
t h e  Lewis Research Center D namitron acce le ra to r  a t  f i v e  f luences ranging 

Charac te r i s t i cs  were determined a f t e r  each 
i r r a d i a t i o n  us ing a xenon arc  so la r  s imu la to r  w i t n  a f l i g h t - c a l i b r a t e d  GaAs 
reference c e l l  as a standard. S ix  c e l l s  were i r r a d i a t e d  i n  t h i s  study, these 
o r i g i n a l  e f f i c i e n c i e s  ranging f rom 13.6 t o  15.6 percent AMO. F igure  2 shows 
t h e  normalized s h o r t - c i r c u i t  c u r r e n t  as a f u n c t i o n  o f  l-MeV e l e c t r o n  f luence 
f o r  i t s  "best"  c e l l  ( t h a t  c e l l  showing minimum degradat ion a f t e r  e-/cm2 
f l uence) .  The s h o r t - c i r c u i t  c u r r e n t  was normal ized t o  p r e i r r a d i a t e d  values. 
Tne b t c 11 aegradea 10 percent,  the  worst  c e l l  19$percen t  a t  a f luence 

power degradat ion as a f u n c t i o n  o f  f luence i s  shown i n  f i g u r e  3. The best 
c e l l  here, t h e  sam c e l l  o f  f i g u r e  2, showed a degradat ion o f  24 percent  
a t  a f luence o f  10f5 e-/cm2. The worst  c e l l  degraded 31  percent  wh i l e  the 
average was 26.2 percent,  A s l i g h t  drop i n  f i l l  f a c t o r  was no t iced  i n  the  
c e l l s  when comparing p r e i r r a d i a t i o n  and p o s t i r r a a i a t i o n  values, al though the  
d i f f e rences  are ba re l y  ou ts ide  the  range of exper imental  e r r o r  (+1.0 - percent ) .  

Annealing o f  t h i s  r a d i a t i o n  damage has been observed f o r  t h e  f i r s t  t ime 
i n  shal low homojunction s o l a r  c e l l s .  
repor ted  i n  heteroface, l i q u i d  phase, e p i t a x i a l l y  (LPE) grown c e l l s .  Thermal 
annealing was done i n  a f l o w i n g  n i t rogen  gas ambient a t  room temperatures 
ranging f r o m  125" t o  200" C.  
response were made t o  moni tor  c e l l  performance. 
C. F igure  4 shows the  normal ized s h o r t - c i r c u i t  c u r r e n t  as a f u n c t i o n  o f  
annealing t ime a t  175" and 200" C a f t e r  i r r a d i a t i o n  a t  a f luence o f  1015e-/cm2a 
The c e l l  annealed a t  175' C showed t h e  l a r g e s t  degradat ion a f t e r  i r r a d i a t i o n ,  
t o  81 percent of t he  o r i g i n a l  value. I t  recoverea t o  88 percent  a f t e r  15 hr;  
f u r t h e r  anneal ing t o  40 h r  showed no a d d i t i o n a l  increase. The c e l l  annealea 
a t  ZOOo C e x h i b i t e d  l e s s  i n i t i a l  degradation, t o  85 percent of p r e i r r a d i a t e d  
value, and recovered t o  95 percent  a f t e r  15 hr.  Again, f u r t h e r  anneal ing t o  
40 h r  d i d  no t  increase t h e  response. Normalized maximum power as a func t i on  
o f  anneal ing t ime i s  shown i n  f i g u r e  5. 
the  maximum power f rom 70 t o  76 percent  of p r e i r r a d i a t i o n  values. 
200" C was from 75 t o  90 percent  a f t e r  20 h r  o f  annealing. 
d i d  no t  increase recovery. F '  u re  6 i s  the  spec t ra l  response o f  a c e l l  
i r r a d i a t e d  t o  a f luence o f  IO]! e-/cm2 before  and a f t e r  anneal ing f o r  40 
h r  a t  200' C. 
e n t i r e l y  t o  damage i n  the  base reg ion  of t he  c e l l .  
i s  compat ib le w i t h  the  spec t ra l  response degradat ion seen i n  these c e l l s  as a 
f u n c t i o n  o f  1-MeV f luence ( r e f .  4 ) .  

f rom 1x1013 t o  1x1015 e-/c d . 

o f  10 f S  /cm 5 w i t h  an average degradat ion o f  13.5 percent.  Normalized maximum 

To date, anneal ing nas o n l y  been 

Per iod i c  measurements o f  I - V  and spec t ra l  
No anneal ing was seen a t  125" 

Twenty-five hours a t  175" C ra i sed  
Recovery a t  

Fur ther  anneal ing 

The data i n d i c a t e  t h a t  t h e  l oss  i n  photocurrent  i s  a t t r i b u t a b l e  
The shape o f  t h i s  recovery 

CONCLUSION 

The GaAs shal low homojunction so la r  c e l l s  t e s t e d  show gooa r a d i a t i o n  t o l -  
Annealing o f  r a d i a t i o n  damage has been seen f o r  t h e  f i r s t  t ime i n  

These r e s u l t s  are an e a r l y  i n d i c a t i o n  

erance. 
these c e l l s  a t  temperatures a t  low as 175" C. Spect ra l  response measurements 
i n d i c a t e  t h a t  t h e  observed damage and subsequent anneal ing occurs e n t i r e l y  i n  
the  p-type base reg ion  of t he  c e l l .  
t h a t  VPE-grown, shal low homojunction GaAs s o l a r  c e l l s  have grea t  promise f o r  
use i n  space so la r  ar rays i n  r a d i a t i o n  environments 
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BASIS FOR EQUIVALENT FLUErUCE CONCWT I N  SPACE SOLAR CELLS* 

A. Meulenberg 
COMSAT Laboratories 
C I a r k s  bu rg , M a r y I an d 

ABSTRACT 

The e q u i v a l e n t  f l u e n c e  concept  i s  d e f i n e d ,  and i t s  use and p o t e n t i a l  problems 
are noted. S i l i c o n  and G a A s  solar cel ls  are compared i n  a r a d i a t i o n  environment.  
The a n a l y s i s  i n d i c a t e s  tha t  v a l i d  e q u i v a l e n t  f l u e n c e  v a l u e s  may be easier to  o b t a i n  
i n  G a A s  than  i n  s i l i c o n .  

INTRODUCTION 

S o l a r  cel ls  have been modif ied c o n t i n u a l l y  to  improve t h e i r  performance and 
l i f e t i m e  f o r  v a r i o u s  space miss ions .  S ince  an a c c u r a t e  s i m u l a t i o n  of t h e  space 
r a d i a t i o n  environment is very  d i f f i c u l t ,  a meanc: was sought  t o  c o n v e n i e n t l y  i r r a d i -  
a t e  cells and use this i n f o r m a t i o n  to  p r e d i c t  performance i n  space  with r e a s o n a b l e  
accuracy .  For reasons  d e s c r i b e d  below, I-MeV e l e c t r o n s  w e r e  chosen as the s i n q l e  
i r r a d i a t i o n  source  that  w a s  b o t h  convenient  and c a p a b l e  of s i m u l a t i n g  ( a t  least  to 
some e x t e n t )  damage caused by t h e  v a r i o u s  components of the space r a d i a t i o n  environ-  
ment. Various means have been used to  compare t h e  damage to  s i l i c o n  solar ce l l s  by 
d i f f e r e n t  energy  p r o t o n s  and e l e c t r o n s  with the damaqe r e s u l t i n g  from 1-MeV elec- 
t r o n  i r r a d i a t i o n .  The "I-MeV e l e c t r o n  e q u i v a l e n t  f l u e n c e "  concept is used to com- 
pare t h e  damage c a l c u l a t e d  or measured f o r  i s o t r o p i c  monoenergetic i r r a d i a t i o n  with 
t h e  damage measured for normally i n c i d e n t  1-MeV e l e c t r o n s .  

The 1-MeV e q u i v a l e n t  f l u e n c e  concept  has  been used with s i l i c o n  cells f o r  y e a r s  
wi th  mixed success .  The greatest a p p l i c a t i o n  has  been i n  s t a n d a r d i z i n q  t h e  test  
procedure f o r  comparing the r a d i a t i o n  response  of d i f f e r e n t  c e l l  d e s i q n s  or f a b r i c a -  
t i o n  procedures .  The concept  h a s  been less s u c c e s s f u l  i n  t h e  p r e d i c t i o n  of deqrada- 
t i o n  i n  space, as e x p l a i n e d  b e l o w .  Many problems tha t  are exper ienced  i n  the 
e q u i v a l e n t  f l u e n c e  concept  f o r  s i l i c o n  w i l l  a l s o  be problems f o r  GaAs. Two major 
q u e s t i o n s  need t o  be examined when c o n s i d e r i n g  an e q u i v a l e n t  f l u e n c e  model for GaAs: 

a. Was t h e  concept  r e a l l y  u s e f u l  enough i n  t h e  s i l i c o n  solar cel l  f i e l d  to  
w a r r a n t  such a concept  f o r  GaAs? 

b. Is t h e r e  a convenient  and acceptable r a d i a t i o n  t y p e  t h a t  can be used as the 
basis for comparison of r a d i a t i o n  d e g r a d a t i o n  s t u d i e s  i n  G a A s ?  

*This paper  is  based upon work performed a t  COMSAT Laboratories under t h e  sponsor-  
s h i p  of t h e  Communications S a t e l l i t e  Corporat ion.  
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To answer  these  ques t ions  many f a c t o r s  must be considered.  The fol lowinq is an 
attempt t o  c o n s t r u c t  the appropr i a t e  framework f o r  such an e f f o r t .  

ASSUMPTIONS I N  AN EQUIVALENT FLUENCE MODEL 

The assumptions of an equ iva len t  f luence  model are 1 )  t h a t  a r a d i a t i o n  type and 
energy l e v e l  e x i s t  t h a t ,  alone, can reproduce the e x t e n t  and na ture  of r a d i a t i o n  
damage from the  var ious  space r a d i a t i o n  environments; 2 )  t h a t  the  space r a d i a t i o n  
components are known well enough ( q u a n t i t a t i v e l y  and q u a l i t a t i v e l y )  t o  s u b s t i t u t e  an 
equ iva len t  f luence f o r  the  space rad ia t ion ;  and 3 )  t h a t  an equ iva len t  f luence  can 
he determined f o r  a l l  the  major components and ene rg ie s  by a reasonable  l abora to ry  
experiment. To the  e x t e n t  t h a t  t he  f i r s t  assumption is v a l i d ,  the  model is  use fu l .  
The t h i r d  assumption may be f a l s e  even if the f i r s t  two are correct. 

The major types of r a d i a t i o n  damage t o  p re sen t  space s o l a r  ce l l s  a l l  involve 
displacement of atoms within the  s i n g l e  c r y s t a l  device.  ( U l t r a v i o l e t  r a d i a t i o n  dam- 
age t o  the  s o l a r  c e l l  cove r s l ide  assemblies  is not  considered here . )  E lec t rons  
t y p i c a l l y  d i sp l ace  s i n g l e  atoms from t h e i r  l a t t i ce  si te.  protons gene ra l ly  produce 
s i n g l e  displacements - and mul t ip l e  o r  " c l u s t e r "  displacements.  Neutrons (which can 
be ignored i n  the  n a t u r a l  environment) p r imar i ly  genera te  l a rge  c l u s t e r s  of d i s -  
placed atoms. Populat ion d e n s i t i e s  of the  space e l e c t r o n s  and protons normally de- 
crease rap id ly  with inc reas ing  enerqy. This preponderance of low energy p a r t i c l e s  
and the f a c t  t h a t  they are gene ra l ly  i s o t r o p i c  means t h a t  the  damaqe produced is  
much higher  near an exposed su r face  of a device than i n  deeper reqions wi th in  the  
cell.. This nonuniform damage p r o f i l e  is the b a s i s  f o r  e f f e c t i v e  sh i e ld inq ;  however, 
it complicates the equ iva len t  f luence  model, which o f t e n  assumes uniform damage to  
s impl i fy  mathematical ana lys i s .  

D i f f e ren t  solar cel ls  respond t o  the  var ious  r a d i a t i o n  components i n  d i € € e r e n t  
ways. The na ture  of t h i s  damage depends upon the  dominant damage mechanisms and the 
con t r ibu t ion  to these  mechanisms from each type of r ad ia t ion .  Since s o l a r  cel ls  are 
minor i ty  carrier c o l l e c t i o n  devices ,  reduct ion of the minor i ty  carrier d i f f u s i o n  
length  is  gene ra l ly  the  major damage mechanism. However, under c e r t a i n  circum- 
s t ances ,  undoping ( e i t h e r  by compensation or by coord ina t ion  of a mobile d e f e c t  with 
a donor o r  acceptor  s i t e )  may be the  primary source of s o l a r  ce l l  power loss. 

Each satel l i te  o r b i t  has a c h a r a c t e r i s t i c  blend of e l e c t r o n  and proton enerq ies  
and d e n s i t i e s .  These energ ies  and d e n s i t i e s  are not  always w e l l  known and may even 
change from hour-to-hour o r  year-to-year. Under such cond i t ions ,  the  s e l e c t e d  en- 
vironment ( t h e  second assumption) will in t roduce  a g r e a t e r  e r r o r  i n  damage predic-  
t i o n  than t h a t  caused by the u n c e r t a i n t i e s  i n  equ iva len t  f luences.  A s  t hese  
environments become b e t t e r  def ined  by space experiments,  the e r r o r s  i n  equ iva len t  
f luence  models can become cr i t ical .  A major source f o r  such e r r o r s  is the labora-  
t o r y  experiment used t o  determine the  equ iva len t  f luence  of a c e r t a i n  r a d i a t i o n  
type.  Such e r r o r s  (which inf luence  the t h i r d  assumption) have been observed t o  re- 
s u l t  from nonuniform damage, i n c o r r e c t  damage p r o f i l e s ,  dose rate dependence, anneal  
c h a r a c t e r i s t i c s ,  i n j e c t i o n  l e v e l  e f f e c t s ,  and inappropr i a t e  f luence  l e v e l s .  I n  many 
cases, the  p r e d i c t i o n  of cel l  degradat ion i n  space by use of equ iva len t  f luence  mod- 
els is very approximate unless  the  models have been v e r i f i e d  o r  modified by space 
d a t a  f o r  a p a r t i c u l a r  environment. In  some cases, the  use of an equ iva len t  f luence  
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can he misleading, even f o r  only a comparison of cells, because the  cr i t ical  damage 
mechanisms may be d i f f e r e n t  f o r  t he  cells. 

EQUIVALENT FLUENCE MODELS FOR SILICON CELLS 

In  the e a r l y  7960's, the  concept of 1-MeV e l e c t r o n  equ iva len t  f luence  values  
became accepted f o r  damage to  s i l i c o n  s o l a r  cells ( r e f .  1 ) .  The Solar  C e l l  liadia- 
t i o n  Handbook* has c a r r i e d  on t h i s  t r a d i t i o n  and t r i e d  t o  update i t s  use. Ins tead  
of a h i s t o r i c a l  development of t h i s  concept,  reasons f o r  p re sen t  acceptance and res- 
e rva t ions  w i l l  be b r i e f l y  descr ibed .  

Cobalt  60 gamma cel ls  and 1.5 + 2.5 MeV e l e c t r o n  a c c e l e r a t o r s  are common and 
e a s i l y  used without the need f o r  in t roducinq  cells i n t o  a vacuum system. The 6oCo 
gamma rays genera te  e l e c t r o n s  with maximum energ ies  less than 1 MeV and an averaqe 
of -600 kev. This r a d i a t i o n  environment would then reproduce the space e l e c t r o n  en- 
vi.ronment damage q u i t e  w e l l .  However, protons genera te  d e f e c t  c l u s t e r s  and the  
gamma cell does not  provide e l e c t r o n s  with enough energy to genera te  more than a 
minute quan t i ty  of non-single displacement de fec t s .  The I-MeV e l e c t r o n s  w i l l  qener- 
ate nea r ly  an order  of magnitude more divacancies  than the  gamma ce l l  dose f o r  t he  
same generated e l e c t r o n  f luence ,  and these  d e f e c t s  are common i n  proton i r r a d i a t e d  
s i l i c o n .  U s e  of higher  energy e l e c t r o n s  w i l l  i nc rease  the  genera t ion  of divacan- 
cies, b u t  w i l l  no t  provide c l u s t e r  and higher-order d e f e c t s  necessary t o  b e t t e r  s i m -  
u l a t e  proton damage. The I-MeV e l e c t r o n  is  the re fo re  a qood choice f o r  use as the 
b a s i s  f o r  an equiva len t  f luence  when proton generated damage from complex d e f e c t s  i s  
not  a major con t r ibu t ion  to  the t o t a l  c e l l  degradat ion.  

The r e l a t i v e  damage between I-MeV e l ec t rons  and o the r  r a d i a t i o n  has been de te r -  
mined i n  two ways ( r e f .  2 ) .  One way is  a comparison of cells a t  t he  25-percent deg- 
r ada t ion  poin t .  C e l l s  are i r r a d i a t e d  by normally i n c i d e n t  protons o r  e l e c t r o n s  of 
var ious  energ ies ;  the  f luences  requi red  t o  degrade the  AM0 I -V  c h a r a c t e r i s t i c s  by 
25 percent  are compared t o  the f luence of 1 MeV normally i n c i d e n t  e l e c t r o n s  requi red  
t o  give the same degradat ion.  The main advantages are the  s i m p l i c i t y  of genera t ing  
the  da t a  and the comparison of d a t a  under i l lumina ted  condi t ions  as expected i n  
space. One disadvantage is t h a t ,  i n  solar cells heavi ly  damaged by a s i n q l e  type 
and energy of r a d i a t i o n ,  the  na ture  of the damage is o f t e n  too d i f f e r e n t  from t h a t  
generated by a space o r  1-MeV e l e c t r o n  environment to  be r e a l i s t i c a l l y  compared. 
Another problem i s  t h a t  the  r e s u l t s  compare normal incidence vs normal incidence 
i r r a d i a t i o n ,  no t  the i s o t r o p i c  vs the normally i n c i d e n t  i r r a d i a t i o n  of t h e  1 -MeV 
equiva len t  f luence d e f i n i t i o n .  

A second and mathematically s a t i s f y i n g  method of spec i fy ing  damage is the 
comparison of minori ty  carrier d i f f u s i o n  lenqths  a t  d i f f e r e n t  l e v e l s  of normally 
i n c i d e n t  monoenergetic i r r a d i a t i o n .  This la t ter  method has a disadvantage i n  t h a t  
the d i f f u s i o n  lengths  are gene ra l ly  determined a t  low i n j e c t i o n  l e v e l s  r a t h e r  than 
under space i l l umina t ion  l eve l s .  This problem can be r e c t i f i e d ,  b u t  t he  experiment 
is  thereby made more complicated. In  proton i r r a d i a t e d  cells ,  the  i n j e c t i o n  l eve l  
e f f e c t  can be as high as 2.5. This means t h a t  the equ iva len t  f luence  determined a t  

. -- 
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l o w  i n j e c t i o n  l e v e l s  w i l l  be 2.5 x higher  than t h a t  determined a t  h iqher  
l e v e l s  ( r e f .  2 ) .  

Both methods of comparing damage are inaccura t e  when the damaqe from one o r  
both sources  is nonuniform (such as from l o w  energy pro tons) .  Another source of 
e r r o r  is the anneal ing o r  recovery of a po r t ion  of the r a d i a t i o n  damaqe. Elec t ron  
damage t y p i c a l l y  anneals  over s e v e r a l  weeks a t  room temperature,  however, proton 
damage anneals a f t e r  several days. I n  space,  the  damage annea ls  as it accrues ;  
t h e r e f o r e ,  da t a  must be compared a f t e r  anneal ing is  complete when e s t a h l i s h i n q  
equ iva len t  f luences  o r  p r e d i c t i n g  degrada t ion  i n  space. 

The technique of determining equ iva len t  f luence  compares the damaqe from iso- 
t r o p i c  monoenergetic r a d i a t i o n  t o  the normally i n c i d e n t  1-MeV e l e c t r o n s  ( r e f .  1 ) .  
This method r equ i r e s  mathematical manipulation of normally i n c i d e n t  r a d i a t i o n  d a t a ,  
t o  c a l c u l a t e  i s o t r o p i c  damage ( r e f s .  3-51, o r  it requires a c t u a l  i s o t r o p i c  irra- 
d i a t i o n .  The mathematical manipulation is d i f f i c u l t ,  i f  no s impl i fy inq  assumptions 
are made, and gene ra l ly  i n c o r r e c t ,  i f  they are made. O n l y a  few a t tempts  have been 
made t o  a c t u a l l y  i r r a d i a t e  s o l a r  ce l l s  from d i f f e r e n t  angles  t o  s imula te  an i so -  
t r o p i c  i r r a d i a t i o n  ( r e f s .  3 ,  6, and 7).  More e f f o r t s  i n  this area have been com- 
p l e t e d  [M. W. Walkden, r e s u l t s  t o  be presented  a t  the  Photovol ta ic  Generators i n  
Space Conference, Bath, England, May 19821 and are planned f o r  1982. 

- 

The mathematical conversion of normally i n c i d e n t  r a d i a t i o n  damaqe t o  i s o t r o p i c  
r a d i a t i o n  damage requires an accu ra t e  d e s c r i p t i o n  both of the  ce l l  damage alonq the 
r a d i a t i o n  path length  and the  geometry of the ce l l  and i t s  cove r s l ide  assembly. 
An assumption of equal  damage p r o b a b i l i t y  a long the path length  makes c a l c u l a t i o n s  
easy,  b u t  i s  not  v a l i d  f o r  protons with energ ies  below -40 MeV. In  a d d i t i o n  t o  qen- 
e r a t i n g  the wrong equ iva len t  f luence  with this assumption, an i n c o r r e c t  f luence de- 
pendence would be ca l cu la t ed  €or  the  equ iva len t  f luence . This f luence dependence 
( f i g .  1 )  is  more c o r r e c t l y  a d i f f u s i o n  length  dependence and simply i n d i c a t e s  the 
po r t ion  of a ce l l  over which carriers are co l l ec t ed .  

Actual experiments with simulated i s o t r o p i c  monoenergetic r a d i a t i o n  w i l l  reduce 
many of the problems a s soc ia t ed  with the mathematical t ransformat ion  from normal in -  
c idence t o  i s o t r o p i c  i r r a d i a t i o n .  Nevertheless ,  severe  problems remain i n  s i l i c o n  
because the damage i s  nonuniform throughout the a c t i v e  req ion ,  and the s o l a r  c e l l  
electrical  c h a r a c t e r i s t i c s  are gene ra l ly  c a l c u l a t e d  based on uniform d i f f u s i o n  
lengths  throughout the base of the cell.  To c o r r e c t l y  c a l c u l a t e  the  damaqe c o e f f i -  
c i e n t s  f o r  nonuniform damage, the na ture  and p r o f i l e  of the damaqe must be known and 
included i n  t he  exac t  diode equat ions  without  the assumption of uniformity ( r e f .  8). 
The type and/or number of experiments must be increased  to  f u l f i l l  t hese  
requirements .  

For an idea  of the nonuniformit ies  involved f o r  proton damage i n  s i l i c o n ,  the 
displacement p r o f i l e s  f o r  normally i n c i d e n t  and i s o t r o p i c  i r r a d i a t i o n  can he exam- 
ined.  Nonpenetrating protons,  normally i n c i d e n t  on a s i l i c o n  s o l a r  ce l l ,  will leave 
a region near the end-of-range which has a displacement d e n s i t y  that  may he o rde r s  
of magnitude g r e a t e r  than i n  nearby p a r t s  of the cell ( f i g .  2 a ) .  An i s o t r o p i c  
f luence  of protons,  with an energy spectrum rep resen ta t ive  of a s o l a r  proton f l a r e  
environment a t  synchronous a l t i t u d e s ,  would provide a f a c t o r  of 5 t o  10 d i f f e r e n c e  
i n  the  displacement d e n s i t y  from one s i d e  of the  cell  to  the o the r  ( f i g .  3 ) .  The 
narrow, heavi ly  damaged region of the  normally i r r a d i a t e d  cell  is  somewhere wi th in  
t h e  ce l l  bulk; i t s  p o s i t i o n  depends upon the b e a m  energy. The most heav i ly  damaqed 
reg ion  from the space environment is  a t  the  exposed su r face ;  the damaqe q rad ien t  



depends upon the cove r s l ide  thickness .  To compound t h i s  problem, four  types of pro- 
ton damage i n  s i l i c o n  have been i d e n t i f i e d  ( r e f ,  4)  and each has a d i f f e r e n t  enerqy 
dependence. These d i f f e r e n t  types of damage can a l s o  a f f e c t  the cells d i f f e r e n t l y ,  
depending on the  i n j e c t i o n  l e v e l  and Fermi l e v e l  within the  cell .  It is, thereEore,  
exceedingly d i f f i c u l t  t o  compare a monoenergetic normally i n c i d e n t  proton beam 
( f i g .  2a) t o  a monoenergetic i s o t r o p i c  proton b e a m  ( f i q .  2b) ;  however, t h i s  com- 
pa r i son  is requi red  t o  c a l c u l a t e  an equ iva len t  f luence  from l abora to ry  da ta .  Iron- 
i c a l l y ,  the damage p r o f i l e s  from the space proton and e l e c t r o n  environments are more 
similar than those produced by the  labora tory  sources .  Therefore ,  an equ iva len t  
f luence  is  more accu ra t e ly  provided by comparing ce l l  deqradat ion i n  space with deq- 
r ada t ion  by 1-MeV e l e c t r o n s  i n  the  laboratory.  Unfortunately,  t h i s  technique does 
not  provide a good b a s i s  f o r  a s i g n i f i c a n t l y  d i f f e r e n t  environment. 

Two cases are mentioned as examples of using the  equ iva len t  f luence  €or pre- 
d i c t i n g  proton degradat ion of s i l i c o n  solar ar rays .  The August 1972 s o l a r  f l a r e  w a s  
observed to degrade a number of s o l a r  panels  on the INTELSAT I V  series. Analysis of 
the  degradat ion ind ica t ed  much higher  proton f luences  than w e r e  then recorded by ex- 
periments on board ATS-1, When f i n a l  co r rec t ions  t o  the  ATS-1 d a t a  w e r e  published a 
year l a te r ,  the  r e s u l t s  were i n  e x c e l l e n t  aqreement with the  numbers pred ic ted  by 
a n a l y s i s  (which involved use of the  1-MeV equiva len t  f l uences )  of the  a r r a y  degrada- 
t i o n  made one month a f t e r  the  event .  

The second case is  the  s o l a r  ce l l  experiment ( r e f .  9) on NTS-1, which followed 
an inc l ined  o r b i t  a t  13,529 km. The observed ce l l  deqradat ion was much q r e a t e r  than 
t h a t  pred ic ted  from labora tory  d a t a  and the equ iva len t  f luence model. 

What accounts f o r  the apparent  success of t’le equ iva len t  f luence  model i n  the  
f irst  case and the  gross  f a i l u r e  i n  the second? A series of mistakes,  made from 
necess i ty ,  canceled themselves o u t  i n  t he  success fu l  case, b u t  showed up i n  the  
f a i l e d  case. What mistakes can be i d e n t i f i e d  i n  r e t r o s p e c t  i n  the  a n a l y s i s  and why 
d id  they occur? 

The fol lowing are poss ib l e  reasons: 

a. The only equiva len t  f luence  values  a v a i l a b l e  were based on a s i m p l i s t i c  
model of r a d i a t i o n  damage f o r  1 Q-cm cells ( b u t  based on space d a t a )  from 1963 
( r e f .  1 ) .  The INTELSAT I V  f l i g h t  cells were 8-10 Q-cm and f a b r i c a t e d  nea r ly  a 
decade la ter .  

b. The proton energy spectrum f o r  synchronous a l t i t u d e s  was based on l i m -  
i t e d  d a t a  obtained for s o l a r  proton f l a r e s  during cyc le  19. These da t a  are ove r ly  
severe i n  the  low energy region ((10 MeV) , thereby inc reas ing  the pred ic ted  damage. 

c. The t h i r d  mistake,  which compensated f o r  the  second, was i n  t he  modeling of 
the equivalent f luence which underestimated the  equ iva len t  f luence  values  f o r  1 Cl-cm 
cells. These mistakes canceled out  i n  t h i s  case f o r  synchronous o r b i t .  

