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FOREWORD 

Since the  e a r l y  days o f  the United States space program, the  s i l i c o n  so la r  c e l l  
has proven i t s e l f  t o  be an e f f i c i e n t ,  r e l i a b l e ,  and mission-enabl ing source o f  
power f o r  a wide v a r i e t y  o f  s a t e l l i t e s  and probes. Future p ro jec ts ,  such as 
the  space s t a t i o n ,  w i t h  requirements f o r  m u l t i k i l o w a t t  power systems, w i l l  
cont inue t o  o f f e r  challenges f o r  the  device researcher as w e l l  as the  ar ray  
designer.  The need f o r  h igh  e f f i c i e n c y ,  long l i f e ,  and inexpensive photovol-  
t a l c  devices and systems i s  s t ronger than ever. 

This meeting, t he  seventh o f  i t s  k ind  over t he  past  twelve years, serves as a 
forum t o  assess the  progress made, the  problems remaining, and the  f u t u r e  
s t ra tegy  f o r  space photovo l ta ic  research. Each i n v i t e d  exper t  was expected t o  
express h i s  o r  her judgment t o  (1 )  he lp  se t  s u i t a b l e  goals f o r  space so la r  c e l l  
research and development, ( 2 )  de f i ne  the  obstacles prevent ing the  attainment 
o f  these goals, and ( 3 )  surface the  most v i a b l e  approaches t o  overcoming these 
obstacles. 

Three r e l a t e d  overview papers were presented a t  t h i s  conference, cont inu ing  the  
p r a c t i c e  s t a r t e d  a t  the  previous meeting. These covered the  top i cs  o f  f u t u r e  
d i r e c t i o n s  f o r  photovo l ta ic  research, power requirements f o r  commercial space- 
c r a f t ,  and power management and storage f o r  a space s t a t i o n .  The i n t e n t  was 
t o  present t o  the  photovo l ta ic  community t he  requirements d i c t a t e d  by the  end 
users o f  t he  product o f  t h e i r  research e f f o r t s .  

The p r i n c i p l e  emphasis o f  the  working meeting was placed on the  exchange and 
d iscussion o f  ideas and opinions between i n d i v i d u a l s .  This was fos tered by an 
in fo rmal  atmosphere and questions and d iscussion a f t e r  each presentat ion.  The 
discussions were focused on th ree  areas. These areas and the  i n d i v i d u a l s  who 
genera l l y  accepted r e s p o n s i b i l i t y  f o r  managing them are  as fo l lows:  

C e l l  research and technology, James Hutchby, Research Tr iang le  I n s t i t u t e  
Space environment, W i l l i am Horne, Boeing 
Array technology and app l ica t ions ,  Paul Goldsmith, TRW 

Oral repo r t s  from workshops i n  each o f  these th ree  areas were presented and 
discussed i n  a p lenary session. Wr i t t en  sumnaries o f  each workshop are 
Inc luded i n  t h i s  proceedings. 

This  seventh conference had the  h ighest  attendance (102) o f  any yet .  The ab le  
leadership o f  David Br inker  i n  o rgan iz ing  and coord ina t ing  i t  i s  s ince re l y  and 
g r a t e f u l l y  acknowledged. 

Dennis 3 .  Flood 
NASA Lewis Research Center 
Conference Chairman 
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OVERVIEW OF THE NASA PHOTOVOLTAIC TECHNOLOGY PROGRAM 

Simon V.  Manson 
Nat ional  Aeronautics and Space Admin is t ra t ion  

Washington, D.C. 