When the  equiva len t  f luence  model failed, .  condi t ions  were d i f f e r e n t .  The cells 
examined were -2 a-cm; t h e r e f o r e ,  no s i g n i f i c a n t  unce r t a in ty  i n  the  damaqe f o r  d i f -  
f e r e n t  r e s i s t i v i t i e s  was encountered. The environment model d id  no t  have a b i a s  i n  
the most damaging proton energy range, which would inc rease  the predic ted  damaqe. 
The equiva len t  f luence  values  were the  same as those i n  t he  f i r s t  case; b u t  t h i s  
t i m e ,  there  were no overest imated environment values  to compensate f o r  the  i n c o r r e c t  
mode 1. 

189 



This  i n c o r r e c t  model is  st i l l  be ing  used by many people because,  for synchron- 
ous orb i t ,  t h e  r e s u l t s  have n o t  y e t  been proven false. S i n c e  t h e  damage from pro- 
t o n s  for cells and c o v e r s l i d e s  >8 mils is less t h a n  t h a t  from electrons (even i n  the 
w o r s t :  case), the errors i n  the model are not l i k e l y  to be o v e r l y  impor tan t .  As 
cells, c o v e r s l i d e s  and back s u r f a c e  protection become t h i n n e r  ( < 4  m i l s  e a c h ) ,  p r o t o n  
damage w i l l  begin t o  dominate.  
margxns for error are c o n s t a n t l y  being reduced as spacecraft design is  opt imized.  
These t r e n d s  i n d i c a t e  abandonment of t h e  p r e s e n t  e q u i v a l e n t  f luence  v a l u e s  and 
mode1.s u n l e s s  someone is w i l l i n g  to pay for a corrected v e r s i o n .  Many people who 
p r e d i c t  space d e g r a d a t i o n  have in-house computer damage models and/or  have an expe- 
r j . m e r i t a 1  base f o r  t h e i r  predictions. However, based on the above arquments,  none of 
t h e  publ i shed  v a l u e s  or models for 1-MeV e q u i v a l e n t  f luence v a l u e s  f o r  s i n g l e  enerqy  
proton (and probably  e l e c t r o n )  damage to  s i l i c o n  appear  t o  be correct ( ref .  5).  

The environment is  c o n s t a n t l y  b&ng r e f i n e d ,  and 

G a A s  VERSUS SILICON 

It  '.?as p o i n t e d  o u t  i n  t h e  p r e v i o u s  s e c t i o n  tha t  f o r  s i l i c o n ,  t h e  concept  of 
e q u i v a l e n t  f l u e n c e s ,  as p r e s e n t l y  d e f i n e d ,  can v a r y  from be inq  a u s e f u l  f i c t i o n  to 
b e i n g  a p o t e n t i a l l y  dangerous trap. The s i t u a t i o n  may be d i f f e r e n t  i n  GaAs f o r  sev- 
eral  reasons ;  some make i t  worse, some better. 

The a c t i v e  r e g i o n  f o r  G a A s  cel ls  is g e n e r a l l y  5-10 pm compared t o  t h e  >200 u m  
beginning-of - l i fe  a c t i v e  r e g i o n  of a s i l i c o n  solar ce l l .  This  means the fo l lowinq:  

a. The i n f l u e n c e  on ce l l  behavior  from n o n u n i f o r m i t i e s  i n  normally i n c i d e n t  
proton damage observed i n  s i l i c o n  is  a p p a r e n t  a t  much lower e n e r g i e s  i n  G a A s  cells .  

b. The damage d i f f e r e n c e  from f r o n t  to  back of t h e  active r e g i o n  of a C a A s  
ce l l  i n  t h e  space environment is n e g l i g i b l e ;  therefore, an  assumption of uniform 
damage is reasonable  f o r  G a A s  cel ls ,  b u t  not f o r  S i  cel ls .  

c. The a c t i v e  r e g i o n  b e i n g  l i m i t e d  to  near  t h e  s u r f a c e  i n  G a A s  cells i m p l i e s  
t h a t  the average r a d i a t i o n  w i t h i n  t h e  a c t i v e  volume from t h e  space environment is  
g r e a t e r  i n  a G a A s  ce l l  than i n  a s i l i c o n  cell ,  even i f  t h e  c o v e r s l i d e  p r o t e c t i o n  is 
i d e n t i c a l .  

The damage mechanisms f o r  G a A s  and S i  cel ls  are d i f f e r e n t :  

a. The v o l t a g e  and f i l l  factor i n  GaAs cells are q e n e r a l l y  dominated by junc-  
tj.on recombinat ion ( n  = 2 )  ( r e f .  l o ) ,  compared to  t h e  h u l k  recombinat ion dominance 
i n  s i . l i c o n  cel ls  ( n  = 1 ) .  

b. For uniform r a d i a t i o n  damage, t h i s  dominance by the j u n c t i o n  recombinat ion 
i n  G A S  cells  does n o t  change ( r e f .  11 1. 

c. The n a t u r e  of damage i n  s i l i c o n  has  been found to be f l u e n c e  depend- 
e n t  ( r e f .  12) ;  the damage i n  GaAs  h a s  been found to be f l u e n c e  dependent  ( r e f .  1 1 )  
and aose rate dependent  [Li e t  a l . ,  and Loo e t  a l . ,  to  be p r e s e n t e d  a t  the 1 6 t h  
PVSC, San Diego , C a l i f o r n i a ,  September 1982 ) e 

-- 
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d.  Present  GaAs s o l a r  cel ls  gene ra l ly  have a d i f € e r e n t  s p e c t r a l  response deq- 
rafiation under i r r a d i a t i o n  than s i l i c o n  s o l a r  cells , which show only  degradat ion 
from the red end. The f a c t  that the GaAs cel ls  degrade throughout the f u l l  s p e c t r a l  
range [ the  e x t e n t  i n  each region depending upon the junc t ion  depth ( r e f .  1 1 ) 1 ,  f u r -  
t h e r  complicates the p red ic t ion  of space degradat ion for these cells. 

Wfter a survey of the d i f f e rences  between GaAs and s i l i c o n  solar cells, it 
seems that an equiva len t  f luence  would be easier to de f ine  and proper ly  use i n  GaAs 
than i n  s i l i c o n .  The cr i t ical  f a c t o r  would appear t o  be the r e l a t i v e  uniformity of 
the space r a d i a t i o n  damage throughout the active reqion of the  GaAs cell .  I t  may 
w e l l  be that  1-MeV e l e c t r o n s  are no t  the prefer red  basis f o r  the equ iva len t  f luence.  
The 1-MeV protons a t  low f luence  might be a better choice,  a l thouqh the  e l e c t r o n s  a t  
high f l u x  might provide an adequate s imula t ion  of proton damaqe. 

CONCLUSIONS 

The 1-MeV e l e c t r o n  equ iva len t  f luence  concept has been o f t e n  used, and misused, 
i n  p lace  of an understanding of space r a d i a t i o n  e f f e c t s  i n  s i l i c o n  s o l a r  cells. A 
l a r g e  quan t i ty  of labora tory  d a t a  is being generated on r a d i a t i o n  c h a r a c t e r i s t i c s  of 
G a A s  solar cel ls ,  b u t  u n t i l  more space da t a  become a v a i l a b l e  and i n t e g r a t e d  With the 
l abora tory  d a t a ,  an equiva len t  f luence concept is  premature. Unless ttese tests are 
c o r r e c t l y  i n t e r p r e t e d  (and hopefu l ly  c o r r e c t l y  conceived) ,  the  equ iva len t  f luence 
values  determined f o r  GaAs  W i l l  be an unmarked scale, only use fu l  to  compare ob- 
served space d a t a  with some a r b i t r a r y  l abora to ry  r a d i a t i o n  type and energy. In  
answer t o  the ques t ions  posed i n  the  in t roduc t ion ,  the 1-MeV e l e c t r o n  equ iva len t  
f luence  concept has been use fu l  i n  s i l i c o n  space cells d e s p i t e  i t s  shortcomings; 
and, a t  least f o r  many environments, a convenient and acceptab le  r a d i a t i o n  type can 
probably be found to provide equ iva len t  f luences  f o r  G a A s  solar cells i n  space. 

-- 
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Figure 1.  Di f fus ion  Length Damage Coef f i c i en t s  vs Proton 
Fluence f o r  Bare C e l l  Sets Measured a t  Low I n j e c t i o n  

Levels. The Curves are Labeled by the  Inc ident  
Proton Energy i n  MeV. 
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GKOWN-IN DEFECTS A N D  DEFECTS PKODUCED BY 1-MeV ELECTRON IKKADIATION 
I N  A10,3Cao 7As P-N JUNCTION SOLAR CELLS* 

Sheng S. Li, K.W. Teng, and  D.W. Schoenfeld 
Universi ty  o€ Flor ida  
Gainesville, F lor ida  

W.P. Kahilly 
Ai r  F o r c e  Aeropropulsion Labora tory  

Wright-Pat terson Air  F o r c e  Base, Oh io  

EXTENDED ABSTRACT 

Studies  of grown-in d e f e c t s  and d e f e c t s  produced by t h e  one-MeV e l e c t r o n  i r r a d i -  
a t i o n  i n  A10,3Ga0 7 A s  p-n j u n c t i o n  s o l a r  cel ls  f a b r i c a t e d  by l i q u i d  phase e p i t a x i a l  
(LPE) technique have been made f o r  t h e  u n i r r a d i a t e d  and one-MeV e l e c t r o n  i r r a d i a t e d  
(with e l e c t r o n  f luence  of 1014 ,  1015, and 1016 e/cm2) samples, us ing  DLTS and C-V 
methods. Defect and recombination parameters such as en2rgy level,  d e f e c t  dens i ty ,  
carrier cap tu re  c r o s s  s e c t i o n s  and l i f e t i m e s  were determined f o r  va r ious  growth, 
anneal ing,  and i r r a d i a t i o n  condi t ions .  The r e s u l t s  obtained from t h i s  s tudy  are 
d iscussed  as fol lows:  Al,Gal-,As p-n j u n c t i o n  s o l a r  ce l l s  (a rea  1 mm2) grown by 
LPE technique were f a b r i c a t e d  by S .  Bedair a t  t h e  Research Tr i ang le  I n s t i t u t e  i n  
conjunct ion wi th  t h e i r  Al,Gal-,As cascade p-n j u n c t i o n  s o l a r  c e l l  program supported 
by t h e  A i r  Force Aeropropulsion Lab. F ig .  1 shows t h e  four  d i f f e r e n t  s o l a r  c e l l  
s t r u c t u r e s  which have been f a b r i c a t e d  f o r  our  DLTS, C-V, and I-V measurements. F ig .  
1 (b) i s  t h e  ce l l ' s  s t r u c t u r e  used i n  our  s tudy of deep-level  d e f e c t s  produced by t h e  
one-MeV e l e c t r o n  i r r a d i a t i o n .  This  s t r u c t u r e  i s  i d e n t i c a l  t o  t h e  top  c e l l  of t h e  
cascade s o l a r  c e l l ,  repor ted  by Bedair e t  a l [ l l .  
e l e c t r o n  t r a p  (E,-0.31 eV) f o r  t h r e e  Al,Gal-,As p-n j u n c t i o n  s o l a r  cel ls  shown i n  
Fig.  1 (a)  through 1 ( c ) .  From our DLTS d a t a ,  i t  i s  found t h a t  t h e  Ge-doped 
Al,Gal_,As p-n j u n c t i o n  s o l a r  cells  usua l ly  have lower d e f e c t  d e n s i t y  than  t h a t  of 
t h e  Be-diffused p-n j u n c t i o n  s o l a r  c e l l s  shown i n  F ig .  1 (a)  and Fig.  1 (b ) .  This  i s  
a l s o  t h e  case f o r  t h e  hole  t r a p  shown i n  Fig.  3 ,  where one ho le  t r a p  wi th  energy of 
Ev+0.18 e V  w a s  de t ec t ed  i n  both t h e  Ge-doped and Be-diffused A10,3Ga0.7As p-n junc- 
t i o n  c e l l s .  Another i n t e r e s t i n g  study i s  t o  i n v e s t i g a t e  t h e  e f f e c t  of low tempera- 
t u r e  thermal annea l ing  on t h e  d e f e c t  d e n s i t y  i n  t h e  A10.3Ga0.7As s o l a r  ce l l .  F ig .  4 
shows t h e  DLTS scans  of e l e c t r o n  t r a p  vs. anneal ing t i m e  (2  and 5 h r s .  a t  300'C). 
The r e s u l t s  showed t h a t  t h e  e l e c t r o n  t r a p  d e n s i t y  w a s  indeed decreased wi th  increas-  
ing  annea l ing  t i m e .  Table  1 summarizes t h e  d e f e c t  parameters  deduced from t h e  DLTS 
and C-V d a t a  f o r  t h e  u n i r r a d i a t e d  A10.3Ga0,7As and G a A s  s o l a r  c e l l s  shown i n  F ig .  1 
f o r  d i f f e r e n t  anneal ing t i m e s .  Table  2 summarizes t h e  d e f e c t  parameters f o r  t h e  un- 
annealed and annealed A10e3Ga0.7As and G a A s  s o l a r  ce l l s  shown i n  Fig.  4 .  
t h e  e f f e c t  of one-MeV e l e c t r o n  i r r a d i a t i o n  on t h e  d e f e c t s  i n  t h e  Al,Gal-,As p-n 
j u n c t i o n  s o l a r  cel ls  grown by t h e  LPE technique,  w e  performed (done a t  t h e  A i r  Force 
Aeronaut ica l  Lab.) t h e  one-MeV e l e c t r o n  i r r a d i a t i o n  on t h e  A10.3Gao 7 A s  p-n j u n c t i o n  
s o l a r  ce l l s  shown i n  Fig.  1 (b) f o r  e l e c t r o n  f luence  of 1014, 1015,'and 1016 e / c m 2 .  
The r e s u l t s  are  shown i n  F ig .  5 and Fig.  6. Fig.  5 shows t h e  DLTS scan of e l e c t r o n  
t r a p s  f o r  t h e  one-MeV e l e c t r o n  i r r a d i a t e d  A10.3Ga0,7As s o l a r  ce l l s  as a func t ion  of 
e l e c t r o n  f luence .  Note t h a t  t h r e e  e l e c t r o n  t r a p s  wi th  ene rg ie s  of E,-0.12, 0.20, and 
0.31 e V  w e r e  observed i n  t h e  one-MeV e l e c t r o n  i r r a d i a t e d  A10.3Ga0.7As c e l l s ;  t h e  dom- 
i n a n t  e l e c t r o n  t r a p  w a s  due t o  E,-0.31 e V .  The d e n s i t y  of t h i s  E,-0.31 e V  t r a p  w a s  
found t o  inc rease  wi th  inc reas ing  e l e c t r o n  f luence ,  whi le  t h e  o the r  two shal lower 

Fig.  2 shows t h e  DLTS scans of t h e  

To s tudy 
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e l e c t r o n  t r a p s  showed less dependence on t h e  e l e c t r o n  f luence .  I n  c o n t r a s t  t o  t h e  
G a A s  p-n j u n c t i o n  cells ,  no mid-gap deep-level  t r a p s  w e r e  de t ec t ed  i n  t h e  A10~3Ga0.7- 
A s  p-n j u n c t i o n  s o l a r  cells. Fig.  6 shows t h e  DLTS scans  of ho le  t r a p  f o r  t h e  s a m e  
cells  shown i n  Fig.  5; only one h o l e  t r a p  w i t h  energy of Ev+0.18 e V  w a s  observed i n  
t h e s e  cel ls ,  and t h e  d e n s i t y  w a s  found t o  vary  from 2 . 7 5 ~ 1 0 1 5  ( f o r  $e = 1014 e/cm2) 
t o  5 . 9 3 ~ 1 0 1 5  cm-3 (at  $e = 1 O I 6  e/cmz). 
w a s  observed i n  t h e s e  e l e c t r o n  - i r r a d i a t e d  Al,Gal_,As p-n j u n c t i o n  s o l a r  cells. 
Table  3 summarizes t h e  d e f e c t  parameters deduced from t h e  DLTS d a t a  f o r  t h e  e l e c t r o n  
t r a p s  shown i n  Fig.  5. From t h e  r e s u l t s  of t h i s  s tudy ,  i t  is concluded t h a t :  (1) f o r  
t h e  u n i r r a d i a t e d  A10.3Ga0.7As p-n j u n c t i o n  cells ,  t h e  dominant e l e c t r o n  t r a p  is  due 
t o  E,-0.31 e V  and t h e  dominant ho le  t r a p  is  due t o  Ev+0.18 e V ;  thermal  annea l ing  w i l l  
e f f e c t i v e l y  reduce t h e  d e n s i t y  of bo th  e l e c t r o n  and ho le  t r a p s ,  (2) Ge-doped A10.3- 
G a O e 7 A s  p-n j u n c t i o n  ce l l s  con ta in  lower d e f e c t  d e n s i t y  than  t h e  Be-diffused cel ls ,  
(3) one-MeV e l e c t r o n  i r r a d i a t i o n  i n  t h e  A10,3Ga0,7As p-n j u n c t i o n  cel ls  produces 
only  one ho le  t r a p  ( i .  e. , Ev+0.18 eV) and t h r e e  e l e c t r o n  t r a p s  (Ec-0.12, 0.20, and 
0.31 e V ) ;  no mid-gap deep level d e f e c t s  w e r e  observed, (4) d e f e c t  d e n s i t y  does in-  
crease w i t h  inc reas ing  e l e c t r o n  f luence ,  and (5) t h e  DLTS d a t a  showed t h a t  A10.3- 
G a o . - / A s  p-n j u n c t i o n  s o l a r  ce l l s  may have more r a d i a t i o n  t o l e r a n c e  than  t h a t  of G a A s  
p-n j u n c t i o n  s o l a r  ce l l s  r epor t ed  i n  our prev ious  paperL21. 

Again, no mid-gap h o l e  t r a p  o r  new h o l e  t r a p  

*Research supported by A i r  Force Aeropropulsion Lab., AFWAL, subcont rac t  through 

(1) S. M. Bedair,  M. Lamorte, and J. Hauser, Appl. Phys. L e t t . ,  vo l .  34, p .  38 (1979). 

(2) I n  t h e  same proceeding of t h i s  workshop. 

Universa l  Energy System Inc . ,  t a s k  6. 
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Table 2 .  oefect Parameters for the Unannealed and the Annealed A10.3Ga0.7AS and 
GaAs LPE Layers. 

L-1383 
0.42 7 . 1 ~ 1 0 ~ ~  0.40 5.5~10~' 2 .8x1Ol5 

0.60 1. 7x1011 0. I1 4 . 1 ~ 1 0 ~ ~  3 . 6 ~ 1 0 ~ ~  
Unannealed 

L-1383 
0.42 1.2x1010 0.40 2.7xio10 2.lx1ol5 

3OO0C,2 hrs 
0.60 4.7~10~' 0.71 2.4~10~' 2 . 4 ~ 1 0 ~ ~  

Table3 . Electron Traps in One-MeV Electron Irradiated 
A10.3Ga0.7As P-N Junction Solar Cells 

L-1383 

Electron Pluence 

(elm ) 
2 

1 . 3 ~ 1 0 ~ ~  2.5~10'~ 

1 . 5 ~ 1 0 ~ ~  2.4~10'~ 

0.42 1 . 0 ~ 1 0 ~  0.40 

0.60 6 . ~ ~ 1 0 ~  0.71 
3OO0C,5 hrs 

0 

1.03~10~~ 

l0l6 

Ec-0.i2 2 . 1 ~ 1 0 ~ ~  - 
Ec-0.20 4 . 3 ~ 1 0 ~ '  2.63~10-l~ 8.84 
E--0.31 7 . 8 ~ 1 0 ~ ~  1.64~10-l~ 0.078 

17 
1.26~10 

1.16~10~' 

Ec-0.12 1.9~10 15 - 
Ec-0.20 6 . 5 ~ 1 0 ~ ~  2.63~10-l~ 5.85 

Ec-0.31 1 . 1 1 ~ 1 0 ~ ~  1.64~10-l~ OD55 

Ec-0.12 2.2~10~' - 
Ec-0.20 3 . 9 ~ 1 0 ~ ~  2.63~10-l~ 9. 75 
Ec-0.31 1 . 8 ~ 1 0 ~ ~  1.64~10-l~ QC34 
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F ig .  4 O p t i c a l  DLTS scans o f  h o l e  t r a p  
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j u n c t i c n  so lar  cells. 
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PKOGKESS IN DEVELOPING HIGH PERFORMANCE SOLAR BLANKETS A N D  AK&AYS* 

John Scott-Monck 
Jet Propulsion Labo ta to ry  

Cal i forn ia  Ins t i tu te  of Technology 
Pasadena,  Cal i forn ia  

INTRODUCTION 

The development of h igh  e f f i c i e n c y  (> 13% AMO), u l t r a t h i n  (50 pm)  s i l i c o n  
s o l a r  c e l l s  o f f e r s  both oppor tun i ty  and chal lenge.  It i s  p o s s i b l e  t o  cons ider  400 
W/kg b lanket  des igns  by using t h i s  c e l l  i n  conjunct ion  wi th  f l e x i b l e  s u b s t r a t e s ,  
u l t r a t h i n  covers  and welded in te rconnec ts .  By des igning  array s t r u c t u r e  which i s  
mechanically and dynamically compatible wi th  very  low mass b lanke t s ,  s o l a r  a r r a y s  
wi th  a s p e c i f i c  power approaching 200 W/kg are achievable .  
i n  blanket  performance (h igher  power and lower mass p e r  u n i t  area),  which could 
come from t h e  implementation of  h igher  e f f i c i e n c y  c e l l s  ope ra t ing  a t  lower tempera- 
t u r e s  ( s i l i c o n  o r  G a A s ) ,  and the  u s e  of encapsulan ts ,  would r e s u l t  i n  t h e  develop- 
ment of 300 W/kg s o l a r  a r r ays .  

Fu r the r  improvements 

There i s  a t r end  toward h igher  power. 

There i s  a t r e d  toward h igher  power and longer  ope ra t ing  l i f e  in n e a r l y  every 
f u t u r e  mission being planned, whether f o r  NASA, defense  o r  commercial app l i ca t ion .  
It i s  a l s o  becoming apparent  t h a t  t h e  S h u t t l e  launch c a p a b i l i t y  w i l l  not grow as 
r a p i d l y  as had been o r g i n a l l y  a n t i c i p a t e d .  Thus t h e r e  is  a need f o r  t h e  development 
of low mass s o l a r  arrays. 

APPROACH 

Figure 1 i s  a p l o t  of beginning of l i f e  (BOL) a r r a y  s p e c i f i c  power as a func t ion  
o f  a r r a y  s t r u c t u r e  mass p e r  u n i t  area. It i s  p o s s i b l e  t o  develop an optimum s t r a t e g y  
f o r  providing a high performance a r r a y  by ana lyz ing  t h e  r e l a t i o n s h i p  between a r r a y  
performance and t h e  f i g u r e s  of merit f o r  t h e  b lanket  and s t r u c t u r e  components. It 
i s  apparent  t h a t  i nc reas ing  t h e  s p e c i f i c  power of t h e  a r r a y  blanket  w i l l  provide 
much g r e a t e r  i n i t i a l  improvements i n  a r r a y  s p e c i f i c  power. 

However as t h e  b lanket  s p e c i f i c  power i n c r e a s e s  (lower mass per  u n i t  area) 
f o r  a f ixed  s t r u c t u r e  mass, t h e  dynamics of t h e  a r r a y  begin t o  change. Thus it 
becomes necessary  t o  modify t h e  s t r u c t u r e  t o  br ing  t h e  a r r a y  i n t o  conformance with 
such requirements  as s t i f f n e s s  and n a t u r a l  frequency. Even excluding a r r a y  dynamics 
from cons ide ra t ion ,  lowering t h e  s t r u c t u r e  mass becomes an a t t r a c t i v e  and even 
necessary op t ion  i f  a r r a y  s p e c i f i c  power i s  t o  exceed 150 W/kg BOL. Therefore  
once a r e l a t i v e l y  high performance b lanket  (> 250 W/kg) i s  achieved,  e f f o r t s  t o  
develop a low mass s t r u c t u r e  become t h e  more e f f e c t i v e  method of i nc reas ing  t h e  
a r r a y ' s  s p e c i f i c  power. 

* The resea rch  desc r ibed  i n  t h i s  paper p re sen t s  t h e  r e s u l t s  of one phase of r e sea rch  
c a r r i e d  out  by t h e  Jet Propuls ion Laboratory,  C a l i f o r n i a  I n s t i t u t e  of  Technology, 
under c o n t r a c t  wi th  t h e  Nat iona l  Aeronaut ics  and' Space Administration. 
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BLANKET DEVELOPMENT 

Simple c a l c u l a t i o n s  show t h a t  t h e  p r e s e n t  SEP b l a n k e t  (105 W/kg), which re- 
p r e s e n t s  c u r r e n t  s ta te  of t h e  a r t ,  would b e  improved t o  n e a r l y  150 W/kg by r e p l a c -  
i n g  t h e  b a s e l i n e  c e l l s  and c o v e r s  w i t h  u l t r a t h i n  v e r s i o n s .  Thus t h e r e  i s  a s t r o n g  
i n c e n t i v e  t o  deve lop  a c o s t  e f f e c t i v e  and s c a l e a b l e  approach  t o  f a b r i c a t i n g  u l t r a -  
t h i n  s o l a r  c e l l  b l a n k e t s .  The p r o s p e c t  t h a t  u l t r a t h i n  GaAs s o l a r  cel ls  w i l l  be 
a v a i l a b l e  w i t h i n  this  decade i s  a n o t h e r  s t r o n g  argument f o r  pursu ing  t h i s  e f f o r t .  

-- Nanufac tur ing  Methods 
NASA-JPL i s  p r e s e n t l y  s p o n s o r i n g  t h r e e  c o n t r a c t s  aimed a t  d e v i s i n g  a method 

f o r  assembl ing  u l t r a t h i n  components. One e f f o r t  s e e k s  t o  r e t a i n  as  many conven- 
t i o n a l  manufac tur ing  p r o c e s s e s  as p o s s i b l e  and c o n c e n t r a t e  on modifying only  t h o s e  
t h a t  a r e  proven t o  be incompat ib le .  The r a t i o n a l e  f o r  t h i s  ph i losophy i s  t h a t  
hased on c u r r e n t  p r o j e c t i o n s  f o r  a r r a y  demand and t h e  fact  t h a t  u l t r a t h i n  c e l l  
k , lankets  w i l l  n o t  c a p t u r e  t h e  near-term market ,  t h e  expense t o  r e c a p i t a l i z e  f o r  
t h i s  new technology cannot  b e  j u s t i f i e d .  

S u b s t a n t i a l  p r o g r e s s  i n  producing u l t r a t h i n  c e l l  modules h a s  been made u s i n g  
t h i s  approach ,  and a p r o t o t y p e  module h a s  been s u b j e c t e d  t o  o v e r  6000 thermal  
c y c l e s  (+80 t o  -80°C) w i t h o u t  any s i g n i f i c a n t  e lec t r ica l  o r  mechanical  degrada t ion .  
?'he b a s e l i n e  process  u s e s  a kapton  s u b s t r a t e ,  c o n v e n t i o n a l  DC 93-500 a d h e s i v e  f o r  
s u b s t r a t e  and cover  bonding, welded s i l v e r - p l a t e d  i n v a r  i n t e r c o n n e c t s ,  62 pm ce l l s  
and 50 pm g l a s s  c o v e r s  ( r e f .  1). 

A second e f f o r t  s e e k s  t o  reduce t h e  d i f f i c u l t y  i n  h a n d l i n g  t h e s e  pa r t s  by in-  
v e s t i g a t i n g  t h e  u s e  of automated machinery t o  i n t e r c o n n e c t  t h e  c e l l  s t r i n g s .  I n  
t h i s  approach u l t r a s o n i c  welding of  s i l v e r  mesh i s  employed. R e s u l t s  t o  d a t e  
i n d i c a t e  t h a t  weld j o i n t s  w i t h  a c c e p t a b l e  p u l l  s t r e n g t h  (200 gms i n  s h e a r )  and 
less t h a n  one p e r c e n t  e lec t r ica l  d e g r a d a t i o n  can  be achieved  w i t h  t h i s  technique .  
Nethods f o r  bonding c o v e r s  have a l s o  been developed. 

A t h i r d  p a r a l l e l  a c t i v i t y  h a s  developed s p e c i a l  t o o l i n g ,  based  on c o n c e p t s  
proven e f f e c t i v e  f o r  terrestrial  module f a b r i c a t i o n ,  t o  minimize t h e  amount of 
l-landling o p e r a t i o n s  t h e  u l t r a t h i n  cel ls  and c o v e r s  r e c e i v e  d u r i n g  assemby. The 
i n i t i a l  t r i a l  run u s i n g  t h i s  c e l l - i n t e r c o n n e c t - r e g i s t r a t i o n t o o l  ( C I R T )  showed a 
d r a m a t i c  improvement i n  y i e l d  as compared t o  c o n v e n t i o n a l  handl ing  processes .  
F u r t h e r  work i s  now underway t o  make improvements i n  t h e  t o o l  des ign .  Although 
paral leL-gap r e s i s t a n c e  welded i n t e r c o n n e c t s  were used f o r  t h e  proof  tes t ,  a sub- 
s t an t i a l  e f f o r t  w i l l  be  made i n  t h i s  phase t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  of  laser 
welding as a j o i n i n g  method. 

U l t r a t h i n  S o l a r  Cells 
The NASA-JPL p i l o t  l i n e  program demonstrated t h a t  u l t r a t h i n  s i l i c o n  s o l a r  

c e l l s  could  be produced i n  q u a n t i t y  ( r e f .  2). Cells from t h i s  program, a l o n g  w i t h  
v e r s i o n s  s u p p l i e d  by two s p a c e  q u a l i f i e d  s o u r c e s ,  t o  a s p e c i f i c a t i o n ,  are be ing  
used f o r  t h e  b l a n k e t  development work. The newer v e r s i o n s  i n c o r p o r a t e  such  technology 
improvements as back s u r f a c e  r e f l e c t o r s ,  m u l t i p l e  a n t i r e f l e c t i o n  c o a t i n g s  and a n  
a l t e r n a t e  back s u r f a c e  f i e l d  technique .  This  r e c e n t  procurement r e s u l t e d  i n  t h e  
d e l i v e r y  of  c e l l s  w i t h  a n  a v e r a g e  28°C AM0 e f f i c i e n c y  of  12.5 p e r c e n t ,  some ce l l s  
exceeding  13 percent .  

J P L  a l s o  procured a n  improved v e r s i o n  of  t h e  u l t r a t h i n  cel l  from t h e  o r i g i n a l  
s u p p l i e r .  The d e v i c e  employs a g r i d d e d  back c o n t a c t  t o  reduce  c e l l  mass, and 

2 02 



c e l l s  exceeding 13 percent  AM0 were provided (ref. 3 ) .  This  second gene ra t ion  
u l t r a t h i n  c e l l  i s  an  important  milestone f o r  achiev ing  even h ighe r  l e v e l s  o f  
b lanket  s p e c i f i c  power. It o f f e r s  t h e  p o t e n t i a l  of reducing c e l l  bowing, s i n c e  
t h e  amount of c o n t a c t  metal is t h e  same on both s i d e s ,  reducing c e l l  mass and 
lowering cel l  ope ra t ing  temperature  because most of t he  back s u r f a c e  i s  f r e e  of 
met a 1. 

It i s  expected t h a t  f u r t h e r  modi f ica t ions  w i l l  be made t o  the  u l t r a t h i n  
s o l a r  c e l l  t o  improve ope ra t ing  e f f i c i e n c y  and handl ing p rope r t i e s .  
rece ived  from the b lanket  development program w i l l  be used t o  write a s p e c i f i c a t i o n  
f o r  an optimized u l t r a t h i n  s o l a r  c e l l  compatible wi th  whatever blanket  f a b r i c a t i o n  
process  i s  developed. 

The feedback 

U l t r a t h i n  Covers 

of t he  u l t r a t h i n  ce l l ,  t h e  t h i n n e s t  covers  a v a i l a b l e  were 1.100 urno Prototype u l t r a -  
t h i n  b l anke t s  used 50 t o  7 5  pm microsheet g l a s s  which would not  be accep tab le  f o r  
space use. Curren t ly  t h e  b lanket  development programs are us ing  50 urn t ex tu red  
fused  s i l i c a ,  bu t  t h e s e  covers  do no t  have uv- re jec t ion  f i l t e r s .  Another a l t e r n a -  
t i v e  i s  t o  use  ceria-doped microsheet.  Sample q u a n t i t i e s  of  50 um material have 
been obtained and w i l l  be used i n  t h e  program. 

.- 
Many miss ion  o r b i t s  r e q u i r e  only minimal s h i e l d i n g ,  bu t  a n t i 1  t h e  development 

Perhaps t h e  most e x c i t i n g  candida te  now being eva lua ted  i s  a t r anspa ren t  polyi-  
mide polymer which w a s  o r i g i n a l l y  developed f o r  commercial app l i ca t ions .  Prelimin- 
a r y  t e s t i n g ,  which has  been very encouraging, has  been performed. Details of t h i s  
eva lua t ion  are provided i n  another  pape r  publ ished i n  t h i s  volume ( r e f .  4 ) .  

A space q u a l i f i e d  encapsulan t  i s  necessary i n  o rde r  t o  achieve a blanket  
s p e c i f i c  power approaching 500 W/kg. By us ing  an encapsulan t ,  even th inne r  protec-  
t i v e  l a y e r s  (< 25 urn) could be cons idered ,  and no adhesive would be necessary,  
t hus  saving a d d i t i o n a l  mass. Encapsulat ion would a l s o  provide major b e n e f i t s  f o r  
blanket  f a b r i c a t i o n  with r e s p e c t  t o  l a b o r  c o s t  and y i e ld .  

S u b s t r a t e  -- 
The b a s e l i n e  b lanket  des ign  employs very  t h i n  (25 urn) kapton shee ts .  This  

may no t  be practical  f o r  two reasons.  Thin, f l e x i b l e  s u b s t r a t e s  o f f e r  very l i t t l e  
p r o t e c t i o n  from t h e  e f f e c t s  of t h e  omnidi rec t iona l  space r a d i a t i o n  environment. 
For low earth o r b i t a l  a p p i i c a t i o n s  t h i s  is  of l i t t l e  consequence, but  f o r  h igh  
e a r t h  o r  geosynchronous a p p l i c a t i o n s  , where r a d i a t i o n  l e v e l s  are a t  least 6x10I3 
equiva len t  1 MeV e lec t rons /cm2 annual ly ,  a t h i c k e r  s u b s t r a t e  may be necessary  t o  
p r o t e c t  the  c e l l s  from backside r a d i a t i o n  degradat ion.  Trade-offs t o  determine 
the  optimum s u b s t r a t e  t h i ckness  f o r  end of  l i f e  a r r a y  s p e c i f i c  power w i l l  need t o  
be done. Work i s  planned t o  determine the e f f e c t s  o f  space r a d i a t i o n  on cells 
t h a t  have r e l a t i v e l y  l i t t l e  backside pro tec t ion .  

A second concern which has  t o  t r a n s f e r r i n g  extremely t h i n  s u b s t r a t e s  which 
have c e l l  assembly ( ce l l  p l u s  cove r )  c i r c u i t s  bonded t o  them. 
l a t t v e l y  easy t o  f a b r i c a t e  modules wi th  t h i n  s u b s t r a t e s ,  i t  i s  much more d i f f i c u l t  
t o  j o i n  these  modules i n t o  pane ls  and u l t i m a t e l y  i n t e g r a t e  the  pane ls  i n t o  an a r r ay .  
Thus t h e  p re sen t  des ign  w i l l  probably employ t h i c k e r  (50 pm) composite, laminated 
o r  f i b e r  r e in fo rced  s u b s t r a t e s .  

Although i t  i s  re- 
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< Processes  t o  provide extremely t h i n  (- 25 um) adhes ive  bondl ines  f o r  cover- 
Adhesive 

g l a s s  and c i r c u i t  bonding have not  been reduced t o  p rac t i ce .  P resen t ly  50 m 
bondlines  are a real is t ic  estimate f o r  t h e  b lanket  design. I n  t h e  case of the  
coverg lass ,  t h e  implementation of a n  encapsul tan t  such as the  polyimide polymer 
now being eva lua ted ,  would e l i m i n a t e  adhesive.  For s u b s t r a t e - c i r c u i t  a t tachment ,  
i t  may be necessary t o  cons ider  "spot" bonding, wherein only c e r t a i n  areas of each 
ce l l  are bonded t o  t h e  s u b s t r a t e .  Th i s  may cause the  ce l l  t o  run h o t t e r ,  t hus  
reducing power output.  Therefore  a t  some poin t  i t  may be necessary t o  test t h i s  
concept i n  o rde r  t o  o b t a i n  s u f f i c i e n t  d a t a  t o  a l low a trade-off t o  be made t o  
determine the  b e s t  approach t o  opt imize end-of-l ife a r r a y  s p e c i f i c  power. 

In te rconnec ts  
It i s  assumed t h a t  welding w i l l  be used f o r  in te rconnec t ing .  Curren t ly  

t h r e e  in te rconnec t  materials are being employed; s i l v e r ,  s i l v e r  p l a t ed  molybdenum 
and s i lver  p l a t ed  invar .  The p resen t  p r a c t i c a l  lower l i m i t  of  t h i ckness  f o r  the 
base material i s  approximately 25 vm and i n  t h e  l a t te r  two cases the  amount of 
s i l v e r  necessary t o  a s s u r e  proper in te rconnec t  conduc t iv i ty  and weld s u i t a b i l i t y  
i s  i n  t h e  order  of 20 urn. 

I d e a l l y  i t  would be b e t t e r  t o  e i t h e r  reduce the  th i ckness  of t h e  in te rconnec t  
base material o r  cons ider  a low mass, h ighly  conducting material such as aluminum. 
The prospect  f o r  secur ing  th inne r  i n t e rconnec t s  i s  no t  good unless  funding is  
provided t o  develop t h e  necessary e t ch ing  and r o l l i n g  technology. Based on the  
c u r r e n t  s i t u a t i o n ,  i t  i s  more l i k e l y  t h a t  a t tempt ing  t o  develop lower wass i n t e r -  
connect materials i s  t h e  b e t t e r  approach. 

However t h e  mass advantages may be compromised by the  s u b s t a n t i a l  mismatch 
i n  thermal c o e f f i c i e n t  of expansion between the  s o l a r  c e l l  ( s i l i c o n  o r  G a A s )  and 
a n  in te rconnec t  such as aluminum. Work w i l l  be undertaken i n  t h e  f u t u r e  t o  inves- 
t i g a t e  the  p o s s i b i l i t y  of us ing  aluminum as an in t e rconnec t  material, once t h e  
main problems a s s o c i a t e d  w i t h  f a b r i c a t i n g  a space q u a l i f i e d  u l t r a t h i n  s o l a r  c e l l  
b lanket  are resolved.  

Harness 
I n  many ana lyses  of b lanket  s p e c i f i c  power, t h e  mass of the  harness  o r  bus i s  

not  taken i n t o  cons idera t ion .  R e a l i s t i c a l l y  t h e  bus must be taken i n t o  account. 
The present  ha rness  material i s  copper and because of t h e  low opera t ing  vol tage  of 
t h e  a r r a y  (30-40 v o l t s ) ,  t h e  harness  mass i s  roughly 0.20 kg/m2 f o r  t h e  cu r ren t  
b a s e l i n e  design. A s  t he  mass of t h e  o t h e r  b lanket  components i s  reduced, t h e  
i m p a c t  of t h e  harness  w i l l  act t o  c o n s t r a i n  b lanket  performance. By inc reas ing  
t h e  opera t ing  vo l t age  of t h e  a r r a y  t o  perhaps 120 v o l t s  and s u b s t i t u t i n g  aluminum 
f o r  copper,  t h e  mass of t h e  harness  could be reduced t o  approximately -025 kg/m2. 

STRUCTURE DEVELOPMENT 

NASA-JPL sponsored a n  e f f o r t  t o  develop a r r a y  s t r u c t u r e  des ign  concepts  t h a t  
would have low mass and be dynamically compatible with very  low mass blankets  
(0.25 t o  0.65 kg/m2). Three concepts  were evaluated;  t h e  Astromast used f o r  t h e  
SEP a r r a y ,  a modified ve r s ion  of t h e  e x t e n d i b l e  support  s t r u c t u r e  used on t h e  
Seasat  s p a c e c r a f t ,  and the  s t ack ing  t r i a n g u l a r  a r t i c u l a t e d  compact beam (STACBEAM), 
which w a s  f i n a l l y  chosen f o r  f u r t h e r  development. 



The STACBEAM des ign  has  many a t t rac t ive  f e a t u r e s  inc luding  low mass, sequen- 
t i a l  deployment, h igh  s t i f f n e s s  and t h e  c a p a c i t y  f o r  growth ( r e f .  5). Prel iminary 
des ign  work has  begun and a working model of t he  beam, c o n s i s t i n g  of 8 bays o r  
segments, has been b u i l t  us ing  graphite-epoxy. 
mechanism has been cons t ruc t ed ,  and i n  t h e  next  phase a more a c c u r a t e  o r  "high 
f i d e l i t y "  ve r s ion  w i l l  be cons t ruc ted .  
t h a t  t h e  STACREAM w i l l  provide t h e  low mass a r r a y  s t r u c t u r e  t h a t  i s  necessary t o  
achieve s o l a r  a r r a y s  with s p e c i f i c  power i n  excess of 150 W/kg. 

A breadboard model of t h e  deployment 

Based on the  progress  t o  d a t e ,  i t  appears  

DISCUSS ION 

Table 1 r e p r e s e n t s  t h e  b e s t  estimate of the c u r r e n t  s t a t u s  of  h igh  performance 
s o l a r  c e l l  b l anke t s  and a r r ays .  It i s  based on t h e  p re sen t  progress  of t h e  va r ious  
NASA-JPL programs suppor t ing  t h i s  e f f o r t .  I n  order  t o  present  t h e  most real is t ic  
assessment ,  cont ingency f a c t o r s  have been app l i ed  t o  t h e  c e l l  performance a t  array 
ope ra t ing  temperature.  This  approach has  borrowed h e a v i l y  from t h e  SEP a r r a y  de- 
velopment program. For example, t h e  c e l l  output  has  been de ra t ed  t o  account f o r  
f a b r i c a t i o n  l o s s e s ,  c e l l  mismatch, d iode  l o s s e s ,  a r r a y  packing f a c t o r  and tempera- 
t u r e .  Although s u b s t a n t i a l  p rogress  has  been made i n  t h e  development of t h e  
STACBEAM a r r a y  s t r u c t u r e ,  enough work remains so t h a t  i t  i s  not  r e a l i s t i c  t o  state 
t h a t  i t  is  ready a t  p re sen t  f o r  space f l i g h t  operat ion.  Whether t he  p re sen t  SEP 
a r r a y  s t r u c t u r e  would prove compatible with c u r r e n t  b lanket  mass p e r  u n i t  area i s  
s t i l l  not  s e t t l e d ,  but  i n  an  o p t i m i s t i c  a n a l y s i s ,  it i s  assumed s u i t a b l e .  

Table 2 r e f l e c t s  t h e  p o t e n t i a l  of t h e  NASA-JPL programs now being pursued. 
A s  s t a t e d  previous ly ,  a number of i s s u e s  such as t h e  thermal  pena l ty  a s s o c i a t e d  
wi th  adhesive "spot"  bonding and t h e  p r a c t i c a l i t y  of aluminum in t e rconnec t s  remain 
t o  be resolved.  Of even g r e a t e r  importance i s  t h e  ques t ion  of s i l i c o n  s o l a r  c e l l  
e f f i c i e n c y  a t  a r r a y  ope ra t ing  temperature  and the  use  of  a n  encapsula t ion  approach 
t o  replace convent iona l  coverglass .  
i n  determining t h e  u l t ima te  s p e c i f i c  power of s i l i c o n  s o l a r  c e l l  b lankets .  A 
h igher  degree of confidence is  a t t a c h e d  t o  t h e  e f f o r t s  underway t o  develop a new, 
low mass a r r a y  s t r u c t u r e .  

It i s  expected t h a t  t h e s e  w i l l  be major f a c t o r s  

The u t i l i t y  of employing GaAs s o l a r  ce l l s  has  not  been addressed because suf- 
f i c i e n t  in format ion  on t h e  technology i s  s t i l l  unavai lable .  However comments must 
addres s  c e r t a i n  a s p e c t s  of t h i n  GaAs cells .  Recently there have been published 

7 and 8). Much work remains be fo re  any of t h i s  technology can be r e a l i s t i c a l l y  
considered f o r  space  app l i ca t ions .  I f  i t  were o p t i m i s t i c a l l y  assumed t h a t  10 p m  
GaAs s o l a r  cel ls  wi th  a n  AM0 conversion e f f i c i e n c y ,  a t  ope ra t ing  temperature ,  ap- 
proaching 18 pe rcen t  could be achieved i n  a manner lending  i t s e l f  t o  a c o s t  e f f ec -  
t i v e  and p r a c t i c a l  approach t o  inco rpora t ion  i n t o  space s o l a r  a r r a y s ,  then space  
s o l a r  a r r a y s  wi th  s p e c i f i c  power a t  beginning-of- l i fe  exceeding 300 W/kg could be 
forecas ted .  

r e p o r t s  concerning t h e  p o t e n t i a l  of u l t r a t h i n  (- < 50 pm) G a A s  dev ices  ( r e f .  6 ,  

CONCLUSIONS 

Encouraging progress  towards achiev ing  s o l a r  c e l l  a r r a y s  capable  of 300 W/kg 
(BOL) s p e c i f i c  power has been made. 
s i l i c o n  s o l a r  cells ,  welding and f l e x i b l e  s u b s t r a t e s  i n d i c a t e  t h a t  a s o l a r  a r r a y  
could  be b u i l t ,  u s ing  c u r r e n t  technology, t h a t  would be s i x t y  percent  b e t t e r  than  
the present  s ta te-of- the-ar t .  S i g n i f i c a n t  improvern_ents w i l l  occur  i n  t h e  near  
f u t u r e ,  provided t h e  c u r r e n t  programs cont inue.  It i s  n o t  u n r e a l i s t i c  t o  cons ider  
a t t a i n i n g  300 W/kg (BOL) s i l i c o n  s o l a r  a r r a y  technology based on c u r r e n t  progress .  

Present  technology involv ing  advanced u l t r a t h i n  
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TABLE 1. 

Present  Blanket and Array S t a t u s  

I I 

NOTES I 

handl ing,  r a d i a t i o n  1 

bondline l i m i t a t i o n s  I 
I 

I 
11% a t  op.temp. I 

I 

I 
g r idded back, welding I 

bondline l i m i t a t i o n s  

t h i n n e s t  a v a i l a b l e  

t h i n n e s t  a v a i l a b l e  

needed €or  Mo, Invar  

based on SET 

based on SEP 

80% packing f a c t o r  

SEP 

Blanket Spec i f i c  Power 231 W/kg (based on 112 W/m2) 

Array Spec i f i c  Power 105 W/kg 
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TABLE 2. 

Ant ic ipa ted  Blanket and Array Performance 

---__ 7- I I I 
1 I I I 

-- 

I COMPONENT I DE SCRI PTION I kg/m2 I NOTES I 

I- I I +--- ----I 
1 S u b s t r a t e  I ~o rnpos i t e /50  prn I .070 1 handl ing ,  r a d i a t i o n  { 
I I I I I 
I Adhesive ( s u b s t r a t e )  I DC-93-500/50 pm I .006 1 s p o t  bonding I 
I I I 1 I 
I So l a r  C e l l  I ~ i l i c o n / 5 0  urn 1 .095 1 14% a t  opetemp. I 
I I I I I 
I C e l l  Contacts  I ~ i l v e r / 4  prn i ,005 i gr idded back, welding i 
I I 1 I I 
I Adhesive (cover)  I 1 -0- I none requi red  
I I I I 
I Cover 1 Encapsulant/25 Urn I .034 1 s h i e l d i n g  
I I I I I In te rconnec t  I Alumi.num/30 urn I .007 I c onduc t iv i ty  

1 I I 
I P l a t i n g  (IC) I ~ i l v e r / 2 0  pm I .OO2 I s p o t  p l a t i n g  
I I I I 
I Padding, e tce  I -  
I I 
I Harness I Aluminum 

I ,011 I based on SEP 

I .025 I advanced SEP concept 
I I 

I 

-I- 
I I I I 
I I 
I TOTAL BLANKET I 
I I I I 
I Y’ I 

I I I I 
I 
-I--- 

I I I I 

I -255 I 80% packing f a c t o r  

I Array S t r u c t u r e  1 I .321 [ STACBEAM I 

I TOTAL ARRAY I 1 -576 I 

Blanket S p e c i f i c  Power 557 W/kg (based on 142 W/rn2)  

Array S p e c i f i c  Power 247 W/kg 
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ARRAY SPEC 

FIGURE 1 

FIC POWER vs STR JCTURE MASS 
STAC BEAM 

Wlkg, 170 

Wlkg, 135 

Wlkg, 100 
BLANKET 
Wlkg, 100 

STRUCTURE MASS I kgl mL 1 
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M I N I AT U R IZ ED C ASS EG K AI N I A N CO N C E N T R A T 0  t i  CO N C E P T I_) E MO N ST KAT IO N 

K.E. Pa t t e r son  and  H.S. Rauschenbach  
TKW S p a c e  and  Technology Group 

Kedondo Beach,  Cal i forn ia  

INTRODUCTION 

High c o n c e n t r a t i o n  r a t i o  p h o t o v o l t a i c  systems f o r  space a p p l i c a t i o n s  
have g e n e r a l l y  been considered i m p r a c t i c a l  because o f  pe rce i ved  d i f f i c u l -  
t i e s  i n  c o n t r o l l i n g  s o l a r  c e l l  temperatures t o  reasonably  low values. A 
m i n i a t u r i z e d  c o n c e n t r a t o r  system i s  now under development* which surmounts 
t h i s  o b j e c t i o n  by p r o v i d i n g  acceptable s o l a r  c e l l  temperatures u s i n g  p u r e l y  
pass i ve  c e l l  c o o l i n g  methods. An a r r a y  o f  i d e n t i c a l  m i n i a t u r i z e d ,  r i g i d  
Cassegra in ian o p t i c a l  systems having a low f-number w i t h  r e s u l t i n g  s h o r t  
d imensions a long  t h e i r  o p t i c a l  axes a re  r i g i d l y  mounted i n t o  a frame t o  
form a r e l a t i v e l y  t h i n  c o n c e n t r a t o r  s o l a r  a r r a y  panel. A number of  such 
panels ,  app rox ima te l y  1.5 c e n t i m e t e r s  t h i c k ,  a re  w i r e d  as an a r r a y  and a re  
fo lded  a g a i n s t  one another  f o r  launch i n  a stowed c o n f i g u r a t i o n .  Deploy- 
ment on o r b i t  i s  S i m i l a r  t o  t h e  deployment o f  conven t iona l  p l a n a r  honeycomb 
panel a r r a y s  o r  f l e x i b l e  b l a n k e t  a r rays .  

The m i n i a t u r i z e d  concept was conceived and s t u d i e d  i n  t h e  1978-80 t i m e  
frame. Favorable r e s u l t s  l e d  t o  t h e  p resen t  f e a s i b i l i t y  demonstrat ion 
program which w i l l  span t h e  p e r i o d  between 1980 and 1982. Progress i n  t h e  
f e a s i b i l i t y  demonstrat ion phase made t o  da te  i s  r e p o r t e d  i n  t h i s  paper. I t  
i s  expected t h a t  t h e  m i n i a t u r i z e d  Cassegra in ian c o n c e n t r a t o r  concept w i l l  
be developed f u r t h e r  i n  t h e  f u t u r e  w i t h  space f l i g h t  demonstrat ion as a 
ma jo r  t a r g e t .  

CONCENTRATOR SYSTEM D E S C R I P T I O N  

A t y p i c a l  s o l a r  panel o f  t h e  m i n i a t u r i z e d  Cassegra in ian c o n c e n t r a t o r  
s o l a r  a r r a y  concept i s  i l l u s t r a t e d  i n  F i g u r e  1. Groups o f  sha l l ow  concen- 
t r a t o r  elements a re  h e l d  r i g i d l y  w i t h i n  t h e  g r i d d e d  frame s t r u c t u r e .  The 
d e t a i l e d  des ign o f  a s i n g l e  element i s  d e p i c t e d  i n  F i g u r e  2. The r e f l e c -  
t o r s  a re  made from r e l a t i v e l y  t h i c k  e l e c t r o f o r m e d  n i c k e l  i n  t h i s  f e a s i -  
b i l i t y  demonstrat ion phase. ( I n  a l a t e r  program phase, lower  weight  and 
lower  cos t  f a b r i c a t i o n  approaches w i l l  be examined.) The s o l a r  c e l l  r a d i a -  
t o r  f i n  i s  shown as a f l a t  square p l a t e  i n  F i g u r e  l ,  and as a c i r c u l a r  cup 
i n  F i g u r e  2. T h i s  design change was made t o  accommodate assembly f o r  
1 arge-scal  e p r o d u c t i o n  b u t  i s  n o t  cons ide red  f i n a l  ; 1 ow-cost h i  gh-vol  ume 
p r o d u c t i o n  requi rements w i l l  s t r o n g l y  i n f l u e n c e  t h e  f i n a l  element c o n f i g u -  
r a t i o n .  A m a t e r i a l s  and processes data base i s  p r e s e n t l y  be ing  e s t a b l i s h e d  
t h a t  w i l l  a s s i s t  i n  t h i s  de te rm ina t ion .  

* 
T h i s  work was performed under c o n t r a c t  NAS8-34131 f o r  NASA MSFC 
(L .  Crabtree,  MSFC Technical  Manager). 
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The n i c k e l  r e f l e c t o r s  a re  codted as shown i n  F i g u r e  3. The s i l i c o n  
monoxide ( S i O )  l a y e r  serves b o t h  t o  p r o t e c t  t h e  r e f l e c t o r  a g a i n s t  t e r r e s -  
t r i a l  and space environments and t o  p r o v i d e  a h igh -emi t tance  thermal 
c o n t r o l  sur face.  

The o p e r a t i n g  temperature o f  t h e  c o n c e n t r a t o r  c e l l  i s  c o n t r o l  1 ed 
pass i ve l y .  Reference 1 desc r ibes  t h e  approach i n  d e t a i l ;  however, i n  b r i e f  
summary i t  s imp ly  c o n s i s t s  o f  r a d i a t i n g  heat i n t o  space f rom bo th  t h e  f r o n t  
and back s ides  of t h e  c o n c e n t r a t o r  s o l a r  panel e x a c t l y  as occurs f o r  con- 
v e n t j o n a l  p l a n a r  ar rays.  Each c o n c e n t r a t o r  element has a r a d i a t o r  f i n ,  
rough ly  t h e  s i z e  o f  t h e  ent rance aper tu re ,  a t tached  t o  t h e  c o n c e n t r a t o r  
c e l l  w i t h  a l ow  thermal r e s i s t a n c e  bond. The r a d i a t o r  f i n  t h i c k n e s s  i s  
m in im ized  f o r  t h e  d e s i r e d  c e l l  o p e r a t i n g  temperature and t h e  p a r t i c u l a r  
a p e r t u r e  s i ze .  The f i n  i s  r a d i a t i v e l y  coupled t o  t h e  p r imary  p a r a b o l i c  
r e f l e c t o r  t o  o b t a i n  f r o n t - s i d e  heat r e j e c t i o n  and t o  reduce thermal g r a d i -  
e n t s  across t h e  panel t h i ckness .  As Reference 1 demonstrates,  o n l y  smal l  
d iameter  r a d i a t o r s ,  i.e., m i n i a t u r i z e d  elements, w i l l  r e s u l t  i n  low spe- 
c i f i c  mass c o n c e n t r a t o r  systems. 