The o b j e c t i v e  o f  the  NASA-OAST photovo l ta ic  technology program i s  t o  
develop advanced photovo l ta ic  energy conversion opt ions f o r  use i n  f u t u r e  space 
missions, i l l u s t r a t e d  gener i ca l l y  i n  f i g u r e  1. - 

I 
w 
0 
A PROGRAM STRUCTURE 
CU 
I 

w The s t r u c t u r e  o f  the  photovo l ta ic  technology program i s  i nd i ca ted  i n  f i g -  
u re  2. The research and technology areas l i s t e d  on the  l e f t  s ide o f  t h i s  f i g -  
u re  are  aimed a t  producing techn ica l  opt ions t h a t  can meet the  ob jec t i ves  shown 
i n  the  center  o f  the  f i g u r e  ( h i g h  e f f i c i e n c y ,  long l i f e ,  low weight, reduced 
cos t ) .  From the  a l t e r n a t i v e  approaches t h a t  a re  developed, se lec t ions  can be 
made t o  meet d iverse  mission performance requirements. The use o f  a l t e r n a t i v e  
so la r  c e l l  and ar ray  opt ions t o  achieve chal lenging miss ion-re lated perform- 
ance goals i s  i l l u s t r a t e d  i n  f i g u r e  3. 

PROGRAM CONTENT 

The technology program's d i r e c t i o n  and content  a re  s u b s t a n t i a l l y  i n f l u -  
enced by i npu ts  from the na t i ona l  and i n t e r n a t i o n a l  pho tovo l ta i c  communities, 
and by recommendations from se lec t  industry-universi ty-government advisory 
groups. I n  the  cu r ren t  program, the  f o l l o w i n g  approaches are  being pursued: 

a) High e f f i c i e n c y  opt ions are  being developed by working w i t h  promising 
s ing le -  and multiple-bandgap c e l l s  and promising geometries ( f i g .  4 ) .  so la r  
concentrator  c e l l s  and arrays ( f i g .  5 ) .  and advanced devices such as thermo- 
photovo l ta ics  and plasmons. 

b) Long l i f e  a r ray  technology i s  being developed through e f f o r t s  address- 
i n g  array-environment i n t e r a c t l o n s ,  which inc lude r a d i a t i o n  damage from protons 
and e lec t rons  ( f i g .  6),  atomic oxygen a t tack  thermal c y c l i n g  due t o  a l t e r n a t e  
s u n l i g h t  and darkness i n  Ear th o r b i t  ( f i g .  7 ) .  spacecraf t  charging a t  h igh  
a l t i t u d e s  (e.g., GEO) and spacecraft  i n t e r a c t i o n s  w i t h  the  surrounding plasma 
a t  lower a l t i t u d e s  (LEO) ( f i g .  8).  

c )  L ightweight  a r ray  opt ions are  being s tud ied  us ing  h igh -e f f i c i ency  c e l l s  
such as IR-transparent,  back-gridded s i l i c o n  c e l l s  w i t h  o r  w i thou t  r e f l e c t i v e  
coat ings; 111-V c e l l s ;  t h i n  b lankets employing t h i n  c e l l s  and t h i n  substrates 
and superstrates; and l i g h t w e i g h t  s t ruc tu res .  

d) Low cos t  opt ions are  being advanced ( 1 )  by us ing reduced amounts o f  
photovo l ta ic  mater ia l ,  c u r r e n t l y  achieved through use o f  very t h i n  and/or h igh  
concen t ra t i on - ra t i o  c e l l s ,  and ( 2 )  by reducing f a b r i c a t i o n  costs, c u r r e n t l y  



at tempted through use o f  l a r g e  c e l l s  and l a r g e  supe rs t r a tes  and through auto-  
mat ion,  which i s  f a c i l i t a t e d  by wraparound c e l l  con tac ts  and automated weld ing.  

FLIGHT EXPERIMENTS 

The technology program i nc l udes  f l i g h t  exper iments aimed a t  i d e n t i f y l n g  
space environment p r o p e r t i e s  and t h e i r  impacts,  and a t  assessing whether a v a i l -  
a b l e  des ign  procedures c o r r e c t l y  determine b e g i n n i n g - o f - l i f e ,  ope ra t l ona l ,  and 
e n d - o f - l i f e  a r r a y  performance. 