The c o n c e n t r a t o r  element o p t i c a l  design, i l l u s t r a t e d  i n  F i g u r e  4, 
r e s u l t s  i n  t h e  o p t i c a l  l osses  shown i n  Table 1. Under p e r f e c t  s u n - p o i n t i n g  
c o n d i t i o n s ,  t h e  i n c i d e n t  sun1 i g h t  i s  r e f l e c t e d  o n l y  t w i c e  w i t h o u t  s t r i k i n g  
t h e  t e r t i a r y  r e f l e c t o r ,  a l s o  known as t h e  l i g h t  ca tche r  cone. The l i g h t  
c a t c h e r  cone improves t h e  o f f - p o i n t a b i l i t y  o f  t he  c o n c e n t r a t o r  element. 
Under c o n d i t i o n s  o f  p e r f e c t  a1 ignment and sun -po in t i ng ,  t h e  demonstrat ion 
module c o n c e n t r a t o r  elements have a t h e o r e t i c a l  geometr ica l  c o n c e n t r a t i o n  
r a t i o  o f  163 and a nominal e f f e c t i v e  c o n c e n t r a t i o n  r a t i o  o f  88. 

EXAMINATION OF CRITICAL I S S U E S  

I n  t h i s  s e c t i o n  t h e  most c r i t i c a l  i ssues  a f f e c t i n g  implementat ion o f  
t h e  concept a re  examined i n  f o u r  areas:  o p t i c a l  design, thermal design, 
s o l a r  c e l l  design, and assembly. 

O p t i c a l  Des i gn 

The i n i t i a l  problem o f  o p t i c a l  des ign was t h e  des ign and procurement 
o f  a s h o r t - f o c a l  l e n g t h  (12.8 m i l l i m e t e r s )  nonimaging Cassegra in ian system 
w i t h  a low f-number (0.25) and a h i g h  c o n c e n t r a t i o n  r a t i o  (163). F i g u r e s  5 
and 6 and t h e  performance data desc r ibed  below show t h a t  t h e  i n i t i a l  des ign 
was successfu l .  

The elements o f  t h e  demonstrat ion module a re  arranged o r t h o g o n a l l y  f o r  
assembly and t e s t  convenience only ,  r a t h e r  than i n  a c l o s e l y  packed 
hexagonal p a t t e r n .  F i g u r e  5 shows t h e  s imple " s p i d e r "  arrangement t h a t  
5,upports t h e  secondary hyperbol  i c  r e f l e c t o r .  The wide s p i d e r  l e g s  produce 
a l a r g e  blockage l o s s  c o n t r i b u t i o n .  No a t tempt  was made t o  reduce t h i s  
l o s s  by s u b s t i t u t i n g  a more complex suppor t  s t r u c t u r e  s i n c e  i t  was d e s i r e d  
f o r  t h e  purpose o f  i n i t i a l  demonstrat ion t o  use o f f - t h e - s h e l f  commercial 
e l e c t r o f o r m i n g  techniques w i t h o u t  r e q u i r i n g  complex mandrel t o o l i n g .  
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Current  work i s  d i r e c t e d  toward i d e n t i f y i n g  p r a c t i c a l  methods o f  
reducing the  o p t i c a l  design losses t o  a t t a i n  t h e  goals  shown i n  Table 1. 
The l a r g e s t  of t h e  p o t e n t i a l  ga ins w i l l  r e s u l t  f rom an improvement i n  t h e  
r e f l e c t i v e  c o a t i n g  as i n d i c a t e d  by F i g u r e  7. By i n t e g r a t i n g  t h e  produc t  o f  
a s p e c t r a l  r e f l e c t a n c e  curve from t h i s  f i g u r e ,  t h e  AM0 s o l a r  spectrum, and 
t h e  s o l a r  c e l l  s p e c t r a l  response ( S i  o r  GaAs), t h e  energy rece ived by t h e  
s o l a r  c e l l  a f t e r  a double r e f l e c t a n c e  can be determined and, t h e r e f o r e ,  t h e  
comparat ive improvement obta ined w i t h  candidate c o a t i n g s  o t h e r  than a lumi -  
num. A s i l v e r  c o a t i n g  i s  t h e  obvious bes t  choice.  However, s i l v e r  coa t -  
ings ,  even w i t h  p r o t e c t i v e  S i 0  overcoat ings,  a r e  known t o  f r e q u e n t l y  
e x h i b i t  problems i n  long- term t e r r e s t r i  a1 s to rage environments , usual l y  due 
t o  hard- to -avo id  p i n  ho les i n  t h e  S i 0  coat ing.  
w i l l  be r e q u i r e d  t o  make t h i s  c o a t i n g  system s t a b l e  and economical ly  
v i  ab1 e. 

Thus some development work 

A1 ignment s e n s i t i v i t y  t e s t s  have shown t h a t  t h e  t h r e e  r e f l e c t o r s  and 
t h e  s o l a r  c e l l  may be randomly m i s a l i g n e d  w i t h  respec t  t o  t h e  e lement 's  
t h e o r e t i c a l  o p t i c a l  a x i s  by as much as severa l  t e n t h s  o f  a m i l l i m e t e r  wi th 
no l o s s  i n  element performance a t  normal inc idence o f  s u n l i g h t  ( t h e  Sun's 
ray p a r a l l e l  t o  t h e  e lement 's  t h e o r e t i c a l  o p t i c a l  a x i s ) .  S i m i l a r l y ,  misa- 
l ignment  e r r o r s  between r e f l e c t o r s  and t h e  c e l l  i n  t h e  d i r e c t i o n  o f  t h e  
o p t i c a l  a x i s  up t o  severa l  t e n t h s  of  a m i l l i m e t e r  a re  inconsequent ia l  a t  
normal i ncidence. 

O f f - p o i n t i n g  t e s t s  i n  n a t u r a l  s u n l i g h t  demonstrated t h e  e f f e c t i v e n e s s  
o f  the  l i g h t  ca tcher  cone ( F i g u r e  8). The o f f - p o i n t i n g  performance was 
good, b u t  somewhat l e s s  than p r e d i c t e d  a n a l j t i c a l l y  ( f o r  a 90 percent  
r e f l e c t i v e  cone s u r f a c e )  and from exper ience w i t h  a l ignment  s e n s i t i v i t y  
measurements made w i t h  a l a s e r  i n  t h e  l a b o r a t o r y .  Several areas have been 
i d e n t i f i e d  f o r  p o t e n t i a l  improvements d u r i n g  t h e  d e t a i l e d  des ign phase. 

Therma Des i gn 

For low e a r t h  o r b i t  a p p l i c a t i o n s  i n  which t h e  E a r t h ' s  albedo and IR 
emissions are  s i g n i f i c a n t  , h i g h l y  r e f  e c t i v e  h igh-emi t tance c o a t i n g s  are 
r e q u i r e d  f o r  good thermal c o n t r o l .  F r t h i s  reason, bo th  t h e  s p i d e r  and 
t h e  aluminum r a d i a t o r  f i n  sur faces were p a i n t e d  w i t h  w h i t e  thermal c o n t r o l  
p a i n t .  Thermal balance and thermal g r a d i e n t  t e s t s  i n  vacuum are  p r e s e n t l y  
under way t o  conf i rm t h e  p r e d i c t e d  s i l i c o n  c e l l  temperature o f  80" t o  1 0 0 ° C  
and c e l l - t o - f i n  temperature g r a d i e n t s  of l e s s  than 5°C. A n a t u r a l  s u n l i g h t  
t e s t  a t  Table Mountain, C a l i f o r n i a  a t  8000 f e e t  a l t i t u d e  and approx imate ly  
0.87 AM0 sun e q u i v a l e n t  i n t e n s i t y  have y i e l d e d  a c e l l  temperature o f  36°C 
w i t h  a s t i l l  a i r  ambient temperature o f  19°C. This  c e l l  temperature com- 
pares favorably  t o  s i m i l a r  f l a t  p l a t e  a r r a y  temperatures ob ta ined under 
s i m i l a r  t e s t  c o n d i t i o n s .  

Solar  C e l l  Design 

The concent ra to r  s o l a r  c e l l  phys ica l  design, shown i n  F i g u r e  9, repre-  
sents  a compromise i n  c o n t a c t  pad design between heat s i n k i n g  and power 
losses i n  t h e  n o n i l l u m i n a t e d  c e l l  j u n c t i o n  area. A l a r g e r  c e l l  ( w i t h  
a c t i v e  area cons tan t )  improves heat s i n k i n g ,  however, i t  a l s o  increases 
power losses i n  t h e  n o n i l l u m i n a t e d  c e l l  j u n c t i o n  area. Concentrator  c e l l  
des igns should account f o r  t h i s  l o s s  mechanism and be coord ina ted  w i t h  t h e  
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a p p l i c a t i o n  so t h a t  i t  i s  minimized. Ce l l  dimensions are no t  otherwise 
c r i t i c a l  except t h a t  t h e i r  to lerances must be compat ib le w i t h  assembly 
t o o l i n g  requirements. 

An important issue i n  op t im iz ing  the  s o l a r  c e l l  e f f i c i e n c y  i s  t h a t  t he  
concentrated 1 i g h t  i s  t y p i c a l l y  nonuniform, e s p e c i a l l y  under s l i g h t  o f f -  
p o i n t i n g  cond i t ions  (see Reference 2). 
i n t o  consi d e r a t i  on. 

Gr id  l i n e  design should take  t h i s  

A des i rab le  t r a d e o f f  y e t  t o  be conducted i s  between c e l l  designs w i t h  
tex tu red  and pol  i shed c e l l  a c t i v e  areas. While t e x t u r i n g  w i  11 improve t h e  
absorpt ion o f  l i g h t  by the  c e l l ,  e s p e c i a l l y  the  l i g h t  t h a t  impinges on the  
c e l l  a t  angles o f  incidence between 0 and 30 degrees, it w i l l  a lso  r a i s e  
the  c e l l ' s  thermal absorptance and hence i t s  operat ing temperature. 
Reference 2 discusses tex tu red  concentrator  c e l l s  i n  greater  d e t a i l .  

Present ly,  the  concentrator  demonstration module conta ins s i l i c o n  
so la r  c e l l s  designed f o r  maximum performance a t  100 suns. 
10 m i l s  t h i c k ,  are made from 0.5 n-cm base r e s ' s t i v i t y  m t e r i a l .  Junct ion 

c e l l s  have evaporated aluminum back sur face r e f l e c t o r s  and Si0 (800 t o  
1300 8)  a n t i - r e f l e c t i v e  coat ings.  

They are  8 t o  

depth i s  4000 t o  5000 8. Contacts are T i  (400 a )-Pd(800 It ) -Ag( l0  m ) .  The 

NASA's Lewis Research Center i s  c u r r e n t l y  working on a GaAlAs c e l l  f o r  
the m i n i a t u r i z e d  Cassegrainian concentrator.  It i s  planned t o  b u i l d  e l e -  
ments using these c e l l s  when they become ava i lab le .  

Assembly 

The demonstration module was' assembled i n  a way t h a t  attempted t o  
a n t i c i p a t e  and solve some o f  the  problems t h a t  might occur dur ing  la rge-  
sca le production. A l l  p a r t s  shown i n  F igure  10 were stacked and soldered 
together  a t  one t ime i n  a vapor phase so lder  re f l ow  machine. The preassem- 
b l y  pa r t s  inspec t ion  us ing l a s e r  ins t rumenta t ion  mentioned e a r l i e r  i n d i -  
cated t h a t  app l i ca t i on  o f  standard shop p rac t i ces  and techniques would 
r e s u l t  i n  elements o f  s i m i l a r  o p t i c a l  performance. The four  holes i n  the  
cup bottom admit ted p ins o f  an assembly f i x t u r e  t h a t  he ld  a l l  p a r t s  
together.  The assembled cups were then bonded i n  a honeycomb panel and 
e l e c t r i c a l l y  in terconnected as shown i n  F igures 5 and 6, respec t ive ly .  The 
n ine  elements were wi red so t h a t  each could be tes ted  i n d i v i d u a l l y  and a l l  
could be tes ted  together  i n  a ser ies  c i r c u i t .  The pr imary and secondary 
r e f l e c t o r s  were i n s t a l l e d ,  guided and a l i gned  by the  th ree  tabs p ro t rud ing  
upward from the cup (shown i n  F igure  l o ) .  

Summary and Concl u s i  ons 

The work t o  date has i d e n t i f i e d  the  need f o r  add i t i ona l  design op t im i -  
z a t i o n  s tud ies  and r e l a t e d  eva lua t ion  t e s t i n g ,  f o r  long-term space env i ron-  
mental t es t i ng ,  and f o r  so la r  c e l l  design and performance improvements. 
Nevertheless, the  work accomplished thus f a r  has demonstrated t h a t  the  
o r i g i n a l  assumptions and simp1 i f i e d  mathematical models used i n  the  formu- 
l a t i o n  of t he  m in ia tu r i zed  Cassegrainian concentrator  concept are Val i d  and 
have pred ic ted  system performance q u i t e  wel l .  No surpr ises  or  unusual 
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e f f e c t s  have been uncovered. The f a b r i c a t i o n  o f  s i n g l e  elements and a 
9-element demonstrat ion module has demonstrated t h e  f e a s i b i l i t y  o f  t h e  con- 
cept.  Several d i f f e r e n t  p romis ing  approaches toward a c h i e v i n g  low-cost  
design s u i t a b l e  f o r  f l i g h t  have been i d e n t i f i e d  and a r e  under study. Many 
o f  t h e  c r i t i c a l  f a b r i c a t i o n  and assembly processes t h a t  are candidates f o r  
use w i t h  t h i s  concept a re  c u r r e n t l y  i n  use i n  o t h e r  i n d u s t r i e s  and f i e l d s  
o f  endeavor. Based upon these accomplishments, it i s  concluded t h a t  t h e  
o r i g i n a l  m u f t i k i l o w a t t  s o l a r  array cost  r e d u c t i o n  goal o f  one order  o f  
magnitude i s  bo th  reasonable and f e a s i b l e  w i t h  space performance comparable 
t o  t h a t  o f  s t a t e - o f - t h e - a r t  nonconcentrat ing p l a n a r  s o l a r  a r rays .  
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Table 1. Optical System Transmission Comparison: 
Demonstration Module Versus Desiqn Goal 

PARAMETER 
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Figure 1. Mounting o f  Concentrator Element 
or Subassemblies into Panel Frame 
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Figure 2. Baseline Concentrator Element Design 
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Figure 3 .  Reflector and Coating Configuration 

INCIDENT LIGHT 

LIGHT I 
CATCHERCONE 

PRIMARY 
REFLECTOR 

SECONDARY 
REF LECTOR 

SOCAR MOLYBDENUM ALUMINUM 
CELL BASE RAD I AT0 R 

Figure 4. System Schematic 

218 
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Results 
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Figure 9.  Concentrator Solar Cell Reference Design and Requirements 
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THE COURSE OF SOLAK ARRAY WELDING TECHNOLOGY DEVELOPMENT" 

Paul M. Stella 
Jet Propulsion Laboratory 

California Institute Of Technology 
Pasadena, California 

S W R Y  

Solar  a r r a y  welding technology is  examined from i ts  beginnings i n  t h e  l a te  
1960's  t o  the  present .  The U.S. and European e f f o r t s  are compared, and s igni -  
f i c a n t  similarities are h ighl ighted .  The u t i l i z a t i o n  of welding techno 
space use i s  shown t o  have been inf luenced by a number of s u b t l e ,  secondary f a c t o r s .  

INTRODUCTION 

Since the  t i m e  of t h e  f i r s t  s a t e l l i t e  s o l a r  power systems, t h e  p re fe r r ed  
method of s o l a r  c e l l  in te rconnec t  attachment has been so lder .  Y e t  f o r  over a 
decade t h e r e  has  been a cont inuing  i f  not always s teady  development of a " b e t t e r "  
method. Although a number of s a t e l l i t e  s o l a r  a r r a y s  have been assembled wi th  
welding methods by t h e  European indus t ry  ( r e f .  11, welding has not  achieved a 
similar l e v e l  of a p p l i c a t i o n  i n  the  U.S. Even though s o l d e r  has proven s u i t a b l e  
f o r  pas t  space e f f o r t s ,  f u t u r e  requirements w i l l  most l i k e l y  exceed i t s  capab i l i -  
t ies .  For t h i s  reason NASA i s  planning t o  i n i t i a t e  a U.S. welding program t h a t  
w i l l  provide the  knowledge and confidence requi red  t o  achieve  f l i g h t  ready s t a t u s .  
This paper w i l l  provide a background t o  that e f f o r t ,  examining p a s t  a c t i v i t i e s  and 
r e s u l t s  i n  welding f o r  U.S. and European e f f o r t s .  It w i l l  be shown t h a t  t h e  two 
e f f o r t s  e x h i b i t  cons iderable  s i m i l a r i t y  and t h a t  t h e  g r e a t e s t  impediment t o  weld 
acceptance has  been the  l ack  of s u i t a b l e  in-process NDE (nondes t ruc t ive  eva lua t ion)  
methods. The fol lowing d i scuss ion  w i l l  gene ra l ly  fo l low a chronologica l  format. 

SOLDER 

Early s t u d i e s  have shown so lde r  t o  have a number of c r i t i c a l  l i m i t a t i o n s  both 

The former l i m i t  i s  r e a d i l y  
a t  h igh  temperature where creep and even melt ing can occur,  and a t  low temperatures  
where f a t i g u e  induced f a i l u r e  i s  of concern ( r e f .  2). 
observable  s i n c e  t h e  mel t ing  po in t s  of t he  s o l d e r s  are w e l l  documented. The low 
temperature s i t u a t i o n  w a s ,  and s t i l l  i s ,  much more d i f f i c u l t  t o  quant i fy .  

Due t o  thermal expansion mismatches between t h e  ce l l ,  so lde r ,  and in te rconnec t ,  
var ious  stress d i s t r i b u t i o n s  w i l l  occur  depending on temperature  l i m i t s ,  bond area, 
and component thicknesses .  Analyses ind ica t ed  t h a t  a s m a l l  number of very low temp- 
e r a t u r e  exposures o r  a moderate number of less severe  low temperature exposures 
could lead  t o  c racking  i n  t h e  s o l d e r  ( r e f .  s 2 & 3 ) .  Since the  acceptance of a 
s o l d e r  bond has  been t i e d  t o  t h e  appearance of t he  s o l d e r  f i l l e t ,  changes i n  ap- 

* The r e sea rch  descr ibed  i n  t h i s  paper p re sen t s  t h e  r e s u l t s  of one phase of 
r e sea rch  c a r r i e d  ou t ,  a t  t h e  Jet  Propuls ion Laboratory,  Ca l i fo rn ia  I n s t i t u t e  
of Technology, under Cont rac t  with the  Nat iona l  Aeronautics and Space Admin- 
i s  t r a  t ion. 
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pearance which were observed dur ing  t h e r a a l  cyc l ing  were occas ions  f o r  concern. 
It w a s  f e l t  t h a t  t h e s e  changes u l t i m a t e l y  l ead  t o  bond f a i l u r e  inc luding  p o s s i b l e  
s i l i c o n  d ivot ing .  The c o r r e l a t i o n  between s o l d e r  c racking  and observable  s u r f a c e  
appearance changes and a c t u a l  bond o r  s i l i c o n  f a i l u r e  w a s  no t  however, c l e a r l y  
demonstrated. A t  t h e  same t i m e  s i n c e  a c t u a l  stresses w i t h i n  t h e  bond were inf luen-  
ced by t h e  materials used,  stress reduc t ion  could be achieved by means of changes 
i n  materials o r  t h i ckness  ( r e f .  4 ) .  A s  a r e s u l t ,  t h e  p re sen t  day s o l d e r  system i s  
cons iderably  improved over  t h a t  used i n  t h e  l a t e  1960's. Solder  p re s s ing  and p re -  
forms have reduced t h e  s o l d e r  t h i ckness  i n  t h e  bond, and in t e rconnec to r s  wi th  co- 
e f f i c i e n t s  of expansion c l o s e  t o  s i l i c o n ' s ,  such as molybdenum, both create a more 
f avorab le  s i t u a t i o n  than  t h e  earlier systems. A s  a r e s u l t ,  i t  i s  now p o s s i b l e  t o  
wi ths tand  over 1000 cyc le s  t y p i c a l  of GEO (equiva len t  t o  over  10 years o r b i t ) ,  
something t h a t  might n o t  have been expected from e a r l y  a n a l y s e s  ( r e f .  5). 
comparison e a r l y  tests of s o l d e r e d . i n t e r c o n n e c t s  wi th  less optimum conf igu ra t ions  
t y p i c a l l y  s u f f e r e d  modest t o  s eve re  damage under similar thermal  cyc le  c o n d i t i o n s  
( r e f .  2) .  

By 

The case f o r  long t e r m  LEO use  of s o l d e r  has no t  been as op t imis t i c .  Even 
though temperature  extremes are less pronounced, t he  need t o  demonstrate s u r v i v a l  
c a p a b i l i t y  f o r  t e n s  of thousands of cyc le s  means t h a t  t h e  c o s t s  and t i m e  r equ i r ed  
t o  adequate ly  test t h e  LEO s imula t ions  is cons iderable  and as  a r e s u l t  a g r e a t e r  
r e l i a n c e  must be placed on t h e o r e t i c a l  ana lyses  f o r  guidance. These ana lyses  in-  
d i c a t e  t h a t  t h e  s o l d e r  system should be rep laced  wi th  a welded (brazed)  one. A s  
t i m e  has  shown, t h i s  has  n o t  been a t r i v i a l  t ask .  So lde r ' s  ea sy  r e p a i r a b i l i t y ,  
r e l a t i v e  i n s e n s i t i v i t y  t o  process  parameters ,  s u i t a b i l i t y  t o  v i s u a l  i n spec t ion ,  
and l a r g e  bond area wi th  r e s u l t a n t  h igh  bond s t r e n g t h ,  have proved a cha l lenging  
combination t o  overcome. 

WELDING TECHNOLOGY DEVELOPMENT 
(EXPLORING ALTERNATIVES 1965-1970) 

The beginning of s e r i o u s  s o l a r  c e l l  weld development can be t r aced  t o  t h e  de- 
velopment of t h e  pal laduim pass iva t ed  c e l l  con tac t .  This  meant t h a t  humidity re- 
s i s t a n c e  could be achieved without  t h e  use of s o l d e r  ( r e f .  6 ) ,  a l lowing  non-solder 
i n t e rconnec t ion  methods t o  be f r e e l y  pursued. During t h i s  e a r l y  phase, European 
and U.S. o rgan iza t ion  pursued a g r e a t  number of i n t e rconnec t ing  schemes such as  
u l t r a s o n i c ,  thermal  d i f f u s i o n ,  thermocompression, para l le l  gap r e s i s t a n c e  welding 
(R.W.) and even laser welding ( r e f .  7). These were examined f o r  use  with a wide 
v a r i e t y  of in t e rconne to r  materials inc luding  s i l v e r ,  aluminum, gold,  s i l v e r  p l a t ed  
copper,  molybdenum, and Kovar. 
exp lo ra to ry  e f f o r t s  r e s u l t i n g  i n  a narrowing of  op t ions  by 1970. 
choice  w a s  p r imar i ly  R.W. i n  conjunct ion  wi th  s i l v e r  p l a t ed  molybdenum t a b s ,  af- 
though pulse  welding has  cont inued t o  r ece ive  s i g n i f i c a n t  a l though l i m i t e d  develop- 
ment ( r e f .  8). Pulse  welding i s  a c t u a l l y  a ve r s ion  of  t h e  more f a m i l i a r  R.W. 
technique where t h e  hea t  f o r  the bond f u s i o n  i s  formed i n  one of t h e  two weld 
e l e c t r o d e s  r a t h e r  than  i n  t h e  c e l l / i n t e r c o n n e c t o r  con tac t  region. 

Various degrees  of  success  were obta lned  i n  these  
The European 

By c o n t r a s t ,  a consensus w a s  no t  as r a p i d l y  a t t a i n e d  i n  t h e  U.S. This can be  
t r a c e d  p r imar i ly  t o  t h e  emphasis on development of A 1  contac ted  cel ls  f o r  s a t i s f y -  
i ng  m i l i t a r y  requirements.  A s  a r e s u l t  t h e  U.S. e f f o r t  was i n i t i a l l y  biased to-  
wards u l t r a s o n i c  welding of aluminum in t e rconnec to r s  t o  cells  wi th  aluminum ( A l )  
contac ts .  
a f t e r  1970 t h a t  t h e  U.S. e f f o r t  focussed on t h e  R.W. method. S imi l a r  t o  t h e  Euro- 
peans, a s i n g l e  s i g n i f i c a n t  a l t e r n a t i v e  method has  surv ived  t h i s  i n i t i a l  explora-  

The X1-A1 system d i d  not  prove h igh ly  s u c c e s s f u l ,  so it wasn't u n t i l  
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t o r y  per iod .  In  t h i s  case, i t  i s  u l t r a s o n i c  welding,  now used w i t h  Ag i n t e r c o n n e c t s  
and c o n v e n t i o n a l  s i l v e r  c o n t a c t e d  c e l l s  ( r e f .  3). 

It is  i n t e r e s t i n g  a t  t h i s  p o i n t  t o  compare t h e  European and U.S. e f f o r t s  re- 
s u l t i n g  from t h e  e x p l o r a t o r y  per iod .  Both u l t i m a t e l y  emphasized t h e  R.W. method, 
based on use of  t h e  Hughes MCW 550 power supply.  The i n t e r c o n n e c t o r s  of primary 
c h o i c e  were u s u a l l y  s i l v e r  p l a t e d  r i g i d  materials w i t h  thermal  expans ion  c o e f f i -  
c i e n t s  somewhat matched t o  s i l i c o n ' s .  Y e t  b o t h  e f f o r t s  a l s o  r e s u l t e d  i n  a s i n g l e  
s i g n i f i c a n t  a l t e r n a t e  method, p u l s e  welding i n  Europe and u l t r a s o n i c  i n  the U.S., 
t h a t  were t i e d  t o  t h e  u s e  of  a r e l a t i v e l y  f l e x i b l e  i n t e r c o n n e c t  material, s i l v e r .  
I n  f a c t  b o t h  t h e s e  al ternates have r e c e i v e d  cont inuous  a l t h o u g h  l i m i t e d  s u p p o r t  
th rough t h e  p r e s e n t .  They s h a r e  a n o t h e r  s i m i l a r i t y - - r a t h e r  t h a n  r e l y  on s p o t  bonds 
such  as occur  w i t h  R.W., t h e y  u s e  t o o l i n g  t h a t  provides  a l i n e a r  bond. 

A EUROPEAN COMMMITMENT, 1970-1974 

By 1972 t h e  European e f f o r t  ach ieved  a m i l e s t o n e  wi th  t h e  commitment of  R.W. 
t o  t h e  H e l i o s  s o l a r  probe ( r e f .  9).  Due t o  t h e  h igh  tempera ture  environment t h a t  
t h e  probe would o b s e r v e ,  it w a s  obvious t h a t  s o l d e r  would n o t  be s u i t a b l e  and 
welding was necessary .  However, e x c l u d i n g  t h e  h igh  tempera ture  exposure  (175OC) 
t h e  miss ion  thermal  c y c l i n g  environment w a s  no t  p a r t i c u l a r l y  severe .  A t  t h e  same 
t i m e ,  a number of developments s e r v e d  t o  reduce t h e  concern  o v e r  i n d i v i d u a l  weld 
bond i n t e g r i t y  such  as  t h e  c e l l  in te rconnec tor -cover  ( C I C )  "sandwich" assembly,  
and i n c r e a s e d  i n t e r c o n n e c t  redundancy ( r e f .  s 9 & 10). 

S t u d i e s  of bond j o i n t s  had i n d i c a t e d  t h a t  s o l d e r  bonds are s u b j e c t  t o  h i g h  
stress n o t  o n l y  due t o  t h e  thermal  c o e f f i c i e n t  mismatch, bu t  a l s o  because of  t h e  
l a r g e  bond area. Advantages f o r  welded systems t h e n ,  would be t o  reduce t h e  thermal  
c o e f f i c i e n t  mismatch and a l s o  t o  provide  a smaller bond area. Both would s e r v e  t o  
minimize stresses. However, t h e  smaller bond area t r a n s l a t e s  t o  reduced bond 
s t r e n g t h s ,  p a r t i c u l a r l y  under t o r s i o n a l  l o a d i n g  of r i g i d  i n t e r c o n n e c t o r s ,  such  
a s  were i n  u s e  ( r e f .  7) .  

The use  of  t h e  C I C  n o t  on ly  provided p r o t e c t i o n  t o  t h e  c e l l ' s  complete  t o p  
s u r f a c e ,  but  i t  a l s o  mechanicaly c o n s t r a i n e d  t h e  t a b  a t  t h e  weld j o i n t ,  p r o v i d i n g  
p r o t e c t i o n  a g a i n s t  t o r s i o n a l  loading .  It i s  even p o s s i b l e  t h a t  under a debond 
s i t u a t i o n  t h e  mechanical  c o u p l i n g  provided by t h e  CLC assembly might a l l o w  f u l l  
e lectr ical  c o n t a c t ,  s i m u l a t i n g  a s l i d i n g  c o n t a c t .  

The c e l l  d e s i g n  used w i t h  t h e  C I C  assembly a l l o w s  t h e  u s e  of 3 bond j o i n t s  
p e r  s i d e  of t h e  ce l l .  T h i s  redundancy reduces  t h e  need f o r  100% bond i n t e g r i t y  
s i n c e  o n l y  one j o i n t  p e r  s i d e  would be needed f o r  u s e f u l  c e l l  ou tput .  S i n c e  i t  
w a s  n o t  p o s s i b l e  t o  v e r i f y  t h e  q u a l i t y  of each  i n d i v i d u a l  bond t h i s  approach pro- 
v ided  a p r a c t i c a l  method f o r  u s i n g  a n  " imperfec t"  weld process .  A s  a f u r t h e r  
a t t e m p t  a t  maximizing t h e  bond i n t e g r i t y ,  automated indexing  and welding of t h e  C I C  
a s s e m b l i e s  w a s  i n t r o d u c e d  so  as  t o  minimize o p e r a t o r  dependence. The combinat ion 
of weld,  C I C ,  and redundancy, t h u s  al lowed a n  unproven technology t o  provide  a 
c o n f i d e n t  i n t e r c o n n e c t  method. This  was a l l  a p p l i e d  t o  a n  almost  p e r f e c t  f i r s t  
m i s s i o n  need f o r  a weld i n t e r c o n n e c t  system. 

During t h i s  p e r i o d  a l t h o u g h  e v a l u a t i o n  of weld s c h e d u l e s  and t h e  i n f l u e n c e  of 
component v a r i a t i o n s  cont inued ,  t h e  emphasis o f  U.S. and  European welding was 
p laced  on developing  methods f o r  e n s u r i n g  i n d i v i d u a l  bond q u a l i t y  s i n c e  t h e  b a s i c  
weld o p t i m i z a t i o n s  had been performed. The primary problem was t h a t ,  u n l i k e  s o l d e r ,  
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t h e  bond was nqt  v i s i b l e  €or  in spec t ion ,  p a r t i c u l a r l y  € o r  r i g i d  in t e rconnec t  systems. 
Some c o r r e l a t i o n  between t h e  bond characteristics and deformations i n  t h e  welded 
i~ i t e i~conne-c t  w a s  p o s s i b l e  wi th  t h e  s i l v e r  system ( r e f .  s 4 & 71, bu t  i n  g e n e r a l  
v i s u a l  i n s p e c t i o n  was no t  f e l t  t o  be s u f f i c i e n t l y  r e l i a b l e .  S ince  t h e  R.W. method 
relies on c u r r e n t  f low i n  t h e  bonding components t o  gene ra t e  s u f f i c i e n t  but  not  
excess ive  hea t  (which could degrade t h e  c e l l  j unc t ion ) ,  i n i t i a l  e f f o r t s  were based 
011 pre-weld measurements of r e s i s t a n c e s  between the e l e c t r o d e s ,  i n t e rconnec to r ,  
and ce l l  i n  o rde r  t o  e s t a b l i s h  go/no-go cond i t ions  of r e s i s t a n c e  t h a t  would impact 
t h e  weld process.  The hea t  genera ted  i n  the weld bond w a s  then  r e l a t e d  t o  charac- 
terist ics of t h e  weld pulse  such as c u r r e n t  and energy flow so  t h a t  cond i t ions  of  
over  (excess  mel t ing)  and under ( i n s u f f i c i e n t  h e a t )  welding could be es t imated  f o r  
each i n d i v i d u a l  weld (ref. s 11, 1 2 ,  13 & 14). 

These of course  are  secondary approaches t o  account ing f o r  a c t u a l  hea t  flow 
alr t h e  bond s u r f a c e ,  but  have proven t o  be reasonably  r e l i a b l e .  For example, i n  
one s tudy ,  t h e  a p p l i c a t i o n  of t h e s e  methods w a s  eva lua ted  a g a i n s t  weld p u l l  
s t r e n g t h s  and i t  w a s  determined t h a t  f o r  a moderately l a r g e  sample s i z e ,  it w a s  
p o s s i b l e  t o  i d e n t i f y  nea r ly  92.5% of t h e  bad welds (over  o r  under welds) ( r e f .  11). 
During t h i s  per iod  AEG Telefunken r epor t ed  t h a t  they had accumulated exper ience  
wi th  over one hundred thousand weld processes ,  a s i g n i f i c a n t  quan t i ty .  

I n  t h e  U.S. encouraging thermal cycle r e s u l t s  were r epor t ed  us ing  u l t r a s o n i c  
welding and s i l v e r  in te rconnec ts .  After 700 cyc le s  of a s imulated GEO environment 
no e l e c t r i c a l  degrada t ion  w a s  observed f o r  sample tes t  modules. However, i t  was 
noted t h a t  so ldered  samples performed as w e l l  ( r e f .  15). 

TECHNOLOGY EVOLUTION-QUALITY ASSURANCE CONCERNS (1975-1982) 

By 1975 t h e  European program was moving r a p i d l y  w i t h  a v a r i e t y  of new welded 
s o l a r  arrays being assembled f o r  missions.  I n  f a c t  5 space p r o j e c t s  were w e l l  
underway, and t h e  number of weld j o i n t s  t h a t  had been made w a s  es t imated  t o  be 
w e l l  over a m i l l i o n  ( r e f .  13) .  However, t h i s  w a s  no t  t o  imply t h a t  t h e  R.W. 
method w a s  completely reduced t o  p r a c t i c e  s i n c e  work on weld parameter op t imiza t ion  
and on inp rocess  c o n t r o l s  cont inued t o  be publ ished.  For example, work cont inued 
on determina t ion  of an  optimum range f o r  t h e  para l le l  gap weld pu l se  durat ion.  
This w a s  of i n t e r e s t  s i n c e  a number of s t u d i e s  had shown t h a t  good welds (based on 
p i i l l  s t r e n g t h s  and c e l l  electrical  e f f e c t s )  could be achieved f o r  a wide range of 
p u l s e  du ra t ions  as  long  as t h e  p u l s e  vo l t age  w a s  s imul taneous ly  a d j u s t e d  ( r e f .  s 
4 & 13). Along wi th  earlier r e s u l t s  ( r e f .  s 7 & 1 4 ) ,  t h e  new work i n d i c a t e d  an  
optimum dura t ion  of approximately 100 msec ( r e f .  13). Also t h i s  t i m e ,  AEG T e l e -  
funken proposed t h a t  t h e  weld pu l se  shape be changed from the  "s tandard" rectan-  
g u l a r  wave t o  a t r a p e z o i d a l  shape ( r e f .  13). 

In t h e  U.S., similar a c t i v i t i e s  w e r e  conducted a l though aga in  without  any 
s i g n i f i c a n t  f l i g h t  program a p p l i c a t i o n .  The use  of a combination of  preweld, i n  
weld, and post weld tests w a s  examined and found t o  be a reasonable  p r e d i c t o r  of 
weld s t r eng th .  I n  f a c t ,  one s tudy  showed a 93% c o r r e l a t i o n  could be made wi th  ac- 
c e p t a b l e  bond q u a l i t y  ( r e f .  1 7 ) ,  a va lue  s u r p r i s i n g l y  similar t o  European r e s u l t s  
publ ished somewhat earlier. 

The s i m i l a r i t y  of the U.S. and European e f f o r t s  and r e s u l t s  t o  t h i s  po in t  can 
be d rama t i ca l ly  shown by examining t h e  d a t a  presented f o r  independent weld optimi- 
z a t i o n s  done on similar in t e rconnec t  systems. 
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In 1970 AEG Telefunken  r e p o r t e d  t h a t  Ag ( 5  UM) p l a t e d  molybdenum (30 vM) c o u l d  
b e  b e s t  welded w i t h  t h e  f o l l o w i n g  c o n d i t i o n s  ( r e f .  7 ) :  

p r e s s u r e  = .75 + 2.5 kg 
d u r a t i o n  = 100 m s e c  
v o l t a g e  = .65V f r o n t ,  .7OV rear 

In 1974 Lockheed r e p o r t e d  t h a t  optimum c o n d i t i o n s  f o r  a similar i n t e r c o n n e c t  system 
were ( r e f .  14):  

p r e s s u r e  = .68 kg 
d u r a t i o n  = 100 msec 
v o l t a g e  = .64V f r o n t ,  .72V rear 

The r e s u l t s  are very  similar. I n  view of  t h e  many p o s s i b l e  s u b t l e  d i f f e r e n c e s  i n  
cel ls  and i n t e r c o n n e c t o r s  such  as c o n t a c t  t h i c k n e s s e s ,  s u r f a c e  smoothness,  and 
p l a t i n g  methods, t h e s e  r e s u l t s  i n d i c a t e  a s t r o n g  c o n s i s t e n c y  i n  t h e  R.W. weld 
process .  

A f t e r  1976, less welding work w a s  be ing  r e p o r t e d ,  b u t  t h e  concern  f o r  NDE 
methods w a s  s t i l l  ev ident .  C l e a r l y  t h e  problem of i n d i v i d u a l  weld i n t e g r i t y  has  
n o t  been solved.  Both U.S. and European e f f o r t s  r e p o r t  encouraging  r e s u l t s  i n  
u s i n g  I n f r a r e d  ( I R )  moni tor ing  t o  d e t e c t  t h e  tempera ture  of  t h e  weld. Although 
d e t e c t i o n  of h e a t  from p o r t i o n s  of  t h e  i n t e r c o n n e c t o r  and weld e l e c t r o d e s  can 
i n t e r f e r e  w i t h  a c t u a l  tempera ture  measurement a t  t h e  bond l i n e  ( r e f .  18), t h e  
method i s  f e l t  t o  b e  s u f f i c i e n t l y  u s e f u l  t h a t  i t  h a s  been i n c o r p o r a t e d  Fnto one 
m a n u f a c t u r e r ' s  weld process .  I n  p r a c t i c e  t h e  d e t e c t e d  thermal  s i g n a l  i s  used t o  
t e r m i n a t e  t h e  weld p u l s e  when a p r e s e t  I R  s e n s o r  o u t p u t  v a l u e  i s  measured, compen- 
s a t i n g  f o r  v a r i a t i o n s  i n  t h e  ce l l s  and i n t e r c o n n e c t o r s  ( r e f .  19). 

Competi t ive a l t e r n a t e s  cont inued  t o  show p r o g r e s s  on b o t h  c o n t i n e n t s .  The 
MBB p u l s e  weld method i s  combined w i t h  Ag mesh t o  p r o v i d e  C I C  a s s e m b l i e s  f o r  I n t e l -  
s a t  V ( r e f .  20). Hughes A i r c r a f t  determined t h a t  t h e  small bonds o b t a i n e d  w i t h  
u l t r a s o n i c  s p o t  welding methods w e r e  unacceptab le  and developed a r o t a r y  u l t r a s o n i c  
seam welder  t h a t  when used w i t h  Ag mesh can p r o v i d e  a s t r o n g  and h i g h l y  redundant  
i n t e r c o n n e c t  sys tem ( r e f .  3). Advanced methods s u c h  as laser welding c o n t i n u e  t o  
r e c e i v e  s u p p o r t  ( r e f a ' s  21 & 22).  

CONCLUSION 

A review of weld technology developments shows many s imilar i t ies  between t h e  
U.S. and European e f f o r t s .  The major d i f f e r e n c e  has been one of f l i g h t  hardware 
exper ience .  A t  t h e  same t i m e ,  w i t h  t h e  e x c e p t i o n  of  t h e  h i g h  tempera ture  H e l i o s  
m i s s i o n ,  t h e  envi ronmenta l  requi rements  of t h o s e  welded a r r a y s  f lown c o u l d  have 
been m e t  by u s e  of s o l d e r ,  somewhat m i t i g a t i n g  t h e s e  as f u l l  endorsements of weld 
c a p a b i l i t i e s .  I n  f a c t ,  i t  i s  t h e  i n f l u e n c e  of  a number of  secondary f a c t o r s ,  
shown i n  Table  1, r a t h e r  t h a n  b a s i c  d i f f e r e n c e s  i n  welding c a p a b i l i t i e s  t h a t  have 
determined t h e  use  of welding f o r  s p a c e  a p p l i c a t i o n s .  

E x t e n s i v e  work on weld o p t i m i z a t i o n ,  when combined w i t h  pre-weld and in-weld 
moni tor ing ,  h a s  l e a d  t o  a f a i r l y  r e l i a b l e  t e c h n i q u e  on b o t h  c o n t i n e n t s .  U l t i m a t e l y  
a tempera ture  d e t e c t i o n  sys tem might prove more v a l u a b l e  t h a n  t h e  weld p u l s e  moni- 
t o r i n g  methods commonly used s i n c e  i t  should  a v o i d  u n c e r t a i n i t i e s  involved  i n  the 
i n d i r e c t  measurement of  t h e  bond temperature .  
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Yhe s i n g l e  most s i g n i f i c a n t  inpediment t o  weld technology a c c e p t a n c e  i s  t h e  
l a c k  of a non d e s t r u c t i v e  i n s p e c t i o n  technique  t o  e v a l u a t e  a n  i n d i v i d u a l  bond. Re- 
c e n t  work on viewing of t h e  i n t e r n a l  weld s t r u c t u r e ,  u s i n g  I R  and  u l t r a s o n i c  tech-  
n i q u e s  ( r e f .  s 19 & 23) may p r o v i d e  a s o l u t i o n  t o  t h i s  l i m i t a t i o n  and l e a d  t o  f u l l  
c o n f i d e n c e  i n  t h e  welding process .  
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Table 1 

Fac tors  Inf luenc ing  Weld Development 

0 Pass iva ted  C e l l  Contact 

Aluminum C e l l  Contact 

Cell-Interconnector-Cover Assembly 

Redundant In te rconnec t ions  

Hel ios  Near-Sun Probe 

Pre-Weld, In-Weld Monitoring 

NDE Techniques f o r  Bond Evalua t ion  

0 

0 

0 

0 

0 

0 
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A PIIELIMINARY EVALIJATION OF A POTENTIAL SPACE WOKTHY ENCAPSULANT" 

John  Scot t -Monck 
Jet Propulsion Labora to ry  

Ca l i fo rn ia  Ins t i t u t e  of Technology 
Pasadena ,  Ca l i fo rn ia  

I N T R O D U C T I O N  

The development o f  50 u m  s i l i c o n  s o l a r  c e l l  technology ( r e f .  l ) ,  which oEfers  
a major improvement i n  a r r a y  weight reduct ion ,  has  added a new s t imu lus  f o r  devel-  
oping an a l t e r n a t i v e  t o  convent iona l  fused s i l i c a  coverg lass .  Although i t  i s  ne- 
ces sa ry  t o  p r o t e c t  t h e  c e l l  from t h e  c a t a s t r o p h i c  e f f e c t s  of low energy, pro tons  
( r e f .  2 ) ,  f o r  many miss ion  a p p l i c a t i o n s  t h e  r equ i r ed  s h i e l d i n g  th i ckness  is  less 
than 25  pm (fused s i l i c a  equ iva len t ) .  However i t  i s  d i f f i c u l t  t o  o b t a i n ,  o r  work 
w i t h ,  cove rg la s s  less than 100 pm f o r  a r r a y  assembly. 

The concept of encapsula t ing  t h e  in te rconnec ted  c e l l  modules o f f e r s  important 
weight and c o s t  advantages ( r e f .  3 ) .  The materials and l abor  requi red  t o  bond in- 
d i v i d u a l  covers  t o  c e l l s  would be s i g n i f i c a n t l y  reduced. By opt imizing t h e  re- 
qu i r ed  s h i e l d i n g  and e l imina t ing  adhes ives ,  major weight sav ings  would occur. This  
paper w i l l  d e s c r i b e  t h e  r e s u l t s  of a pre l iminary  eva lua t ion  of a new organic  mate- 
r ia l  which has  t h e  p o t e n t i a l  f o r  providing t h e  c o s t  and weight b e n e f i t s  a s s o c i a t e d  
w i  t h e nca p s u l a  t i o n  . 

BACKGROUND 

This polyimide polymer w a s  developed by t h e  Hughes A i r c r a f t  Technology Support 
Div is ion  f o r  commercial u t i l i z a t i o n .  Recognizing the  p o t e n t i a l  of t h i s  material, 
a j o i n t  program was i n i t i a t e d  wi th  NASA-JPL t o  eva lua te  t h e  polyimide f o r  spa 
app l i ca t ions .  A test  ma t r ix  w a s  set  up t o  provide a number of g a t e s  (golno 
order  t o  minimize program cos t .  

J P L  provided s i l i c o n  s o l a r  cells which had been c h a r a c t e r i z e d  wi th  r e s p e c t  t o  
e l e c t r i c a l  ou tput  and spectral  response.  Hughes TSD prepared and depos i ted  t h e  
polyimide onto t h e  ce l l s ,  provid ing  two groups of samples,  one having 'L 5 V m  of 
polymer, t h e  o t h e r  % 12.5 pm. J P L  then r e t e s t e d  t h e  samples  t o  i n v e s t i g a t e  t h e  
e f f e c t  of t h e  depos i t i on  process  and t h e  o p t i c a l  p r o p e r t i e s  of t h e  polyimide on 
t h e  ce l l s '  e l e c t r i c a l  output .  The 20 ce l l  sample group was then d iv ided  i n t o  a 
number of test  subgroups. 

JPL i n v e s t i g a t e d  t h e  e f f e c t  of e l e c t r o n s  and low energy protons on t h e  polyi-  
mide while  Hughes TSD d i d  thermal shock and humidity tests as w e l l  as thermo- 

* The r e sea rch  descr ibed  i n  t h i s  paper p re sen t s  the  r e s u l t s  of one phase of  re- 
sea rch  c a r r i e d  ou t  a t  t h e  Je t  Propuls ion Laboratory,  C a l i f o r n i a  I n s t i t u t e  o f  
Technology, under c o n t r a c t  with the  Nat iona l  Aeronaut ics  and Space Administra- 
t ion. 
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gravometr ic  a n a l y s i s .  Then a 1350 h r  vacuum u l t r a v i o l e t  tes t  was performed. The 
r e s u l t s  of t h e s e  tests are given i n  t h e  fo l lowing  sec t ion .  

TEST RESULTS 

Depos i t ion  E f f e c t s  
The polymer w a s  depos i ted  on t h e  ce l l s  us ing  a spray  technique,  then  cured 

f o r  2 hours a t  225°C. 
had t o  be removed, which provided a very p r a c t i c a l  demonstrat ion of t h e  adherence 
and d u r a b i l i t y  of t h e  coa t ing .  Post  d e p o s i t i o n  e lec t r ica l  measurements showed 
t h a t  t h e  average  l o s s  i n  Is, f o r  t h e  10 s a m p l e s  which rece ived  a 5 pa depos i t i on  
was 3.5% whi le  f o r  t h e  o t h e r  10 c e l l  group coa ted  wi th  12.5 pm of polyimide, t h e  
r educ t ion  i n  Is, w a s  3.1% (Figure  1 ) .  
degrada t ion  i n  any sample. 

In some c a s e s  t h e  f i l m  overlapped t h e  f r o n t  con tac t  bar  and 

There was no evidence of  curve  f a c t o r  

A comparison of p r e  and post  depos i t i on  s p e c t r a l  response curves  f o r  a t y p i c a l  
c e l l  sample i s  shown i n  Figure 2. It can be seen  t h a t  t h e  response w a s  reduced 
i n  t h e  r eg ion  below approximately 5000 nm and above approximately 7000 nm; wh i l e  
t h e r e  w a s  an  i n c r e a s e  i n  response between 5000 and 7000 nm. Obviously the  polyimide 
r e f r a c t i v e  index i s  c o n t r i b u t i n g  t o  t h e s e  r e s u l t s ,  but  i t  i s  no t  p o s s i b l e  t o  assess 
i t s  impact on t h e s e  r e s u l t s  u n t i l  t h e  index has  been determined. 

E lec t ron  E f f e c t s  

space r a d i a t i o n  condi t ions .  Since the  f i l m s  are very t h i n ,  i t  w a s  no t  a n t i c i p a t e d  
t h a t  pene t r a t ing  r a d i a t i o n  would have any s i g n i f i c a n t  e f f e c t .  Three samples  from 
each test group were i r r a d i a t e d  with 1 MeV e l e c t r o n s  t o  
e/cm2 us ing  t h e  JPL Dynamitron f a c i l i t y .  
made f o r  t he  p r e  and post  i r r a d i a t e d  samples between 3600 and 6000 nm, s i n c e  t h i s  
response reg ion  i n  t h e  c e l l  i s  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  e f f e c t s  of e l e c t r o n s .  
There w a s  no change i n  t h e  s p e c t r a l  response f o r  any of t h e  samples i r r a d i a t e d .  

T h i s  is  a g r o s s  test of t h e  polyimide 's  o p t i c a l  p r o p e r t i e s  under s imulated 

and then lx1015 
S p e c t r a l  response comparisons were 

Low Energy Proton E f f e c t s  

would be absorbed wi th in  t h e  polyimide coa t ing .  T e s t  s amples  from both grou s 
Th i s  w a s  a c r i t i c a l  test s i n c e  t h e  energy s e l e c t e d  guaranteed t h a t  t h e  protons 

were g iven  two se arate i r r a d i a t i o n s ,  each c o n s i s t i n g  of exposure t o  1 x 10 le 
50 keV protons/cm 5 . E l e c t r i c a l  and spectral  response d a t a  was obta ined  a f t e r  
each  test .  In t h e  second test ,  an  uncovered c o n t r o l  c e l l  was included. Based on 
t h e  severe  degrada t ion  i n  output  experienced by t h e  c o n t r o l  c e l l  (Figure 3 ) ,  t h e  
pro tons  were stopped w i t h i n  t h e  polyimide f o r  both t h e  5 and 12.5 p m  samples.  

Spec t r a l  response and I-V measurements i n d i c a t e d  no s i g n i f i c a n t  change between 
p r e  and post  pro ton  tes t  d a t a ,  showing t h a t  t h e  o p t i c a l  p r o p e r t i e s  of t h e  f i l m s  
were not  degraded by t h e  protons.  However, t h i s  r e s u l t  i s  s l i g h t l y  compromised 
s i n c e  "bleaching" of proton induced c o l o r  c e n t e r s  could have occured i n  the per iod  
of days between t h e  i r r a d i a t i o n  and the  spectral  response measurements. 

Thermal Shock and Humidity E f f e c t s  
Samples were exposed t o  25 cyc le s  frotn 20°C (room temperature)  t o  -196°C 

( l i q u i d  n i t rogen) .  Following t h i s  they were sub jec t ed  t o  a t a p e  p e e l  test. There 
w a s  no evidence of de lamina t ion  of t h e  polyimide c o a t i n g  from t h e  s o l a r  ce l l .  How- 
eve r ,  exposure t o  168 hours of 95% r e l a t i v e  humidity whi le  being cycled from 25 t o  
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65-C  d i d  show some evidence  of f i l m  c r a c k i n g  and "crazing".  Subsequent t a p e  p e e l  
tests of t h e s e  s a m p l e s  r e s u l t e d  i n  a l o s s  of f i l m  adherence  o v e r  approximate ly  
25 p e r c e n t  of t h e  sample .  T h i s  i s  n o t  unexpected s i n c e  t h e  polyimide f i l m  being 
e v a l u a t e d  h a s  a less t h a n  optimum molecular  weight.  I .  

Vacuum U l t r a v i o l e t  E f f e c t s  

and a q u a r t z  p la te  c o a t e d  w i t h  t h e  polyimide. The test chamber w a s  des igned  s o  
t h a t  i t  could  be removed from t h e  tes t  area f o r  e lec t r ica l  measurements whi le  re 
t a i n i n g  t h e  samples  i n  vacuum. Two c o n t r o l  c e l l s ,  one covered w i t h  q u a r t z ,  t h e  
o t h e r  u n p r o t e c t e d ,  were i n c l u d e d  i n  t h e  t e s t  m a t r i x  t o  p r o v i d e  i n f o r m a t i o n  on  
sys tem's  e f f e c t s  such  as window darkening  from the  uv and d e p o s i t i o n  of f o r e i g n  
material on t h e  s u r f a c e  of t h e  tes t  samples .  

A c a r e f u l l y  c o n t r o l l e d  vacuum u l t r a v i o l e t  test w a s  performed on cell. *samples 

The uv s o u r c e  provided a n  i n t e n s i t y  of  1.5 f 0.5 suns  and t h e  samples were 
h e l d  between 30 t o  40°C under a vacuum b e t t e r  than  t o r r .  The s h o r t  c i r c u i t  
c u r r e n t ,  a t  28"C, of e a c h  s a m p l e  w a s  measured p e r i o d i c a l l y  dur ing  t h e  test. The 
r e s u l t s  are g i v e n  i n  F i g u r e  4.  After f a c t o r i n g  o u t  t h e  sys tem's  e f f e c t s ,  t h e  
polyimide c o a t e d  c e l l  samples (5 and 12.5 pm) were c a l c u l a t e d  t o  have l o s t  between 
8 t o  8.5 p e r c e n t  i n  Is, a f t e r  1350 h r s  of uv exposure.  The tes t  was t e r m t n a t e d  
when t h e  change i n  polyimide t r a n s p a r e n c y  had appeared t o  cease ( F i g u r e  4 ) .  There 
i s  some e v i d e n c e ,  based on t h e  bahavior  of t h e  c o n t r o l  cel ls ,  t o  a r g u e  t h a t  t h e  
polyimide had a c t u a l l y  degraded only  6.5 t o  7.0 p e r c e n t .  

P r e  and p o s t  tes t  t r a n s m i s s i o n  measurements of t h e  poLyimide c o a t e d  q u a r t z  
sample show t h a t  t h e  major l o s s  i n  o p t i c a l  t r a n s m i s s i o n  occurtted i n  t h e  r e g i o n  
between 3500 and 7000 nm. 
d u r i n g  a n  a t t e m p t  t o  remove them from the  t e s t  p l a t e .  Thus t h e r e  i s  no pos t  tes t  
s p e c t r a l  r e s p o n s e  d a t a  on t h e  cel ls .  