RECENT PROGRAM AND PLANS 

Program accomplishments i n  F l s c a l  Year 1984 a r e  l i s t e d  i n  f l g u r e  9. The 
program con ten t  i n  FY 1985 i s  shown i n  f i g u r e  10; t h i s  f i g u r e  a l s o  i d e n t i f i e s  
t h e  gener i c  areas addressed by t h e  r e s p e c t l v e  NASA F i e l d  Centers: c e l l  deve l -  
opment a t  t h e  Lewis Research Center (LeRC), l i g h t w e i g h t  a r rays  a t  t h e  J e t  Pro- 
p u l s i o n  Laboratory  (JPL), and h i g h  power Low Ea r th  O r b i t  a r r ays  a t  t h e  Marsha l l  
Space F l l g h t  Center (MSFC). Program d i r e c t i o n s  f o r  FY 1986 a r e  o u t l i n e d  i n  
f i g u r e  11. F ive-year  and twen ty - f i ve -year  p h o t o v o l t a i c  technology p lans  a r e  
i n d i c a t e d  i n  f i g u r e s  12  and 13, r e s p e c t i v e l y .  

SUMMARY 

The NASA-OAST p h o t o v o l t a i c  technology program continues t o  be b road l y  
based and broad i n  scope. The goa ls  shown I n  i n d i v l d u a l  f i g u r e s  and summarlzed 
i n  f i g u r e s  12 and 13 a r e  h i g h l y  cha l leng ing ;  t h e  e f f o r t s  o f  i n d u s t r y ,  un l ve r -  
s l t l e s ,  government l a b o r a t o r i e s ,  and technology managers w l l l  be r e q u i r e d  f o r  
achievement o f  these goa ls .  
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Joseph F. Wise 
A i r  Force Wr ight  Aeronaut i ca l  Labo ra to r i es  

Aero P ropu l s i on  Labora to ry  
Wr ight  Pa t t e r son  AFB, Ohio 

This  paper o u t l i n e s  those space power c a p a b i l i t i e s  needed t o  meet f u t u r e  
Department o f  Defense needs. The most immediate need i s  f o r  s u r v i v a b l e  power 
systems up t o  50 k i l o w a t t s .  Th is  i m p l i e s  c a p a b i l i t i e s  need t o  be developed i n  
t h e  areas o f  increased s i ze ,  h i ghe r  r e1  i a b i l  i ty ,  hardening t o  weapon e f f e c t s ,  
and autonomy - t o  be indeuendent o f  ground s t a t i o n s  f o r  s a t e l l i t e  c o n t r o l .  

Fu tu re  power systems, as i n  t he  past ,  w i l l  need t o  be a b l e  t o  f u n c t i o n  i n  
a l l  e a r t h  o r b i t s  w i t h  d i f f e r e n t  requirements f o r  t h e  va r i ous  o r b i t s .  For  low 
and medium a l t i t u d e  o r b i t s  t h e  p r imary  cons ide ra t i ons  a r e  environmental  e f f e c t s  
and ground based t h rea t s .  For t he  h i g h  o r b i t s  such as geosychronous, t h e  
p r imary  cons ide ra t i ons  a r e  system weight  and l i f e t i m e s  up t o  t e n  years.  A lso as 
t h e  miss ion  hardware becomes more c r i t i c a l ,  techniques f o r  a r r a y  c o n t r o l  and 
p o i n t i n g  must be developed which min imize d is tu rbances  t o  t he  r e s t  o f  t h e  
s a t e l l i t e  veh i c l e .  