UnEortunately t h e  polyimide c e l l  samples were d e s t r o y e d  

DISCUSS I O N  

These r e s u l t s  are h i g h l y  promising s i n c e  t h e  polymer t h a t  w a s  e v a l u a t e d  i s  an  
u n r e f i n e d  v e r s i o n ,  made from materials t h a t  were n o t  p u r i f i e d  t o  t h e  l e v e l s  t h a t  
could  beaachieved u s i n g  more s o p h i s t i c a t e d  s y n t h e s i z i n g  processes .  The s u c c e s s f u l  
demonst ra t ion  t h a t  t h i s  material can be d e p o s i t e d  by a s imple  s p r a y i n g  process  and 
t h e  f a c t  t h a t  absorbed p r o t o n s  do n o t  a p p e a r  t o  c a u s e  darkening  i s  most encouraging.  
The a p p a r e n t  s t a b i l i z a t i o n  and magnitude of  polyimide t r a n s m i s s i o n  l o s s  i n  uv i s  
a d d i t i o n a l  ev idence  t o  s u p p o r t  optimism t h a t  t h i s  material h a s  t h e  p o t e n t i a l  t o  meet 
t h e  requi rements  f o r  s p a c e  u t i l i z a t i o n .  It  i s  known t h a t  t h e  molecular  weight of 
t h e  p r e s e n t  polyimide i s  much less t h a n  what can  be achieved.  It i s  expec ted  t h a t  
by i n c r e a s i n g  t h e  material's molecular  weight ,  i n c r e a s e d  r e s i s t a n c e  t o  t h e  e f f e c t s  
of humidi ty  c a n  be provided. 

The p r e  and p o s t  d e p o s i t i o n  and uv d a t a  are  c o n s i s t e n t  i n  t h a t  no polyimide 
f i l m  t h i c k n e s s  dependence was observed. I t  is  p o s s i b l e  t h a t  even t h e  u n r e f i n e d  
v e r s i o n  of t h i s  material may be much b e t t e r  t h a n  r e s u l t s  i n d i c a t e .  S u r f a c e  conta-  
mina t ions  o r  i n t e r a c t i o n s  between t h e  polyimide and t h e  c e l l  a n t i r e f l e c t i o n  c o a t -  
i n g  might be r e s p o n s i b l e  f o r  some p o r t i o n  of t h e  d e g r a d a t i o n  observed i n  t h i s  pre- 
l i m i n a r y  screening .  
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COMCLUS IONS 

A new polymer polimide possess ing  o p t i c a l  and mechanical p r o p e r t i e s  potent-  
i a l l y  s u i t a b l e  f o r  space  a p p l i c a t i o n s  now exists.  A pre l imina ry  e v a l u a t i o n  of 
t h e  material i n d i c a t e s  t h a t  i n  i t s  present  s ta te  of development, the polyimide i s  
n o t  ready f o r  space q u a l i f i c a t i o n .  Fu r the r  e f f o r t s  t o  inc rease  molecular weight 
and pu r i fy  the  c o n s i t u e n t s  used t o  syn thes i ze  it are warranted. A c t i v i t i e s  addres-  
s i n g  t h e s e  needs are now be ing  pursued. I f  t h e s e  approaches prove success fu l ,  
a d d i t i o n a l  t e s t i n g  w i l l  t ake  p l ace  with a n  emphasis on s y n e r g i s t i c  e f f e c t s .  
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MICKOSTKUCTURAL ANALYSIS OF SOLAR CELL WELDS 

T.J. Moore, G.K. Watson, and  C.K. Baraona 
NASA Lewis  Resea rch  C e n t e r  

Cleveland,  Ohio 

SUMMARY 

Parallel-gap resistance welding of silicon solar cells with copper inter- 
connects results in complex microstructural variations that depend on the weld- 
ing variables. At relatively low heat input solid-state welds are produced. At 
medium heat the Ag-Cu eutectic forms resulting in a braze joint. 
produces a fusion weld with complete melting of the silver layer on the silicon- 
solar cell. If the silicon is also melted, cracking occurs in the silicon cell 
below the weld nugget. These determinations were made using light microscopy, 
microprobe, and scanning electron microscopy analyses. 

High heat 

INTRODUCTION 

Para1 lel-gap resistance welding (PGRW) has been used extensively in the 
production welding of interconnects to solar cells for space-power applica- 
tions. Despite the fact that thousands of welds have been made, little informa- 
tion has been published on the microstructure of solar-cell welds. This inves- 
tigation, though limited in scope, is an attempt to characterize the various 
microstructures that can be obtained when welding 39-urn (1.5-mil) thick copper 
interconnects to 200-um (8-mil) thick silicon solar cells by PGRW. Solar-cell 
welds, made using three different weld schedules, were examined by optical and 
scanning electron microscopies. Compositional traces were obtained with an 
electron probe microanalyzer. 

American Welding Society (AWS) terms and definitions are used throughout 
this report to make the technical discussions as clear as possible. 
Joint Method Diagram (f-ig. 1) is based on the physical state of the materials at 
the weld interface during coalescence (ref. 1). Thus, three metallurgical 
classifications of welding processes are defined: 

Fusion weldinq for liquid/liquid reaction 
Solid-state welding for solid/solid reaction 
Brazing and soldering for liquid/solid reaction 

The AWS 

The authors are grateful to Frank M. Terepka, who performed the electron probe 
analysis. 

MATER I ALS 

Cross 
shown in f 

sectional sketches 
gure 2. These cel 

of the silicon solar cell used in this study are 
s had 2-ohm cm, P-type base resistivity, shallow 
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junctions and wraparound insulator type contacts. At the P contact areas, four 
layers of material were deposited on the silicon (Si) cell: 

(1) Aluminum (Al) about 2000 4 thick 
(2) Titanium (Ti) about 1000 1 thick 
(3) Palladium (Pd) about 250 a thick 
(4) Silver (Ag), 9 um thick (7 to 13  um by metallography) 

The outer layer of silver was applied for electrical conductivity. The 
wraparound N-type contacts had the same silver, palladium, and titanium metal 
ldyers as the P contacts. However, instead of aluminum, the first layer depos- 
ited on the silicon cell was silicon dioxide (SiO2) dielectric about 1 um 
thick. This Si02 layer provided electrical insulation between the N-type 
contacts and the P-type silicon base layer. 

The copper interconnect tab was cold-rolled stock with an average thickness 
of 39 um. Metallographic examination showed a thickness variation of 37 to 46 
m. 

PROCEDURE 

Welding Equipment 

Parallel-gap resistance welding is a variation of series resistance welding 
in which the electrodes are placed very close together. 'This electrode place- 
ment tends to produce relatively high heating apd formation o f  a fusion weld 
nugget between the electrode. 
variables, it is possible to produce individual solid-state welds under each 
electrode. 

However, by controlled adjustment of the welding 

In the welding head, an assembly with two molybdenum electrodes is used. 
Each side is electrically insulated from the other. Both electrodes move down- 
ward together on activation o f  their common supporting arm. Each electrode is 
permitted a controlled degree of flexing, which compensates for minor irregular- 
ities in flatness or thickness. This is important because good mechanical fit 
insures proper electrical contact between the electrodes and the work. 

A constant-voltage power supply is used to produce a dynamically controlled 
single pulse of welding current. Welding is accomplished at a constant, preset 
voltage. 
force is applied to the work by the electrodes. 

Initiation of the welding power is automatic when a predetermined 

Welding Schedules 

Three weld schedules were applied in welding the copper interconnects to 
the silicon cells. 
proportionality with welding current. Heat is generated in all portions of the 
circuit according to the formula: 

Weld voltage is a primary variable because of the direct 

H = 12Rt 

where H is the heat in joules, I is the current in amperes, R is the resis- 
tance in ohms, and t is the time of current flow in seconds. Welding time was 
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the second variable in this program (table I). 
interfacial resistance, and the gap between the electrodes were held constant. 
Thus, the three weld schedules can be described as follows: 

Electrode force, which controls 

Schedule A: Low heat for a long time 
Schedule B: Moderate heat for an intermediate time 
Schedule C: High heat for a short time 

Welds were made with the same schedules for both the P and N contact areas 
in the solar cells. 

Weld Examination 

The solar-cell welds were mounted in clear epoxy for sectioning and metal- 
lographic polishing. Cross sections of the welds were examined at various 
locations along the electrode footprint denoted by section A-A in figure 3 .  
Specific examples shown in this report were at positions 30 percent and 40 
percent through the joints. A flat was polished on the side of the cylindrical 
metallographic mounts so that the weld footprint could be clearly seen. 
specific location of the weld cross section after metallographic polishing could 
then be measured optically. 

The 

All of the weld cross sections were polished using standard metallographic 
techniques. Although 
the welds were examined in both the unetched and etched conditions, all of the 
photomicrographs shown are in the unetched condition. 

The cross sections were examined optically up to 1OOOx. 

Selected samples were examined using a scanning electron microscope (SEM). 
Various areas of the samples were qualitatively analyzed using energy dispersive 
spectroscopy (EDS). 
obtain quantitative elemental distribution along continuous-line traverses 
through the weld regions. 

In addition, an electron probe microanalyzer was used to 

RESULTS AND DISCUSSION 

In the results to follow, an overview showing the electrode positions and 

Higher magnification light photomicrographs 
the kinds of welds that were obtained with the various weld schedules will first 
be shown at lOOx magnification. 
with corresponding microprobe chemical analyses of the various weld joints will 
then be presented and discussed. The SEM was used to further examine braze 
areas, the solid-state weld interface and the Si02 layer at N contact area of 
the cells. 

Schedule A Welds 

The N contact weld shown in figure 4 (40 percent through the joint, table 
I) is a combination of solid-state welding and brazing. The SEM photomicrograph 
in figure 5 shows that dendrites in the braze metal are oriented normal to the 
braze interface, which is parallel to the expected direction of solidification. 
This shows that Cu interconnects can be joined to the Ag layer on the cell by 
resistance brazing rather than by conventional fusion resistance welding. 

Ag-Cu solid-state welded areas (fig. 4) were present towards the outsides 
o f  the electrode footprints beyond the brazed regions. 
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Solid-state welding is achieved instantaneously when the resistance heated 
Ag and Cu surfaces are brought into intimate contact. Welding occurs at about 
0.8 Tm of Ag (710" C), where Tm is the absolute melting point of silver. 
Since the metallic bonds are believed to form on contact, since diffusion is not 
the cause of adhesion (ref. Z ) ,  and since the welding time is short (100 ms or 
less), the term solid-state resistance welding is a more appropriate tern than 
isis diffusion welding (ref. 1). Solid-state welding was judged to be achieved 
i f  microexamination of unetched joints up to lOOOx revealed no unwelded areas. 
Subsequent microprobe examination showed that in the solid-state weld areas, 
only a small amount of interdiffusion had occurred between Ag and Cu. 

An instant after solid-state welding occurred under the electrodes, a Ag - 
40-atomic-percent-Cu eutectic composition formed at, or very near, the solid- 
state weld interface and became a liquid phase when the joint was heated to 
779" C (fig. 6 and ref. 3). When the eutectic formed, it flowed by capillary 
action and brazed unwelded areas of the joint. The brazing action can continue 
with Ag-Cu alloys of varying composition as resistance heating increases the 
temperature of the melt well above the eutectic temperature. The complexity of 
the metallurgical situation is considerable. For example, when initially solid- 
state welded areas are heated above the Ag-Cu eutectic temperature, they become 
molten and thus part of the brazed area of the joint. 
there are unwelded areas between the electrodes and towards the outside of the 
electrode footprints. The former area is believed to contain trapped air which, 
as will be shown later, can result in voids in braze metal or in a weld nugget. 

At the N contact weld just discussed, less heating effect was observed than 
at a P contact weld where brazing occurred between the electrodes (not shown). 
However, insufficient data are available to demonstrate whether this effect 
correlates with the contact area welded or with other welding variables. 

Note in figure 4 that 

Schedule B Welds 

The two weld cross sections in figure 7 show a considerable difference in 
microstructure for the same weld schedule. This variation is at least partly 
due to the fact that maximum heating occurs midway through the joint. 
contact weld cross section (fig. 7(a)), was taken 30 percent through the joint. 
It shows a braze joint in the electrode gap and under the inside of the elec- 
trode footprints. A line of small pores is present in the Ag-Cu braze metal. 
Solid state welding took place beyond the braze. 

The P 

More heating is evident at the N contact cross section of figure 7(b), 40 
percent through the joint. 
between the electrodes to form a fusion weld nugget. 
alloy. A brazed region borders the nugget, and solid-state welding took place 
beyond the limits of the braze. 

the fusion weld of figure 7(b) are believed to be air bubbles formed in the 
molten braze or weld metal (discussed previously regarding fig. 4). 
ized trapped air effect is also believed to have produced the bulge in the 
copper interconnect between the electrodes (fig. 7( b) ) .  

In this case all of the silver has been melted 
This nugget is a Ag-Cu 

The small pores in the braze joint of figure 7(a) and the large pores in 

The local- 
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Schedule C Welds 

In figure 8 two fusion welds are shown with brazes and solid-state welds 
towards the outside of the electrode footprints. The weld nugget at the N 
contact (30 percent through the joint) i s  a Ag-Cu alloy (fig. 8(a)). 
Si02 layer on the cell acted as a refractory material to contain the Ag-Cu 
melt and thus prevent the nugget from alloying with the silicon. 
layer also inhibited solid-state diffusion and possible formation of the 
atomic percent silicon eutectic which melts at 830" C (ref. 3 and fig. 9). 
Although no cell cracking is evident in figure 8(a), fine cracks in the silicon 
cell were observed under another similar Ag-Cu weld nugget. 

At the P contact weld (40 percent through the joint) (fig. 8(b)) no protec- 
tive Si02 layer was present on the silicon cell. This weld is similar to the 
N contact weld except that the weld nugget here is a Ag-Cu-Si-Pd alloy. The 
lens-shaped crack, observed under the weld nugget in fig. 8(b) is typical for 
all cases where the silicon cell was melted. Several factors contribute to the 
cracking. First o f  all the silicon cell has essentially no ductility at room 
temperature. Thus, local thermal shock alone could produce cracking. Second, 
solidification shrinkage of the pancake-shaped weld nugget must produce some 
deformation, that i s ,  dishing under the weld nugget. Third, residual stresses 
are produced when the weld nugget contracts on cooling from the solidification 
temperature to room temperature, with the maximum residual stress being limited 
to the yield strength of the Ag-Cu-Si-Pd alloy (refs. 4 and 5). 

The l-pm 

The "i% 9-15.4 

Electron Probe Microanalysis 

Electron-probe, continuous-line traverses were run on all three metallurgi- 
cal classes of welds between the copper interconnect and the silicon cell: 

(a) Solid-state weld between Ag and Cu 
(b) Ag-Cu braze joint 
(c) Two fusion weld nuggets; one Ag-Cu, the other Ag-Cu-Si-Pd 

For each weldment examined, microprobe traces confirmed the presence of 
thin layers of titanium and palladium, which had been intentionally deposited on 
the contact surface of the Si cells during manufacturing. 
palladium micrbprobe traces are not shown in the figures for purposes of clar- 
ity. No attempt was made to confirm the presence of aluminum at the P contacts. 

These titanium and 

The solid-state weld joint of figure 10 shows a small amount of Ag-Cu 
interdiffusion. Interdiffusion between silver and silicon was nil. The dark 
band (about 1 urn wide) between the silicon and silver and the increase in 
microprobe specimen current in this vicinity gave evidence of the Si02 layer 
on the cell at this and other N contact areas. 

This Ag-Cu braze joint (fig. 11) is only about 2.5 pm wide. Because of 
equipment limitations, it could not be established that the braze metal was o f  
the eutectic composition. But the microprobe trace does show significant 
alloying near the Ag-Cu interface. Interdiffusion between silver and silicon 
was nil. Since this is a P contact area, no Si02 layer was present. 

A microprobe trace of a Ag-Cu fusion weld nugget containing large trappe- 
dair voids is shown in figure 12. In this case the silver coating was com- 
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pletely melted and formed an alloy of about 50 Ag - 50 Cu (weight percent). 
1-pm Si02 refractory layer in the N contact area protected the cell. Thus, 
the molten weld metal nugget was prevented from alloying with the silicon solar 
cell. 

The 

The fusion weld nugget (fig. 11) is an alloy of Ag-Cu-Si and palladium. 
Although the quantity of palladium was very slight, the microprobe traverse 
showed alloying of palladium in the weld nugget. The melting and alloying of 
the silicon cell is evident by the wavy nuggetlcell weld interface and by the 
microprobe trace. Since this was a P contact, there was no protective Si02 
coating on the cell. Two cracks are shown in figure 13 in the silicon below the 
weld nugget. Lens-shaped cracking of this type occurred below the nugget in all 
cases where the silicon was melted, and thus became part of the weld. 

CONCLUSIONS 

1. Three metallurgical categories of resistance welds were identified under 

(a) Low heat for a long time: 

various conditions of parallel-gap resistance welding: 

under each electrode with an unwelded area between the electrodes. 
Combination solid-state welding and brazing 

(b) Moderate heat, intermediate time: A Ag-Cu braze joint between the 
electrodes with solid-state welding at the periphery. 

(c) High heat for a short time: A conventSona1 fusion weld nugget between 
the electrodes with brazing and solid-state welding at the periphery. 
o f  weld is always accompanied by cracking in the Si cell if melting of the Si 
occurs. 

This kind 

2. The 1-pm layer of Si02 at the N contact areas of the cell proved to be 
a refractory barrier that contained the molten weld nugget and prevented 
interaction with the Si cell. 

RECOMMENDATIONS 

1. Programs to develop solar array welding technology should start with 
well-defined metallurgical goals. 

2. The weld joint metallurgy required to give optimum solar-cell relia- 
bility should be identified. 

3. The welding process, associated control systems, and NDE procedures 
should be tailored to give assurance that the metallurgical goals are achieved. 
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TABLE 1. - PARALLEL-GAP RESISTANCE 
WELDING SCHEDULES 

[Electrode force, 8.9 N (2.0 lb); elec- 
trode pressure, 6 . 1 ~ 1 0 ~  N/m2 (885 
psi); electrode gap, 0.30 mm.] 

Schedule We1 d We1 d 
voltage, time, 

V ms 
(a> 

A 0.58 100 
B .63 80 
C .68 50 

aApproximate 
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Welding 
Joining process 
method class 

Operation 

F i g u r e  1. - J o i n i n g  method d i a g r a m .  

- Back 

Front c-- 

I I I  I 1: 0.64;. 58k- 0.304 

F i g u r e  2 .  - S e c t i o n i n g  p r o c e d u r e .  

u 
P contact 
u 

N contact 

F i g u r e  3. - Cell c o n t a c t s .  
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N contacf 40 percent through joint (see table 1) 

Figure 4. - Schedule A combination solid-state weld and braze joint. Air is 
believed to be in the unwelded area between the electrodes. 

Figure 5. - Dendritic structure of an Ag-Cu braze metal in a schedule A weld 
at an N contact. 

245 



As Atomic percent copper cu 

I I 1 I I I I I 1 1 1  
0 10 20 30 40 50 60 70 Bo 90 100 

Weight percent copper 

Figure 6 .  - Silver-copper equilibrium diagram (ref. 3). 

-- 
Solid 
state 
weld 

P contact, 30 percent through joint 

N contact, 40 percent through joint 

(a) Braze between electrodes with small voids in braze metal. Solid-state 

(b) Porous Ag-Cu fusion weld nugget producing bulge with brazing and solid- 
welds are outside of braze region. 

state welding outside of the nugget. 
Figure 7. - Microstructural variations in schedule 5 welds. 
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N contact, 30 percent thmugh joint 

P contact, 40 percent thmugh joint 

(a) Porous Ag-Cu fusion weld nugget with brazing and solid state welding 

(b) Porous Ag-Cu-Si-Pd fusion weld with brazing and solid state welding beyond 
the nugget. 
fusion weld. 

Figure 8. - Microstructural variations in schedule C welds. 

outside nugget. 

A lens-shaped crack in the silicon cell i s  present under t h e  

I I 1 I 1  I I I l l  
0 5 10 15 20 30 40 60 80 100 

Weight percent silicon 

Figure 9. - Silver-silicon equilibrium diagram (ref. 3 ) .  
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Figure 10. - Solid state weld at 
between silver and copper. 

N contact area showing slight interdiffusion 
Schedule C; weld under electrode. 

Figure 11. - Silver-copper braze joint, approximately 2.5 pm wide, with small 
voids in braze metal. 
this P contact joint. 

Significant Ag-Cu alloying is shown at braze in 
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Figure 12. - Fusion weld nugget of Ag-Cu alloy at N contact with complete 
melting o f  silver layer. Schedule C; weld between the electrodes. 

Figure 13. - Fusion weld nugget o f  Ag-Cu-Si-Pd alloy at P contact showing 
cracking in the silicon celllayer. 
electrodes. 

Schedule C; weld between the 
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EVALUATION OF SOLAR CELL WELDS BY SCANNING ACOUSTIC MICROSCOPY 

S.J. Klima, W.E. Frey,  a n d  C.R. Baraona 
NASA Lewis  Kesea rch  C e n t e r  

Cleveland,  Ohio  

SUMMARY 

Scanning l a s e r  acoustic microscopy was used t o  nondestructively evaluate 
so la r  c e l l  interconnect bonds made by resis tance welding. B o t h  copper-silver 
and s i lver -s i lver  welds were analyzed. The bonds were produced e i t h e r  by a 
conventional parallel-gap welding technique using rectangular electrodes or 
new annular gap design with a c i r c u l a r  e lectrode cross  section. 
scanning laser  acoustic microscope, i t  was possible t o  produce a real  time 
te lev is ion  image which reveales the weld configuration as  i t  r e l a t e s  t o  elec- 
t rode geometry. The e f f e c t  of electrode misalinement w i t h  the surface of the 
c e l l  was a l so  determined. A preliminary metallographic analysis  was performed 
on selected welds t o  e s t a b l i s h  the relat ionship between actual s i z e  and shape 
o f  t h e  Weld area and  the  information avai lable  from acoustic micrographs. 

W i t h  the  

INTRODUCTION 

Welding i s  becoming an increasingly a t t r a c t i v e  a l t e r n a t i v e  t o  soldering 
The as a means of joining interconnect tabs t o  solar  c e l l  contact surfaces. 

potent ia l  advantages include reduced weight, a b i l i t y  t o  withstand higher peak 
operating temperatures, increased thermal fa t igue  resis tance,  and improved 
automation capabi l i ty  f o r  fabr ica t ing  large arrays. 
welded so lar  c e l l  interconnects i s  not new ( r e f .  l ) ,  acceptance of the tech- 
nology remains limited due t o  a lack of experience in space f l i g h t  applica- 
t i o n s  and the need f o r  a r e l i a b l e  technique f o r  nondestructively evaluating 
bond qual i ty .  Whereas visual examination i s  generally s u f f i c i e n t  f o r  eva’lu- 
ating solder j o i n t s ,  welded j o i n t s  require more sophisticated procedures be- 
cause the bond area i s  hidden from view. 
connect j o i n t s  can be nondestructively evaluated only by ind i rec t  methods. 
The scanning l a s e r  acoustic microscope, which combines l a s e r  technology with 
ul t rasonic  technology, appears t o  be a good choice f o r  this  application. The 
instrument i s  capable of operating a t  high ul t rasonic  frequencies with resu l t -  
ant h i g h  resolut ion and, a t  100 MHz, can produce a real-time image of an area 
about 2.3 by 3 mm in s i z e  a t  a magnification of 75. 

s o l a r  c e l l  interconnect j o i n t s  can be produced with the  scanning laser  acous- 
t i c  microscope. However, substant ia t ing evidence r e l a t i n g  weld geometry t o  
the  acoustic information was n o t  presented. 
t iga t ion ,  therefore ,  t o  show t h a t  a re la t ionship does e x i s t  between actual 
weld area and the r e s u l t s  obtained w i t h  the  acoustic microscope. T h i s  was 
accomplished by generating acoustic micrographs o f  welds having various geo- 
metric configurations and using the acoustic images t o  map out areas t o  be 
sectioned f o r  metallographic analysis.  
and bond area were t h u s  obtained. 

Although the idea of 

Therefore, welded s o l a r  c e l l  inter-  

I t  has previously been shown ( r e f .  2 )  t h a t  acoustic images of weldea 

I t  was t h e  purpose of t h i s  inves- 

Correlations between acoustic r e s u l t s  
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MATERIALS, APPARATUS, AND PROCEDURE 

Welding 

Two types of electric resistance weld electrodes (fig. 1) were used to 
make the welds that were analyzed in this program. Figure l(a) shows a pair 
of conventional parallel-gap electrodes made of molybdenum. The tips were 
rectangular in cross section measuring 0.65 by 1.25 mm on a side, with a gap 
of 0.25 mm. Figure l(b) shows a new annular-gap electrode design, also made 
of molybdenum, which consists of a center electrode surrounaed by dn annular 
electrode. 
by C. R. Baraona and A. F. Furestieri). The outside diameter of tne annulus 
was 2.0 mm and the inside diameter was 1.5 mm. 

(The annular gap design was developed at the Lewis Research Center 

The gap width was 0.13 mm. 

The interconnect materials were either copper or silver foil, 0.05 mm 
thick. Solar cells were 2 by 4 centimeters and had wraparound contacts. The 
cells were not encapsulated in or attached to a solar array substrate or blan- 
ket material such as Kapton or aluminum honeycomb. 
made on glass covered cells, 400 pm thick, while the annular-gap welds were 
made on uncovered cells, 225 pm thick. The interconnects were welded to both 
positive and negative contact surfaces. 
1.0 V, applied for 50 to 100 ms. 
36 N on the tab for the duration of the welding operation. 

The parallel-gap welds were 

Voltage settings ranged from 0.6 to 
The electrode tips maintained a load of 9 to 

Nondestructive Evaluation 

The scanning laser acoustic microscope and its principles of operation 
are described in detail in reference 3. 
the application of the acoustic microscope for evaluation of solar cell welds. 
The solar cell is placed on the sample stage with the interconnect tab on top. 
A coverslip consisting of a clear plastic material and a film of gold a few 
angstroms thick on one surface is placed on top of the tab. The purpose of 
the coverslip is to provide a reflective surface for the laser beam in instan- 
ces where the surface of the material being evaluated is not sufficiently re- 
flective. The ultrasonic transducer, located at the bottom of a shallow well 
in the top surface of the sample stage, produces continuous waves at a frequen- 
cy of 100 MHz and an incident angle of loo to the cell surface. Tne ultrasonic 
waves are transmitted through the water couplant and into the solar cell. 
The energy is further transmitted into the interconnect tab wherever bonding 
exists. 
interconnect tab sets up a dynamic ripple which is then transmitted to the 
cover slip by a water coupling medium. A laser beam constantly scans the area 
in raster fashion. The intensity of the reflected laser light is modulated by 
the dynamic ripple and is proportional to the amplitude of sound waves at the 
reflective surface of the coverslip. These variations in light intensity are 
seen by the photodetector as an AC signal which is processed and used to pro- 
duce a real-time TV image in black and white. 
screen represent areas o f  highest ultrasonic amplitude and black regions are 
indicative of little or no ultrasonic transmission. 
an area 2.3 by 3 mm on a side at a magnification of 75. 
at a magnification of 32 were made by photographing the TV screen using Polar- 
oid film. 

Figure 2 shows a sketch illustrating 

The interaction of sound waves at an angle to the top surface of the 

The brightest regions on the 

The real-time image covers 
Acoustic micrographs 
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Metallography 

To determine the ability of the acoustic microscope to provide visual evi- 
dence of the integrity of interconnect-cell bonds, it was necessary to perform 
a destructive analysis on selected welds. 
welded joints that produced unique or interesting patterns on the acoustic mi- 
crographs and sectioning the cell to permit a cross sectional view o f  the bond 
line between the interconnect tab and the solar cell contact. Sectioning was 
done with a dicing saw. The weld specimens thus removed were mounted on edge 
in an epoxy encapsulation that served as a specimen holder. The encapsulated 
specimens could then be ground in specified increments to obtain views of 
planes at predetermined locations within the weld joint. 
bond or nonbond in each plane was determined metallographically. Standard 
techniques were used to polish the metallographic specimens. 
microstructural study of the weld joint was not required, photo-micrographs 
were taken of the surfaces in the unetched condition only. 
sidered to be bonded when no interfacial features indicative of disbond could 
be detected at a magnification of 750. 