Higher  power requirements demand h i a h  vo l t age  systems. Th is  i n  t u r n  
in t roduces  new cons ide ra t i ons  such as more i n t e r a c t i o n s  w i t h  t h e  space env i ron-  
ment, h i g h e r  s t r e s s  on e l e c t r o n i c  power c o n t r o l  comuonents, and more s h i e l d i n q  
due t o  enhanced c o n d i t i o n s  f o r  a r c i n g  and corona. Some proaress i s  underway i n  
these areas. Now some communications s a t e l  1  i t e s  a r e  genera t ing  vo l tages  ove r  
100 v o l t s  d i r e c t l y  t o  p rov ide  power t o  t r a v e l i n q  wave tubes. There a r e  a l s o  
severa l  groups i n v e s t i a a t i n g  t h e  i n t e r a c t i o n s  of t he  space environments w i t h  
sate1 1  i t e  subsystems i n c l u d i n g  p lans  f o r  f l  i g h t  exper iments (VOLT, IMPS/SPAS). 
Several  h i g h  power system s tud ies  have been done f o r  t h e  A i r  Force and NASA 
which have a l s o  s tud ied  autonomy and AC vs DC systems. A t  what power l e v e l  do 
t he  AC systems become a t t r a c t i v e  and a t  how h i a h  a  frequency can we operate 
these systems? These issues and ques t ions  w i l l  need t o  be addressed i n  t h e  n e x t  
few years.  

INTRODUCTION 

The reauirements f o r  f u t u r e  power as o u t l i n e d  f o r  va r i ous  AF s a t e l l i t e  
m iss i on  veh i c l es  i n  t he  M i l i t a r y  S ~ a c e  System Technoloqy Plan, Volume 11, f a l l  
i n t o  two ca tegor ies .  The f i r s t  ca tegory  i s  i n  t h e  1 t o  50 kW range f o r  m i ss i on  
o f  a  cont inuous na tu re  such as communication, nav iga t i on ,  s u r v e i l l a n c e ,  da ta  
r e l a y  and meteorology. The second ca teaory  i s  i n  t h e  mu1 t i -meqawatt  range f o r  
e i t h e r  cont inuous o r  b u r s t  power du ra t i ons  and a r e  f o r  o t h e r  than s o l a r  power 
sources. Requirements f o r  l onae r  l i f e  and s u r v i v a b i l i t y  i n  va ry i ng  degrees a r e  
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thebe :$of Q l - s a t b h @  While the power l e v e l s  do no t  appear d i f f i c u l t  t o  
gchieve i n  view o f  the  l a r g e  a r ray  developments pursued by NASA Space S t a t i o n  
technoloqv, the o the r  m i l  i t a r y  requirements are very chal lena ing  and cont inue t o  
be system d r i v e r s .  The deve lo~ment  o f  s o l a r  c e l l  ar rays should be i n  conjunc- 
t i o n  w i t h  o the r  Dower supply technoloqies such as r e g u l a t i o n  and con t ro l  
components and enerqy storage subsystems. The needs of fu tu re  power systems are  
shown i n  Table 1. 

SURVIVABILITY 

The pr imary new requirement f o r  f u t u r e  AF s o l a r  power systems i s  
s u r v i v a b i l i t y .  This  requirement i s  d i f f e r e n t  f o r  each s a t e l l i t e  v e h i c l e  and 
miss ion and can be approached from several d i f f e r e n t  d i rec t i ons .  Table 2 
provides a b r i e f  h i s t o r y  o f  these d i rec t i ons .  I n  some cases the  t h r e a t  i s  
d i r e c t l y  on the  s a t e l l i t e s .  For a d i r e c t  t h r e a t  hardening t o  wi thstand exposure 
t o  the  weapons environment i s  contemplated through the use o f  concentrator  
technology . For h igher  a l t i t u d e  o r b i t s  wherein weight i s  important  t h e  harden- 
i n g  may be a t  a lower l e v e l  i n  l i g h t w e i g h t  s o l a r  a r r a y  concepts. 

Ac t ive  .approaches t o  s u r v i v a b i l i t y  imply a t  l e a s t  two: (1 )  evasive 
maneuvering and ( 2 )  recoverv a f t e r  exposure. Both o f  these requ i re  autonomv o f  
opera t ion  independent of ground s ta t i ons .  Autonomy i s  a l s o  needed i f  t h e  ground 
s t a t i o n s  themselves a re  vu lnerab le  and miss ion su rv i va l  depends on the  s a t e l l i t e  
being capable o f  opera t ion  w i thou t  t h e i r  i n te rven t i on .  To achieve autonomy f o r  
t he  power system we need t o  develop the func t ions  shown i n  Table 3. 

To su rv i ve  v i a  redundancy o r  the use o f  decoys imp l i es  the  f l i g h t  o f  
s a t e l l i t e s  t h a t  can look  l i k e  a c t i v e  veh ic les  bu t  can be low i n  cos t  and 
r e a l i s t i c  i n  s ignature.  Paramount considerat ions here would be low cos t  s o l a r  
c e l l  arrays. 

SOLAR CELL TECHNOLOGY 

The s o l a r  c e l l s  needed f o r  the  concentrator  type s o l a r  c e l l  ar ravs are  
those t h a t  can operate e f f i c i e n t l y  a t  temperatures o f  100°C ( o r  g rea ter ) .  The 
candidate c e l l s  t o  date f o r  t h i s  a re  GaAs. E f f i c iency  under concent ra t ion  can 
be 20% o r  g rea te r  a t  opera t ing  temperatures. Future concent ra t ing  systems imply 
the  use o f  small multi-bandgap s o l a r  c e l l s  w i t h  e f f i c i e n c y  i n  the  25 t o  30% 
range. So la r  c e l l s  f o r  l i q h t w e i g h t  minimum hardening h igh  o r b i t  a p p l i c a t i o n  a re  
t h i n  GaAs s o l a r  c e l l s  t o  achieve s o l a r  c e l l  b lanket  performance o f  100 t o  150 
wat ts  per  pound. These c e l l s  need a l s o  be ab le  t o  w i ths tand temperature excur- 
s ions and the  e f f e c t s  of charge b u i l d  up and a r c i n q  as they emerge from the  dark 
t o  s u n l i t  po r t i ons  o f  the o r b i t s .  The multi-bandgap c e l l s  could a l s o  be o f  
b e n e f i t  here i f  thev can be made e f f i c i e n t  w i thou t  h igh  cos t .  

The p o t e n t i a l  use o f  decoys chal lenges us t o  search f o r  low cost ,  h igh  
l i f e t i m e  s o l a r  c e l l s .  Some o f  t he  c e l l  types under development by the  Depart- 
ment o f  Energy should be considered once reasonable e f f i c i e n c y  i s  achieved. 



Candidates i n  t h i s  case a re  amorphous s i l  i c o ~  o r  p o l y c r y s t a l  i n e  c e l l s  wherein 
t he  s a t e l l i t e  tiecoy i s  t o  have the  same observable s i gna tu re  a s  t he  m iss ion  
v e h i c l e  w i t hou t  t h e  mi ss i cn  power reauirements.  Low c o s t  fahr l ' ca t ion  and 
assembly a re  a l s o  needed. 

HIGH PCIJER CONS!@ERATIONS 

S a t e l l i t e  power reauirements increase f o r  severa l  reasons such as more 
func t ions  i n  t h e  same veh i c l e ,  more s e n s i t i v i t y  i n  such miss ions as s u r v e i l -  
lance,  c r  h i qhe r  power s i g n a l  t o  avo id  jamming o r  power t o  communicate w i t h  
mob i le  systems i n  t h e  a i r  o r  on t he  e a r t h ' s  surface. Table 4 i d e n t i f i e s  
cons ide ra t i ons  f o r  High Power 

The miss ion  hardware on these sate1 1  i t e s  may t h e r e f o r e  r e c u i  r e  1  a rge r  s o l  i d  
anqles o f  observa t ion  o r  g rea te r  accuracy t o  l o c k  on and dwe l l  on t a r g e t .  The 
s o l a r  c e l l  a r rays  must min imize t he  blockaae o r  d is tu rbance  o f  t h i s  m iss ion  
hardware. The demand the re fo re  i s  t o  min imize s o l a r  a r r a y  s i z e  thus d i c t a t i n g  
h i g h  s o l a r  c e l l  e f f i c i e n c y .  Also, p o i n t i n g  o f  t h e  a r r a y  a t  the  sun should be 
decoupled from the  r i i s s i o n  v e h i c l e  o r  o t h e r  means must be used t o  min imize 
d i  s t i ~ r h a n ~ e s .  