This was accomplished Dy selecting 

The extent o f  tne 

Since a complete 

Surtaces were con- 

RESULTS AND DISCUSSION 

Results obtained with the scanning laser acoustic microscope and the relat- 
ed metallographic analyses are presented in figures 3 to 5. Each figure shows 
a photograph of the surface o f  the interconnect tab after welding, an acoustic 
micrograph of the region of the Weld, and a photomicrograph of a crossection 
through tile middle of the weld. The ability of the acoustic microscope to de- 
scribe the size and shape of the bonded area is discussed. 

Figure 3 shows the results obtained from an analysis of a joint made by 
welding a copper interconnect tab to a silver solar cell contact using the 
parallel-gap resistance welding technique. A partial imprint of the electrode 
pair was embossed in the surface of the relatively soft copper (fig. 3(a)). 
The partial imprint indicates that the electrodes applied nonuniform pressure 
to the tab, probably because of a minor misalinement relative to the solar cell 
surface. A complete imprint would consist of two parallel rectangles which 
resemble footprints. Figure 3(b) is an acoustic micrograph of the weld and 
surrounding area. On first observation it was not clear whether the welu zone 
was represented by the white region of the acoustic micrograph only or by the 
white area plus the smaller gray area immediately to the left. Thus, the ac- 
tual size and shape of the weld had to be accurately determined by other means. 
This was accomplished in two ways. First, it was found that the unbonded part 
of the copper tab could be removed by folding it back over the bonded part and 
carefully tearing it at the perimeter of the weld nugget with tweezers, leaving 
the welded part of the tab in place. The result of this operation is shown in 
figure 3(c). The welded copper material is intact in the center of the pic- 
ture, surrounded by the silver solar cell contact surface. The black residue 
on the contact surface is a material of unknown origin which was present be- 
neath the unbonded part of the tab. Note the partial footprint of the right 
hand electrode which covers almost half of the welded copper tab. It is ob- 
vious that the weld nugget was not centered between the electrodes nor was it 
confined to the region beneath the electrodes. It is also apparent that, al- 
though the electrode footprints provide some information regarding the general 
location, they say little about either the size or the shape of the weld. 
ures 3 ( b )  and (c) show that the weld is represented only by the white area on 

Fig- 
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the acoustic micrograph, which closely approximates the size and shape of the 
weld nugget. Although not apparent in this series of photographs, it was fur- 
ther observed that the acoustic microscope can also reveal the location of the 
weld relative to a feature such as the edge of the tab, which is visible in 
the top of figure 3(a). 

tile nature of the bond was obtained through a metallographic analysis. 
3(b) shows two dark spots within the white region of the acoustic micrograph, 
indicating the presence of defects which blocked ultrasonic transmission. 
cross section through the larger of these defects is shown in figure 3(d). 
The photomicrograph reveals a bonded section measuring 0.78 mm long with a 
nonbonded portion in the middle. The nonbond, which corresponds to the dark 
spot on the acoustic micrograph, is 225 urn long and only 4 urn wide. Other 
bondline pores less than 30 urn in diameter are visible in the photomicrograph 
but were not resolved individually in the acoustic micrograph. 

Additional information about the dimensions of the weld zone as well as 
Figure 

A 

Figure 4 presents the results of an analysis of a joint made by welding a 
silver interconnect tab to a silver solar cell contact using the annular-gap 
electrodes. 
4(a). The circular feature was made by the annular electrode, and the spot in 
the middle is the result of pressure applied by the center electrode. 
imprint on the tab is closely approximated in size and shape in the acoustic 
micrograph (fig. 4(b)), indicating that welding occurred beneath a major 
portion of the circumference of the annular electrode and the middle part of 
the center electrode. Supporting evidence is shown in the photomicrograph of 
a crossection through the middle of the weld (fig. Li(c)). 
sections, one in the middle of the photomicrograph and one on the right side, 
correspond to white areas of ultrasonic transmission in the acoustic 
micrograph. Little or no bonding is evident on the left side of the 
photomicrograph, which agrees with the information in the acoustic micrograph. 

The electrode imprint on the tab surface is shown in figure 

The 

Two bonded 

Figure 5 shows the results obtained from another silver-silver weld made 
with annular-gap electrodes. The imprint embossed in the tab surface (fig. 
5(a)) looks similar to the one in figure 4(a). However, the acoustic micro- 
graph (fig. 5(b)) indicates that the weld geometry is quite different from 
that in figure 4. Bonding appears to have taken place primarily under one 
side of the annular-gap electrode, completely spanning the gap. 
ing appears to have taken place under the other half. The photomicrograph 
(fig. 5(c)) of the cross section through the middle of the weld confirms the 
information obtained from the acoustic micrograph. With the exception of some 
bondline porosity, the bond between the tab and the metallized contact is 
continuous under the right hand side of the electrodes. On the left, little 
or no bonding exists, again confirming the evidence presented in the acoustic 
micrograph. 

Little bond- 

CONCLUDING REMARKS 

The scanning laser acoustic microscope appears to be a viable tool for non- 
destructive evaluation of solar cell interconnect bonds made by welding. 
Metallographic analyses of selected welds showed that acoustic microscopy can 
accurately determine the size and shape of welded areas in both uncovered 
cells and cells with a protective glass cover adhesively bonded to the front 
sJrface. Although the glass cover and adhesive increase scatter and decrease 
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resolution, the adverse effects appear to be small, and the final result is 
acceptaole for cells in the thickness range evaluated in this investigation. 

I n  addition to generally descriaing the size and shape of weld areas, the 
acoustic microscope demonstrated a capability for detecting small nonbonaed 
?reas of the order of 200 pm diameter within an otherwise continuous weld zone. 
Conversely, it is expected that weldeo areas 200 pm diameter and larger could 
be detected against a background of unweldea material. 

The results of this investigation suggest that application o f  scanning 
laser acoustic microscopy can be extended from individual solar cells to solar 
cell arrays, providing the cells are not encapsulated or attachea to a sub- 
strate or blanket material in such a way as to block the transmission of acous- 
tic energy. Any air gap between the substrate and the cell in the region to 
be nondestructively evaluated would preclude evaluation by ultrasonic trans- 
mission. It is therefore recommended that array manufacturers consider the 
requirements for successful nondestructive evaluation in the design stage to 
insure that accommodations for adequate inspection are made. 
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(a )  Conventional parallel-gap electrodes. 
(b) Annul  ar-gap electrodes. 

Figure 1. - Resistance weld electrodes used fo r  joining solar ce l l  
interconnects. 

r C L E A R  COVERSLIP DYNAMIC RIPPLE-\ 

REFLECTIVE FILM-., 

TRANSDUCER 

SAMPLE STAGE 

Figure 2. - Application o f  the scanning laser  acoustic microscope for  
nondestructive evaluation pf so lar  interconnect welds. 
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I \-- WELDED UNWELDED WELDED 

( a )  Pa r t i a l  imprint on t a b  surface. 
(b )  Acoustic migrograph o f  weld zone. 

( c )  Nugget s i z e  revealed by removal of unwelded portion of tab. 
( d )  Photomigrograph of c ross  sec t ion  A-A through middle o f  weld zone. 

Figure 3.  - Results of des t ruc t ive  and nondestructive ana lys i s  of Cu-Ag 
para l le l -gap  weld. 
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(a) Complete electrode imprint of tab surface. 
( b )  Acoustic micrograph on nearly complete weld. 

(c) Photomicrogrdph of cross section A-A through middle of weld zone. 
Figure 4. - Results of destructive and nondestructive analysis of Ag-Ag annular 

-gap weld zone. 

1 A 

(a) Complete electrode imprint of tab surface. 
( b )  Acoustic micrograph on nearly complete weld. 

(c) Photomicrograph of cross section A-A through middle of weld zone. 
Figure 5. - Results of destructive and nondestructive analysis of Ag-Ag annular 

-gap weld zone. 



S I L I C O N  RESEARCH A N D  TECHNOLOGY 

A. Meuienberg 
COMSAT Laboratories 
Clarksburg, Maryland 

The mood of the s i l icon R&T Workshop was n o t  one of optimism this year i n  
cclntrast t o  t h a t  of the 1980 workshop. The cause(s) of this depression may have 
been: (1) the inabi l i ty  of the si l icon community to  f u l f i l l  the optimism of the l a s t  
mfieting which foresaw an 18 percent s i l icon c e l l ;  ( 2 )  'the present emphasis on i n -  
crf$sed2radiation hardening [e. g. , 15 percent efficiency end-of-1 i f e  ( E O L )  a f t e r  
10 /cm 1 MeV electrons] which d i d  not seem feasible;  or ( 3 )  the pressure from GaAs 
work w i t h  i t s  potential fo r  higher BOL and EOL power output. 

In  sp i t e  of the fa i lure  t o  date to  achieve an 18 percent e f f i c i en t  s i l icon 
solar cell  (AM0 a t  25" C ) ,  there are  presently indications that  the goal i s  ap- 
proachable. The best resul ts  are open c i r cu i t  voltages i n  excess of 690 mV i n  an 
MINP structure.  
tb,e l i m i t i n g  factor  ( i n  diffused ce l l s )  and possible ways o f  bypassing this problem. 
Evidence t h a t  indicates a reduction i n  the predicted bandgap narrowing (resul t ing 
from heavy doping) and an increase i n  the Auger l ifetime i n  heavily doped s i l icon i s  
also encouraging for  further improvements i n  diffused junction si1 icon solar  ce l l s .  

Optimism for  success i n  overcoming the present problems, without immediately 
encountering further problems i n  an already h ighly  optimized device, was muted. How- 
ever, since major voltage g a i n s  were a resul t  of new technology ( f o r  the d i f f u s e d  
s i l icon group)  , infusion from other f ie lds  m i g h t  make another major improvement. 
Techniques borrowed from other solid s t a t e  devices could be keys t o  a further i n -  
crease i n  s i l icon solar  cel l  efficiency. 
plement the boost i n  voltage achieved by the MINP cell  which is  an outgrowth of MIS 
technology. 
s i l icon technology w i t h  much higher i n i t i a l  output. Again,  enthusiasm for such i m -  
provements was dampened by the recognition t h a t  perhaps none of these improvements 
would  survive a radiation environment. Only a f t e r  we were reminded tha t  many sa te l -  
l i t e s  do  not f l y  i n  the radiation belts and others need more power early in a mis- 
sion was the cloud over BOL efficiency improvements l i f t e d  somewhat. 

Hybrid structures using Gap, ASi (amorphous s i l i con)  or  some other such wide 
bandgap semiconductor on the s i l icon surfaces could provide a "window" t o  lower the 
SRV fo r  b o t h  the front and the back of a s i l icon ce l l .  
blems observed i n  forming an effect ive p' back contact on 0.1 Q-cm material. 
use of e lec t ros ta t ic  bonding and perhaps ion implantation into the cover glass was 
proposed as a possible way of forming an MINP cell  which i s  less  sensit ive t o  ra- 
diation than presently predicted. 

Other areas of potential cell  improvement included: (1) Ingot material modifi- 
cation, where the Air Force program fo r  a l tered doping (Ga vs. B ) ,  ultrahigh purity 
FZ, and cold crucible techniques were mentioned; ( 2 )  processing changes, t o  take 
advantage o f  surface gettering and to  prevent defect generation; (3 )  counter doping , 
the introduction of internal get ters  or  compensation fo r  radiation damage; and (4 )  
use of n-type rather than p-type substrates and/or processing modifications have been 
shown to  improve BOL performance. 
expected to  improve EOL performance, b u t  no encouraging data are yet  available. 

Other work has pointed t o  surface recombination velocity (SRV)  as 

Such improvements could complement o r  sup-  

Such modified o r  hybrid si l icon ce l l s  could provide the benefits of 

T h i s  could overcome the pro- 
The 

The material modification or counter doping i s  
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Some useful tools in studying SRV of emitter surfaces have been tried or s u g -  
gested. Electrostatic charge applied t o  the AR coating of a completed cell i s  per- 
haps the simplest means of testing the effectiveness of surface passivation and/or 
n+ (or p+) surface layers. More quantitative methods would include special struc- 
tures which can use C-V techniques on heavily doped surfaces and voltage applied t o  
water drops on isolated surface areas. An idea t h a t  might have interest as a tes t  
structure or as a future solar cell would be an FET ce l l ,  where the gate would be a 
t h i n  t i n  oxide conductive layer for application of voltage between the grids. An 
integrated circuit  cell could provide self-biasing for this  structure which could 
improve r a d i a t i o n  hardening over a trapped charge structure. 

20 percent GaAs cell vs. a commercially produced 18 percent S i  cell , assuming equal 
costs and weight. 
a t ion  t h a t ,  despite obvious advantages of the GaAs cells,  the most important dif- 
ference would be fl ight experience and many inferior systems f ly  and will continue t o  
f ly  until requirements force a change. 

A short  congress of the Silicon R&T, the Radiation Damage, and the Blanket 
Technology Workshops was most useful in emphasizing the basic conservatism of pro- 
j ec t  offices in general and their  reluctance t o  change unless forced t o  do so. Never- 
theless, diversity i n  cell characteristics was encouraged; particularly if sufficient 
t e s t  or f l ight  d a t a  become available t o  allow clear and comfortable choices t o  be 
made fo r  specific missions. 

A final question addressed the user's preference o f  a commercially produced 

The most important answer t o  this  question was a sobering declar- 

The participants in the Silicon R&T Workshop were 

Mike Gi ul i ano 
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Peter I1 es 
Stan  Solomon 
Steve Tobin 
Dick Statler 
Mark Spitzer 
Paul Stella 
Dan Meier 
Ed Gaddy 
M. Wolf 
Darryl Peterson 
Paul Dillard 
Bernie Sater 
Vi c Wei zer 
Chandra Goradia 
Michael Pi szczor 
Peter J .  Drevinsky 
Hans Rauschenbach 
L. Perkes 
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T. Trumble 
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ADVANCED DEVICES 

Peter fiordin 
Varian Associates 

Palo Alto,  California 

The working group on Advanced Devices addressed f i v e  ques t ions :  
1. Has s u f f i c i e n t  progress  been made t o  warrant  confidence t h a t  the  30 per- 

cen t  e f f i c i e n c y  a t  lOOx and 80" C goa l  can be achieved? 
promising approaches; i f  n o t ,  how should t h e  program be  a l t e r e d ?  

2. What approaches seem l i k e l y  t o  achieve e f f i c i e n c y  beyond 30 percent?  What 
b a r r i e r  problems ought t o  be a t tacked?  

3 .  What cascade c e l l  manufacturing problems do you envis ion?  
4. What approaches are most l i k e l y  t o  succeed f o r  in te rconnec t ing  a cascade 

c e l l  s t ack?  
5. How can w e  overcome the  requirement f o r  l a t t i c e  cons tan t  matching i n  mono- 

l i t h i c  cascade c e l l s ?  I s  t h e  d i r e c t  bandgap requirement too  s t r i n g e n t ?  
The working group obta ined  the  following responses  t o  these  ques t ions :  

I f  s o ,  what are the  most 

1. H a s  s u f f i c i e n t  progress  been made toward the  30 percent  goal?  
I n  gene ra l ,  s u b s t a n t i a l  p rogress  has  been made and t h e r e  i s  no reason t o  

change the  goa l  a t  t h i s  t i m e .  The metal interconnected cascade c e l l  repor ted  a t  
t h i s  conference demonstrated cons iderable  improvement i n  both c e l l  a r ea  and e f f i -  
c iency over t he  s ta te -of - the-ar t  1 year  ago. Progress  i s  being made i n  both 
materials and processes  r equ i r ed  t o  achieve the  goal.  

t o  be accepted,  i t  must show some advantage over  t he  e x i s t i n g  technology. Cascade 
c e l l s  should e x h i b i t  about 3 percentage po in t s  of e f f i c i e n c y  above t h a t  of GaAs t o  
j u s t i f y  t h e i r  cons ide ra t ion  a s  a replacement,  with a l l  e l s e  being equal.  

t i o n  need t o  be addressed. Among these ,  t h r e e  emerged a s  most important :  

cascades,  where degreda t ion  i n  one c e l l ' s  s h o r t  c i r c u i t  c u r r e n t  a f f e c t s  of the  
s t a c k ' s  s h o r t  c i r c u i t  cu r ren t .  

many cases ,  t hese  c e l l s  w i l l  r e q u i r e  new tes t  procedures.  
More work i s  

needed t o  eva lua te  what concen t r a to r  designs are most appropr i a t e  f o r  high e f f i -  
c iency cascade cells. 
a r e  appropr i a t e  f o r  va r ious  p o t e n t i a l  missions? 

The ques t ion  of minimum e f f i c i e n c y  was a l s o  addressed. For a new technology 

A s  cascade c e l l s  become a proven technology, ques t ions  about t h e i r  appl ica-  

(1) Radia t ion  e f f e c t s  need t o  be considered,  e s p e c i a l l y  i n  series connected 

( 2 )  Laboratory eva lua t ion  procedures and s tandards  must be developed. I n  

( 3 )  To reach t h e  30 percent  goa l ,  we w i l l  use  concent ra t ion .  

S p e c i f i c a l l y ,  what concen t r a t ion  and concent ra tor  des ign  

2 .  What approaches a r e  l i k e l y  t o  exceed 30 percent  e f f i c i e n c y ,  and what b a r r i e r  
problems must be addressed 

The main b a r r i e r  problem with e x i s t i n g  technology i s  the  photovol ta ic  e f f e c t  
i t s e l f ,  and h ighe r  e f f i c i e n c y  technologies  probably w i l l  no t  be pho tovo l t a i c ,  a r  
l e a s t  as w e  see i t  today. We r e a l l y  do not  know what t hese  f u r u r e  technologies  
a re .  Use oE s u r f a c e  plasmon e f f e c t s  w a s  one i d e a  repor ted  a t  t h i s  meeting. For 
very high power, i n  the  megawatt range, nuc lea r  might be p r e f e r a b l e ,  assuming 
p o l i t i c a l  and s a f e t y  problems do not  s tand i n  the  way. 

address .  We recommend t h a t  f u t u r e  SPRAT conferences i n v i t e  input  from nonphoto- 
v o l t a i c  technologies  t o  encourage us  t o  th ink  innovat ive ly .  

This  ques t ion  i s  very d i f f i c u l t  f o r  a group of e x p e r t s  i n  photovol ta ics  t o  
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3. What cascade cell manufacturing problems are envisioned 

facture have not themselves been defined. Manufacturing engineers are very inno- 
vative and have tackled difficult semiconductor devices in the past (such as 64K 
RAMS), so that concern about manufacturability is not warranted at this time. 

Some discussion centered on epitaxial growth technology. 
been used, and both are funded technologies. OM-VPE has been used to make 
the best working device to date and is a versatile and reproducible technique. 
LPE has been used to make large area, multilayer devices in the laser and LED in- 
dustries and is also being used to make good GaAs solar cells. A s  a general 
statement, if the attractive cascade cell has more than five or six layers, some 
or all of which require close thicknes control, then OM-VPE will be the preferred 
technology. 

This question was somewhat difficult to address, because the devices to manu- 

OM-VPE and LPE have 

4.  What approaches seem most likely to succeed for interconnecting a cascade cell 
stack 
Five techniques for making cascade cell stacks were mentioned, two of which 

form series interconnects and three of which leave open the option of either for- 
ming a series interconnect or addressing cells individually. The latter might be 
worth a further consideration if the reduced process yields or lessens radiation 
hardness. The techniques are 

MIC2 - (metal Interconnect). - This has been used to make the best monolithic 
cascade cells to date. It is also a useful diagnostic tool since it allows ad- 
dressing of individual cells. This feature allows its use in a nonseries- 
connected configuration. Its drawback is added processing. 

Tunnel junction. - This has been demonstrated with LPE growth over small 
areas. Because the cells do not require extra procejsing after growth, it would 
be attractive, but only if reproducible low resistance, large area tunnel junc- 
tions are feasible. A s  the 30 percent cell will require three junctions, and tun- 
nel junctions are hard to achieve in high gap materials, it is possible that a 
future cell will be a MIC2-tunnel junction hybrid, with the top interconnect 
MIC 2 and the bottom tunnel junction. 

Ge interconnect layer. - Possibly, a thin layer of Ge placed between the two 
cells will provide a good shorting junction. This is especially attractive 
in the GaAs-AlGaAs system, where Ge is lattice matched. 

Mechanically bonded stack. - It is possible to mechanically bond two indivi- 
dual cells together. Such a configuration provides the option for individual ad- 
dressing of cells. 
growth problems. 

Spectrum splitting using, for example, dichroic filters. - This eliminates 
the interconnect problems at the price of a more complex mechanical system, and 
the cost of additional components such as the filter. 

mend a preferred one at this time. 

This could circumvent various interconnect and materials 

All of these approaches are being examined, and it is not possible to recom- 

5 .  How can we overcome the requirement for lattice constant matching in mono- 
lithic cascade cells? Is the direct bandgap requirement too stringent? 
The lattice matching requirement has evolved from many years of experience in 

crystal growth. While it is a general rule, there are some exceptions, 
such as Ge on Si and possibly GaAsP on GaAs. Thus, while lattice matching is im- 
portant to bear in mind, processes and cell designs should not be rejected a 
priori. because they violate lattice matching requirements. Spectrum splitting and 
mechanically stacked structures do not require lattice matching. 

Indirect gap materials are usable for both the top and bottom cells. Because 
the top cell is grown epitaxially, it must be relatively thin. One way to use an 

262 



indirect gap material there is to use the spill-through current match 
technique, in which above-gap light passes through to the bottom cell, bearing in 
mind that even indirect materials collect blue light in a relatively short 
length. The bottom cell can use the bulk of the substrate, and can be an indirect 
material as well. 

In summary the group's observations and recommendations were as follows: 
1. Cascade cell development is progressing toward the 30 percent goal. A 

minimum efficiency advantage of 3 percent is required to ensure use in competition 
with the next best existing technology, all else being equal. 
and concentrator designs need to be considered more carefully. 
dures and standards must be developed. 

technologies. Future SPRAT conferences should include inputs from nonphotovoltaic 
technologies to encourage this innovative thinking. 

cade cell is not well defined. LPE and OM-VPE epitaxial technologies are being 
developed. If the best cell requires a relatively complex epitaxial structure, 
OM-VPF will probably be preferred. 

gated. 
connection significantly reduces process yield or radiation hardness. 

ials may be used for both the top and bottom cells. 

Radiation effects 
Laboratory proce- 

We must encourage innovation to identify next generation high efficiency 2. 

3 .  Manufacturing problems are not envisioned at this time, because the cas- 

4 .  A number of interconnect approaches are possible and are being investi- 
Those that do not require series connection may be useful if the series 

Indirect gap mater- 5. Lattice constant matching is not always required. 
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G a A s  SOLAR CELLS 

E.J. Conway 
NASA Langley R e s e a r c h  C e n t e r  

Hampton,  Virginia 

The GaAs Solar Cell Workshop considered a range of topics from "high 
efficiency" t o  iinovel ideas." A majority of the 1 7  participants were inter- 
ested, d i rec t ly  or indirectly,  in the f i r s t  GaAs production ce l l .  This pro- 
duced a l ively discussion on the identification and solution of near-term 
p r o  b 1 ems. 

The major thrusts  proposed for  GaAs were increased efficiency and im- 
proved radiation damage da ta .  Current laboratory production c e l l s  consistently 
achieve 16 percent AM0 one-Sun efficiency. The user community wants 18-percent 

able in 2 years with suff ic ient  research funds. A ZO-percent research cel l  i s  
considered the efficiency limit With current I;~CrriIOlOgy, and such a ce l l  seems 
realizable in approximately 4 years. Fiiture efficiency irdprovements await im- 
proved substrates and materials. For s t i l l  higher eff ic iencies ,  concentrator 
c e l l s  and multijunction ce l l s  are proposed as near-term directions.  

-eff ic ient  ce l l s  as soon as possible, and sucn a goal i s  t h o u g h t  t o  be achiev- 

When the efficiency i s  ariven up  by chancjes of ce l l  structure,  neasure- 

Such a service t h r o u g h  Lewis 
merit techniques become more unreliable. 
renewed, low-cost f l i gh t  calibration of  ce l l s .  
Research Center i s  terminating. Replacement options incluae another a i rc raf t ,  
ba-dloon f l igh ts ,  o r  the shuttle.  ( A  decision has been made by Lewis since the 
meeting t o  provide another a i r c ra f t  for  high-altituae calibration o f  solar 
celils.) 

The Workshop participants called for  

Radiation damage i s  the central problem impeding application o f  GaAs 
solar ce l l s .  
havior cannot be achieved only in the laboratory (with reasonable funds and 
time). 
sions).  The group recommended in i t ia t ion  of a continuing program t o  (1) char- 
acterize the practical degradation of production ce l l s  in space and in the 
laboratory; ( 2 )  understand the degradation in order t o  improve cel l  s t ab i l i t y ;  
and (3)  promote interaction between the application community and the research 
community t h r o u g h  damage modeling. 

Data sufficient t o  define i t s  re la t ively unknown radiation be- 

Space f l i gh t  data =needed (and may be obtained in planned DoD mis- 

Annealing of radiation damage was considered a separate and more long 
range problem. Cell annealing would require a more complex or  specialized 
array, which i s  well beyond current concepts. However, advanced concepts f o r  
annealing, such as current annealing and elevated temperature operation within 
a concentrator, were discussed. The application of annealing i s  expected to  
depend on whether annealing becomes mission enabling. 

Thin ce l l s  are those which offer  low cost,  low weight, and high specific 
The long-term advantages o f  thin ce l l  research to  advance ce l l  tech- 

A multibandgap ce l l  i s  similar in general concept t o  
power. 
nology were recognized. 

265 



severa l  t h i n  c e l l s  i n  o p t i c a l  ser ies .  Because heat conuuct ion  can be d 
c r i t i c a l  problem f o r  c o n c e n t r a t o r  a p p l i c a t i o n s ,  t h i n  c e l l s  may have s p e c i a l  
importance f o r  h i g h  i n t e n s i t y  uses. Also, i f  t h i n  c e l l s  do n o t  r e q u i r e  as 
much t o t a l  growth t i m e  ( s u b s t r a t e  p l u s  a c t i v e  l a y e r s )  as c u r r e n t  GaAs c e l l s ,  
then shortened manufactur ing t i m e  may t r a n s l a t e  i n t o  reuuced cos t .  However, 
- near-term a p p l i c a t i o n  f o r  a t h i n  c e l l  i s  l i m i t e d  by t h e  mass o f  r a d i a t i o n  
covers, c o n t a c t  and c a b l e  s ize ,  and a r r a y  weight  and cos t .  The Workshop 
p a r t i c i p a n t s  proposed t h a t  c u r r e n t  c e l l  technology be developed t o  t h e  p o i n t  
o f  d i m i n i s h i n g  r e t u r n s  and t h a t  an e f f e c t i v e  cvncept f o r  employing t n i n  c e l l s  
be developed b e f o r e  i n i t i a t i n g  development o f  v e r y  t h i n  GdAs c e l l s .  

Concentrator  c e l l s  appear p o t e n t i a l l y  use fu l .  T h e i r  aevelopnient i s  pro- 
g r e s s i n g  a t  a r a t e  t h a t  p e r m i t s  p r a c t i c a l  a p p l i c a t i o n  o f  GaAs c o n c e n t r a t o r  
c e l l s .  The a p p l i c a t i o n s  o f f e r  c o s t  r e d u c t i o n  and r a d i a t i o n  r e s i s t a n c e .  How- 
ever,  c o n c e n t r a t o r s  may pose s p e c i a l  thermal management problems. 