Ls these Dower r e a u i r e n e ~ t s  increase we need t o  d e v e l o ~  b u i l d i n g  b locks  f o r  
a r r a y  s tanda rd i za t i on .  Such modular subarrays should be i n  t h e  5 kW power range 
and be f o r  easy b u i l d  up i v t o  complete s o l a r  ar rays.  Th i s  approach should 
p rov ide  economv o f  f a b r i c a t i o n  us ing  automated p roduc t i on  e q u i ~ m e n t  and cou ld  be 
t h e  f i r s t  s t ep  toward i n - o r b i t  assembly and replacements. As t h e  Space S t a t i o n  
and S h u t t l e  u t i l i t y  matures, more Ex t ra  Veh icu la r  A c t i v i t y  ( E V A )  i s  l i k e l y  t o  
assemble and s e r v i c e  o r  r e f u r b i s h  s a t e l l i t e  veh i c l es .  Modular, e a s i l y  rep laced  
s o l a r  c e l l  a r r a y  packaqes should be a  p a r t  o f  these a c t i v i t i e s .  

The issues i nvo l ved  i n  i n t e r a c t i o n s  w i t h  t h e  space environment become more 
c r i t i c a l  as t h e  s i z e  and vo l t age  of  t he  s o l a r  c e l l  a r r a y  increase.  There 
e f f e c t s  were b r i e f l y  discussed i n  l a s t  y e a r ' s  sDace power systems conCerence ' 
and a re  presented i n  Table 5. These issues a r e  be ing  addressed i n  t h e  I n t e r -  
a c t i o n s  Measurements P la t fo rm f o r  c h u t t l e  (IMPS) programs through a n a l y s i s  and 
ground t e s t s  a s  w e l l  a s  f l i g h t  t e s t s  a s  w i l l  be discussed l a t e r  i n  t h i s  
conference. 

CPMCLUSIONS 

F ! i l i t a r y  requirements f o r  s o l a r  power w i l l  c c ~ t i n u e  t o  inc rease  a t  a 
moderate r a t e  up t o  50 t o  ICO kW. Future  emphasis f o r  a l l  D e ~ a r t m e v t  of  Defense 
hardware w i l l  he on s r ~ r v i v a b i l i t y .  Ide must can t inue  t o  search f o r  and develop 
technology t o  r e a c t  t o  the  va r i ous  t h r e a t  and s u r i i v a l  scenar ios i n  r e l i a b l e ,  
l i g h t  we igh t  and c o s t  e f f e c t i v e  ways. The bottom l i n e  f c r  new t e c h n o l c ~ y  i s  
r e l i a b i l i t y  and end of l i q e  e f f i c i enc? .  

1. Space Power, NASA Conference P u b l i c a t i o n  2 3 F 2 ,  A p r i l  10 - IT, P286, 
L. C. C h i l d e s t e r  R J .  F. Wise. 
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TABLE 1. - FUTURE A I R  FORCE POWER REQUIREMENTS 

........................ 0 Surv i vab i l  i t y  .Laser nuclear  weapons e f f e c t s  

........................... 0 Power l e v e l  1 - 100 kW (1990 - 2000) 

I 0 Power l e v e l  ~ e a k  ...................... 1:10 r a t i o  
I ................................ 0 Orb i t s  A l l  e a r t h  o r b i t s  
I Low, mid, high, e l  1 i p t i c a l  

1 0 L i f e t i m e  ..............................5 - 10 years 

1 0 Reduce ................................Area, weight and cos t  

TABLE 2. - SURVIVABILITY OPTIO~S/METHODOLOGY 

.................................... Passive Harden t o  exposure l e v e l s  
of weapon species 