The p r i c e  o f  GaAs c e l l s  i s  expected t o  d e c l i n e  Shaply When an A i r  Force 
Manufac tur ing  Technology program achieves i t s  p r o d u c t i o n  goals.  Two f a c t o r s  
c o u l d  f u r t h e r  reduce t n e  p r i c e  of GaAs s o l a r  c e l l s :  (1) a volume o f  c e l l s  
reach ing  1 MWe/year; and ( 2 )  reduced p r i c e  o f  subs t ra tes ,  which c u r r e n t l y  c o s t  - 
approx imate ly  $30 p e r  square inch.  

Among t h e  new concepts enaorsed by t h i s  Workshop a r e  back sur face  f i e l d s  
and o t h e r  b u i l t - i n  f i e l a s  and m a t e r i a l s  t a i l o r i n g  f o r  rnaxirnuiii e f f i c i e n c y  
( e s p e c i a l  l y  A1xGal-xAs). 

I n  summary, t h e  major  recommendations are  

1. Achieve 18-percent p r o d u c t i o n  c e l l  and a 20-percent research  c e l l  ( 2  t o  4 
years ) .  

2. Begin a cont inuous r a d i a t i o n  damage program i n v o l v i n g  p r a c t i c a l  assessment 
o f  damage, understanding o f  damage mecnanisms and riiooeling. 

GaAs Workshop P a r t i c i p a n t s  
.I--I_-__- 

Edrnund J. Coriway 
Y.  C. M i l t o n  Yeti 
J. B. IvlcNeely 
G. S. Kamath 
J. M. Borrego 
Peter  I l e s  
T e r r y  Trumble 
Henry C u r t i s  
D a r r y l  Peterson 
George Mazani s 
David B r i n k e r  
R. T. Chen 
Lee A. Co le  
S. I(. Ghandhi 
Steve Tob in  
P e t e r  Borden 
Shing Mao 

NASA Langley Research Center 
NASA J e t  P r o p u l s i o n  Labora tory  
M/A - Coni Laser Dioae 
HRL, Mal ibu,  C a l i f o r n i a  
Rensselaer P o l y t e c h n i c  I n s t i t u t e  
ASEC 
AFWAL 
NASA Lewis Research Center 
Lockheed 
NASA Lewis Research Center 
NASA Lewis Research Center  
Rockwe 1 1 
S E R I  
Rensselaer P o l y t e c h n i c  I n s t i t u t e  
SPIRE 
Var ian  Associates 
UTL C o r p o r a t i o n  
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RADIATION DAMAGE 

I. Weinberg 
NASA Lewis  Research Center 

Cleveland, Ohio 

The r a d i a t i o n  damage workshop considered a v a r i e t y  of t o p i c s  among 
which were t h e  need f o r  e q u i v a l e n t  e l e c t r o n  f l uences  i n  g a l l i u m  arsenide, t h e  
p o s s i b i l i t y  of 15 pe rcen t  e n d - o f - l i f e  e f f i c i e n c i e s  f o r  s i l i c o n ,  i n c r e a s i n g  
r a d i a t i o n  r e s i s t a n c e  i n  g a l l i u m  arsenide, annea l i ng  o f  r a d i a t i o n  damage and 
t h e  need f o r  r a d i a t i o n  damage s t u d i e s  i n  cascade c e l l s .  

The workshop members agreed t h a t  a h i g h  p r i o r i t y  should be assigned 
t o  o b t a i n i n g  e q u i v a l e n t  e l e c t r o n  f l uences  f o r  g a l l i u m  a rsen ide  c e l l s .  It was 
suggested t h a t  1 MeV would be a reasonable e l e c t r o n  energy f o r  t h i s  purpose. 
Spec ia l  c a r e  snou ld  be g i v e n  t o  p r o t o n  i r r a d i a t i o n s  p a r t i c u l a r l y  f o r  ene rg ies  
below 1 MeV. I n  a d d i t i o n ,  o m n i d i r e c t i o n a l  r a t h e r  than  normal i nc idence  
p r o t o n s  shou ld  be used. 
o b t a i n i n g  damage c o e f f i c i e n t s  i n  g a l l i u m  arsenide. 
requi rement  f o r  a d d i t i o n a l  f l i g h t  data, e s p e c i a l l y  i n  p r o t o n  dominated 
o r b i t s .  These d a t a  a re  needed t o  f u r t h e r  check t h e  accuracy o f  t h e  1 MeV 
equiva lence f l uences .  

A t ta inmen t  o f  15 pe rcen t  e n d - o f - l i f e  e f f i c i e n c i e s ,  a f t e r  10 yea rs  i n  
geosynchronous o r b i t ,  was judged t o  be a p r a c t i c a l  goal  f o r  s i l i c o n .  T h i s  i s  
c o n d i t i o n e d  on a t t a i n m e n t  o f  BOL e f f i c i e n c i e s  o f  16 t o  18 percent .  
c e l l  t ypes  were suggested as p o s s i b l e  candidates,  p r o v i d e d  t h e  r e q u i r e d  
e f f i c i e n c i e s  c o u l d  be a t t a i n e d .  
proposed b y  M a r t i n  ido l f  a t  t h e  p resen t  conference, gal l ium-doped t h i n  d r i f t  
f i e l d  c e l l s ,  gal l ium-doped v e r t i c a l  j u n c t i o n  c e l l s ,  i f  used w i t h  heavy 
b a c k s h i e l d i n g ,  and 0.1 n-cm c e l l s  i f  annealable.  De fec t  c o n c e n t r a t i o n s  
should be k e p t  l ow  i n  t h e  s t a r t i n g  s i l i c o n .  

r e s i s t a n c e  i n  g a l l i u m  a rsen ide  s o l a r  c e l l s .  The major  r a d i a t i o n  induced 
de fec t ,  l o c a t e d  a t  midgap, i s  vacancy and s t o i c h i o m e t r y  r e l a t e d .  Process ing 
t o  min imize t h e  c o n c e n t r a t i o n  o f  t h i s  d e f e c t  i n  t h e  s t a r t i n g  m a t e r i a l  and 
i r r a d i a t e d  c e l l  would be  d e s i r a b l e .  
t h e  p resen t  AlGaAs/GaAs h e t e r o j u n c t i o n  c e l l  s, t o g e t h e r  w i t h  use o f  b e t t e r  
q u a l i t y  s u b s t r a t e s  shou ld  l e a d  t o  i nc reased  r a d i a t i o n  r e s i s t a n c e .  R a d i a t i o n  
damage research  u s i n g  techniques such as DLTS should be c o r r e l a t e d  w i t h  t h e  
p rocess ing  and f a b r i c a t i o n  procedures and used as a gu ide  t o  f u r t h e r  
improvements. 

decreased annea l i ng  t imes  a re  d e s i r a b l e  goa ls  f o r  b o t h  s i l i c o n  and g a l l i u m  
a rsen ide  c e l l s .  
considered, and i t  was concluded t h a t  a d d i t i o n a l  d a t a  a r e  needed t o  dec ide 
between t h e  two techniques.  
methods t o  accompl ish annea l i ng  i n  space. 
s e v e r a l  members o f  t h e  workshop f e l t  t h a t  accompl ish ing t h i s  i n  p r a c t i c e  would 
p r e s e n t  h i g h l y  u n d e s i r a b l e  problems i n  s p a c e c r a f t  des ign and opera t i on .  
However, i t  was p o i n t e d  o u t  t h a t  pu l sed  c u r r e n t  annea l i ng  had accomplished 
d e f e c t  r e d u c t i o n  and performance recove ry  i n  g a l l i u m  a rsen ide  c e l l s  and t h a t  
t h i s  technique, i f  used, would p resen t  a minimum of problems t o  s p a c e c r a f t  

It was a l s o  agreed t h a t  t h e r e  was a need f o r  
I n  s i l i c o n ,  t h e r e  i s  a 

Severa l  

C o n f i g u r a t i o n s  suggested were t h e  s t r u c t u r e  

Several  approaches show promise f o r  a t t a i n i n g  i nc reased  r a d i a t o n  

Decreased j u n c t i o n  depths, e s p e c i a l l y  i n  

Reduct ion o f  annea l i ng  temperatures below 2 W 0 C  t o g e t h e r  w i t h  

The e f f i c a c y  o f  p e r i o d i c  versus con t inuous  annea l i ng  was 

Some concern was expressed concern ing  p o s s i b l e  
Al though no method was s p e c i f i e d ,  
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design and o p e r a t i o n .  A t  any r a t e ,  t h e  q u e s t i o n  o f  how t o  accomplish 
annea l ing  i n  space deserves f u r t h e r  c o n s i d e r a t i o n .  

anneal ing k i n e t i c s  c o u l d  be pursued as a technique t o  c h a r a c t e r i z e  r a d i a t i o n  
d e f e c t s .  
i d e n t i f i c a t i o n  i s  d i f f i c u l t  and minimal.  
s tud ies ,  i n  cascade c e l l s ,  were considered b u t  assigned a low p r i o r i t y .  
s tud ies ,  i f  pursued should a t  p resent  be used t o  r e d i r e c t  m a t e r i a l s  r e l a t e d  
research  i n  t h e  cascade c e l l  area. 

I n  summary: The need f o r  1-MeV damage e q u i v a l e n t  f luences i n  g a l l i u m  
arsenide was emphasized. End-of - l i fe  e f f i c i e n c i e s  o f  15 percent  a f t e r  10 
years i n  geosynchronous o r b i t  were considered a t t a i n a b l e  f o r  s i l i c o n ,  and 
suggest isns were o f f e r e d  t o  a t t a i n  t h i s  goal. R a d i a t i o n  r e s i s t a n c e  i n  g a l l i u m  
arsenide can be increased b y  improvements i n  p rocess ing  and f a b r i c a t i o n ,  which 
should be c o r r e l a t e d  w i t h  t h e  r e s u l t s  o f  d e f e c t  s tud ies .  
should cont inue i n  bo th  s i l i c o n  and g a l l i u m  arsenide. These should have t h e  
twofo ld  goal  o f  reduc ing  annea l ing  cemperatures and a i d i n g  i n  d e f e c t  charac- 
t e r i z a t i o n  e s p e c i a l l y  i n  g a l l i u m  arsenide.  F i n a l l y ,  c o n s i d e r a t i o n  should De 
g iven t o  d e v i s i n g  a s imp le  method f o r  a c h i e v i n g  annea l ing  i n  space. 

I n  a d d i t i o n  t o  damage removal, i t  was suggested t h a t  s t u o i e s  o f  

R a d i a t i o n  damage and anneal ing 
T h i s  would be e s p e c i a l l y  impor tan t  f o r  g a l l i u m  arsenide where d e f e c t  

These 

Anneal ing s t u d i e s  

RADIATION DAMAGE WORKSHOP PARTICIPAhTS 
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B L A N K E T  TECHNOLOGY 

John Scott-Monck 
Je t  Propulsion Laboratory 

California Institute of Technology 
Pasadena, California 

The workshop p a r t i c i p a n t s  f e l t  t h a t  t h e  q u e s t i o n s  p r e s e n t e d  f o r  t h e i r  consid-  
e r a t t o n  were t o o  amorphous, w i t h  r e s p e c t  t o  d e f i n i t i o n  of terms, t o  a d d r e s s  q u a n t i -  
t a t i v e l y .  There w a s  g e n e r a l  agreement t h a t  t h e  s u b j e c t  of "welding" o r  " j o i n i n g "  
was a s i g n i f i c a n t  i s s u e .  It was concluded t h a t  systems requi rements  would f o r c e  a 
reassessment  of t h e  c o n v e n t i o n a l  approach t o  i n t e r c o n n e c t i n g  cells i n t o  b l a n k e t  o r  
a r r a y  modules. Defense a p p l i c a t i o n s  (hardening)  were i d e n t i f i e d  as t h e  key r e q u i r e -  
ment t h a t  would f o r c e  a movement away from t h e  s t a n d a r d  method ( s o l d e r )  of forming 
a r r a y  c i r c u i t s .  The panel  a l s o  agreed  t h a t  requi rements  a s s o c i a t e d  w i t h  the i m -  
pending NASA Space S t a t i o n  and in-bound miss ions  would l e a d  t o  a l t e r n a t i v e  i n t e r -  
connec t ing  approaches.  It w a s  concluded t h a t  t h e  d i v e r s e  requi rements  of f u t u r e  
s g a c e  m i s s i o n s  ( h i g h  tempera ture  and extended thermal  c y c l i n g )  might n o t  be m e t  by 
one approach,  such  as p a r a l l e l - g a p  r e s i s t a n c e  welding. The panel  sugges ted  t h a t  
o t h e r  o p t i o n s  such as h i g h  tempera ture  s o l d e r s  and b r a z i n g  be c o n s i d e r e d  f o r  t h e  
v a r i o u s  miss ion  requi rements  t h a t  were a n t i c i p a t e d .  

The panel  agreed  t h a t  b l a n k e t  technology was p o t e n t i a l l y  s u i t a b l e  f o r  i n - o r b i t  
a n n e a l i n g  t o  tempera tures  of 200°C provided t h a t  c o n v e n t i o n a l  s o l d e r e d  connec t ing  
techniques  were r e p l a c e d  by "welding". Some concern  w a s  e x p r e s s e d  about  t h e  a b i l i t y  
of a d h e s i v e s  t o  r e t a i n  t h e i r  o p t i c a l  p r o p e r t i e s  a f t e r  t h i s  t y p e  of thermal  excur- 
s ion.  The members s t a t e d  t h a t  a n n e a l i n g  would r e q u i r e  new t y p e s  of q u a l i f i c a t i o n  
t e s t i n g  s i n c e  most thermal  c y c l i n g  f a i l u r e s  occurred  a t  e l e v a t e d  tempera tures .  

Approaches t o  p r o v i d i n g  200°C i n - o r b i t  do e x i s t .  However, the p a n e l  s t r o n g l y  
recommended t h a t  t r a d e - o f f s  must be performed between t h e  added weight ,  c o s t  and 
r i s k  a s s o c i a t e d  w i t h  b l a n k e t  a n n e a l i n g  and t h e  end-of- l i fe  (EOL) advantages  gained. 
The consensus was t h a t  t h e  method of provid ing  the r e q u i r e d  tempera ture  must be 
s imple  (low r i s k )  o r  a n n e a l i n g  w i l l  no t  be c o n s i d e r e d  by m i s s i o n  planners .  The 
p a n e l  s t a t e d  t h a t  t h e  a n n e a l i n g  c o n d i t i o n s  (cont inuous  v e r s u s  p e r i o d i c )  must be 
more a d e q u a t e l y  d e f i n e d  b e f o r e  a complete answer t o  t h e  s u b j e c t  of a n n e a l i n g  could 
be provided. 

The i s s u e  of G a A s  b l a n k e t  technology- w a s  a d d r e s s e d  by the panel .  It w a s  
agreed  t h a t  t h e  r e s u l t s  of t h e  WPAFB sponsored GaAs S o l a r  C e l l  Manufacturing Tech- 
nology (MANTECH) program, aimed a t  demonst ra t ing  p r o d u c t i o n  c a p a b i l i t y ,  would be 
t h e  de te rmining  f a c t o r  i n  d e c i d i n g  whether t o  pursue  G a A s  b l a n k e t  development. The 
need f o r  r e l i a b l e ,  p e r t i n e n t  i n f o r m a t i o n  on t h e  behavior  of  GaAs s o l a r  c e l l s  under 
simul-ated space  o p e r a t i n g  c o n d i t i o n s  w a s  deemed c r i t i ca l  i n  o r d e r  t o  provide  plan- 
n e r s  w i t h  s u f f i c i e n t  d a t a  t o  de te rmine  the merits of employing G a b  b l a n k e t s  and 
a r r a y s  f o r  f u t u r e  miss ions .  U n t i l  s i g n i f i c a n t  q u a n t i t i e s  of w e l l  c h a r a c t e r i z e d  
GaAs  s o l a r  cells are  a v a i l a b l e ,  no s e r i o u s  a t t e m p t  t o  i n i t i a t e  development of G a b  
b l a n k e t  technology w i l l  l i k e l y  occur .  
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The q u e s t i o n  of f u t u r e  p r o g r e s s  i n  t h e  development of h i g h  performance blan- 
k e t s  and a r r a y s  prompted a l i v e l y  d i s c u s s i o n  Eocused on what p r o p e r t i e s  c o n s t i t u t e  
"h igh  performance" and what was t h e  p r e s e n t  s t a t u s  o f  b l a n k e t  and a r r a y  performance 
w i t h  r e s p e c t  t o  s p e c i f i c  power (W/kg). T h i s  d i s c u s s i o n  l e d  t o  t h e  c o n c l u s i o n  t h a t  
miss ion  sys tem's  l e v e l  requi rements  u s u a l l y  f o r c e d  t h e  u t i l i z a t i o a  of  t e c h n i c a l l y  
"compromised" o r  "detuned" b l a n k e t s  and a r r a y s ,  with less t h a n  optimum s p e c i f i c  
power, f o r  m i s s i o n  a p p l i c a t i o n s .  

The p a n e l  sugges ted  t h a t  t h e  Space Telescope  a r r a y  which i s  20 W/kg beginning- 
o f - l i f e  (BOL) i s  most r e p r e s e n t a t i v e  of c u r r e n t  s t a t e - o f - t h e - a r t  a r r a y  technology. 
It should  be noted  t h a t  t h e  Space Telescope  b l a n k e t  s p e c i f i c  power i s  approximate ly  
h a l f  of what i s  f o r e c a s t e d  f o r  t h e  "SEP" b l a n k e t  (-55 v s  105 W/kg). It w a s  con- 
c luded  t h a t  b l a n k e t  components, and t h e i r  a s s o c i a t e d  mass c o n t r i b u t i o n s ,  can  vary  
d r a m a t i c a l l y  depending on t h e  d e s i g n  approach provided t o  s a t i s f y  system r e q u i r e -  
ments. 

To f u r t h e r  i l l u s t r a t e  t h i s  c o n c l u s i o n ,  i t  w a s  observed t h a t  many f u t u r e  miss ion  
requi rements ,  e s p e c i a l l y  t h o s e  i n v o l v i n g  d e f e n s e  and manned a p p l i c a t i o n s ,  w i l l  de- 
mand t h a t  a r r a y s  and b l a n k e t s  be des igned  f o r  "toughness" and s u r v i v a b i l i t y ,  con- 
d i t i o n s  which w i l l  l e a d  t o  a r e d u c t i o n  i n  s p e c i f i c  power. It w a s  sugges ted  t h a t  
t h e  t e c h n o l o g i s t s  need t o  c o n s i d e r  such "real is t ic"  m i s s i o n  requi rements  i n  t h e i r  
approaches  t o  a c h i e v i n g  "high performance" b l a n k e t s  and a r r a y s .  

Having e s t a b l i s h e d  t h e  f a c t  t h a t  beginning  and end-of - l i fe  s p e c i f i c  power 
were n o t  e a s y  s u b j e c t s  t o  d e f i n e ,  t h e  members addressed  t h e  q u e s t i o n  of f u t u r e  
advancements i n  t h i s  area, p r o v i d i n g  both  assessments  and goa ls .  It was t h e  gen- 
e r a l  o p i n i o n  t h a t  f u r t h e r  p r o g r e s s  would be e v o l i i t i o n a r y  ( c o n s e r v a t i v e )  i n  o r d e r  
t o  s a t i s f y  m i s s i o n  r e l i a b i l i t y  concerns.  Thus i t  was a n t i c i p a t e d  t h a t  t h e  n e x t  
s t e p  i n  b l a n k e t  p r o g r e s s  would i n c o r p o r a t e  100 pm s i l i c o n  s o l a r  ce l l s  and covers  
t o  r e p l a c e  t h e  c u r r e n t  a s s e m b l i e s  (200 pm ce l l s ,  150 pm c o v e r s ) .  It was a l s o  
agreed  t h a t  f l e x i b l e  s u b s t r a t e s  could  probably be reduced t o  - 75 pm t h i c k n e s s .  

The group a n t i c i p a t e d  t h a t  by 1990, b l a n k e t s  w i t h  a s p e c i f i c  power of  ap- 
proximately 100 W/kg would be used f o r  space  m i s s i o n s ,  and dur ing  t h e  1990s t h i s  
f i g u r e  would probably i n c r e a s e  t o  150 W/kg, depending on m i s s i o n  requirements .  It 
w a s  po in ted  o u t  t h a t  t h e  s h o r t f a l l  i n  S h u t t l e  launch  c a p a b i l i t y  c o u l d  v e r y  l i k e l y  
demand b l a n k e t s  w i t h  even  h i g h e r  BOL s p e c i f i c  power. It was t h e r e f o r e  sugges ted  
t h a t  b l a n k e t  g o a l s  expressed  i n  terms of kg/m2 and W/kg be e s t a b l i s h e d .  These 
g o a l s  (see Table  1) are much h i g h e r  t h a n  what the group p r o j e c t e d  f o r  space f l i g h t  
use. T h i s  w a s  done because of t h e  r e a l i z a t i o n  t h a t  sys tem's  requi rements  i n e v i -  
t a b l y  l e a d  t o  a r e d u c t i o n  i n  s p e c i f i c  power. There was consensus t h a t  no r ea l i s t i c  
f o r e c a s t  o f  a r r a y  s p e c i f i c  power, e i t h e r  BOL o r  EOL, c o u l d  be made wi thout  informa- 
t i o n  on t h e  s p a c e c r a f t  and i t s  a s s o c i a t e d  miss ion  requirements .  

A s p e c i a l  j o i n t  s e s s i o n  w a s  he ld  w i t h  t h e  S i l i c o n  Research and Technology 
workshop group. T h i s  meet ing was ex t remely  p r o d u c t i v e  s i n c e  i t  exposed t h e  re- 
s e a r c h e r s  t o  t h e  complex d e c i s i o n  making p r o c e s s  t h a t  must be performed by t h e  
b l a n k e t  t e c h n o l o g i s t s ,  and made t h e  t e c h n o l o g i s t s  aware of t h e  f r u s t r a t i o n s  as- 
s o c i a t e d  w i t h  deve loping  advancements t h a t  do n o t  g a i n  a c c e p t a n c e  f o r  f l i g h t  use. 
A d i s c u s s i o n  fol lowed on t h e  s u b j e c t  of what f a c t o r s  de te rmine  miss ion  a c c e p t a n c e  
of  new technology.  It should  be mentioned a t  t h i s  p o i n t  t h a t  t h e  b l a n k e t  workshop 
members feel  s t r o n g l y  t h a t  t h i s  t y p e  of i n t e r a c t i o n  between r e s e a r c h e r s  and tech- 
n o l o g i s t s  i s  ex t remely  b e n e f i c i a l  and recommended t h a t  t h i s  t y p e  o f  combined work- 
shop become a f e a t u r e  of any subsequent  SPRAT Conference,  s i n c e  t h i s  i s  t h e  o n l y  
meet ing where t h e  e n t i r e  spectrum of p h o t o v o l t a i c  technology i s  r e p r e s e n t e d .  
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Sugges t ions  were made on how t o  i n c r e a s e  t h e  chances t h a t  r e s e a r c h  i n n o v a t i o n s  
w i l l  f i n d  a c c e p t a n c e  € o r  space f l i g h t  use. It was a g r e e d  t h a t  a key i n t e r f a c e  be- 
tween t h e  two d i s c i p l i n e s  was t h e  d e v i c e  manufac turers  who must demonst ra te  t h a t  
r e s e a r c h  d e r i v e d  advancements can  meet t h e  requi rements  o f  a g i v e n  subsystem m i s -  
s i o n  requirement.  Researchers  must be aware t h a t  t h e  i n f o r m a t i o n  needed t o  d e t e r -  
mine f l i g h t  a c c e p t a n c e  c o v e r s  a wide area t h a t  goes beyond t h e  more obvious f i g u r e s  
of  merit such  as e f f i c i e n c y  and r e s i s t a n c e  to t h e  s p a c e  r a d i a t i o n  environment.  

A schemat ic  i l l u s t r a t i n g  t h e  r e l a t i o n s h i p  between miss ion  requi rements ,  tech-  
nology s e l e c t i o n  and t h e  ongoing e f f o r t  i n  deve loping  advanced p h o t o v o l t a i c  tezh-  
nology i s  p r e s e n t e d  i n  F i g u r e  1. The m i s s i o n  g e n e r a t e s  a series o f  performance re- 
quirements  based on t h e  expec ted  environment and an  estimate of technology r e a d i -  
ness .  A s  t h e s e  requi rements  f i l t e r  down t o  t h e  a r r a y  subsystem, t h e  element  of 
r i s k  becomes a dominant f a c t o r  and t h e  c o n s t r a i n t s  placed on t h e  a r r a y  i n c r e a s e  due 
t o  t h e  requi rements  of e a c h  major  system f o r  subsystem support .  This  r e s u l t s  i n  
technology compromises. 

Assessment of  r i s k  i s  l a r g e l y  determined by t h e  e x i s t i n g  d a t a  base  t h a t  i s  
a v a i l a b l e  f o r  any b l a n k e t  o r  a r r a y  component being c o n s i d e r e d  f o r  use.  This  ap- 
proach o f t e n  p r e c l u d e s  " b e t t e r "  components from be ing  implemented, s i n c e  t h e  t r a d e -  
o f f  between r i s k  and a less  t h a n  optimum subsystem u s u a l l y  r e s u l t s  i n  t h e  s e l e c t i o n  
of  a n  e n g i n e e r i n g  compromise t h a t  accomodates t h e  component which has  t h e  l a r g e r  
s u p p o r t i n g  b a s e  of s t a t i s t i c a l l y  s i g n i f i c a n t  performance d a t a .  Therefore  e v e r y  
e f f o r t  must b e  made t o  a s s u r e  t h a t  advanced technology i s  t e s t e d  thoroughly and 
t r a n s f e r r e d  t o  t h e  d e v i c e  manufac turers  i n  a t i m e l y  f a s h i o n .  

It should  be p o i n t e d  o u t  t h a t  a l t h o u g h  NASA and DOD p r o v i d e  most of t h e  sup- 
p o r t  f o r  space p h o t o v o l t a i c  r e s e a r c h ,  n o t  enough a t t e n t i o n  i s  devoted t o  a s s u r i n g  
t h a t  a proper  t r a n s f e r  of  t h i s  technology i s  made t o  t h e  manufacturers .  T h i s  
t o p i c  might make a very  i n t e r e s t i n g  s u b j e c t  , f o r  f u t u r e  SPRAT Conference workshops 
t o  address .  

Workshop P a r t i c i p a n t s  

Cosmo Baraona - NASA LeRC 
Paul  D i l l a r d  - LMSC 
Ed Gaddy - NASA GSFC 
John Hedgepeth - A s t r o  Research Corp. 
S t a n  K l i m a  - NASA LeRC 
Ron K n e c h t l i  - Hughes Research Labs 
Nick Mardesich - S p e c t r o l a b ,  Inc.  
Ken Masloski  - USAF 

Tom Moore - NASA LeRC 
Bob P a t t e r s o n  - TRW 
Bernie  S a t e r  - NASA LeRC 
John Scott-Monck - JPL 
Paul  S t e l l a  - J P L  
Dave Vance - LMSC 
Howard Weiner - Aerospace Corp. 
John Woollam - Univ. Nebraska 
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Table 1 

Goals € o r  Blanket Technology 

I" --I 

I I I , I  
I I 
I 1982 1 1.05 kg/m2 I 105 W/kg I 

I I 1 
I 1985 I 0.65 kg/m2 I 170 W/kg I 
I 

I I I I 
I 1995 I 0.50 kg/m2 I 280 W/kg I 
I I I I 

I Year I Mass Per  Unit Area I S p e c i f i c  Power (BOL)* I 

* EOL cannot be s t a t e d  without knowledge of s p e c i f i c  mission environment 
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Figure 1. Technology Rela t ionships  f o r  Mission Appl ica t ions  
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