..................................... Ac t i ve  0 Evasive maneuvering 
0 Autonomy, sense/reconf i g u r e  

......................... Detec t ion /d isgu ise  0 S i l e n t  spares 
0 Decoys 
0 Dummy veh ic les  

TABLE 3. - ACTIVE SURVIVABILITY TECHFJOLOGY 

0 Autonomy o f  power system 

0 Sense damage and mal func t ion  
I 
I 

0 Adjust  and reconf iqure  t o  minimize degradat ion 
I 

I 0 Become independent o f  vu lnerab le  qround s t a t i o n s  

O Load management t o  meet needs and pro long l i f e  

0 Moni tor  and assess system hea l th  

0 Mainta in system i .e. s o l a r  c e l l  annealing, b a t t e r y  recond i t i on ing  



TABLE 4. HIGH POWER CONSIDERATIONS MISSION CONTSTRAINTS 

0  Look Angles, Disturbance 

0 Rodu la r i t y  - Size 
A c t i v i t y  

0  Environmental i n t e r a c t i o n s  

0 Or ien ta t i on  and power t r a n s f e r  

0 Autonomous func t i ons  - Swi tch ing 

TABLE 5. - ENVIRONMENTAL EFFECTS 

0 Rad ia t ion  Damage 

0 Arc inglDischarge a t  High Voltage 

0  Atomic Oxyaen Erosion 

0 Thermal Cvc l ing  

0  Atmospheric Drag 

0  Corona i n  Enclosed Volumes 

0  Combined E f f e c t s  o f  t he  Above 



OVERVIEW O F  SERI'S HIGH EFFICIENCY SOLAR CELL RESEARCH 

John P. Benner ,  Lee A. C o l e  and  C e c i l e  M. Leboeuf 
S o l a r  Energy R e s e a r c h  I n s t i t u t e  

Go lden ,  C o l o r a d o  

The  genera l  level-of- interest  in high e f f i c i ency  t e r r e s t r i a l  solar  ce l l s  i s  increasing. P ro j ec t ed  
ef f ic ienc ies  of more  than  20% a r e  now considered a t ta inable ,  no t  only in GaAs  based cells,  bu t  
also in mult i junct ion amorphous and polycrystal l ine devices. As  111-V solar  ce l l s  approach th is  
high per formance  level,  increasing concern  i s  d i r ec t ed  toward  quest ions regard ing  l a rge  a r e a  
production potential.  SERI's program will increase  r e sea rch  emphas is  on t h e  s tudy of 
mechanisms involved in growth  of 111-V semiconductors  in o rde r  t o  develop answers  t o  t hese  
questions. 

INTRODUCTION 

In 1983, t h e  U.S. D e p a r t m e n t  of Energy es tabl i shed  t h e  F ive  Yea r  Resea rch  Plan  for  t h e  
National  Photovol ta ics  Program.(l)  The  objec t ive  of t h i s  plan i s  t o  per form t h e  high risk 
r e sea rch  needed t o  es tab l i sh  a technology base f rom which industry c a n  develop photovol ta ic  
sys t ems  fo r  c e n t r a l  s t a t i on  applications. T h e  t a r g e t e d  pe r fo rmance  of such  ins ta l la t ions  i s  t o  
provide power t o  t h e  grid a t  a c o s t  of less  than  f i f t een  c e n t s  per  k i lowat t  hour. ( thir ty-year  
level ized cost). O n e  approach t o  ach ieve  th i s  goal i s  t o  g rea t ly  inc rease  t h e  ef f ic iency  of f l a t  
p l a t e  and  concen t r a to r  solar  cells. T h e  plan conta ins  mi les tones  t o  ach ieve  e f f i c i enc ie s  of 
20% in thin-film gallium arsenide  (CaAs) so lar  ce l l s  in 1986 and  t o  r each  35% e f f i c i enc ie s  in 
mult i junct ion concen t r a to r  ce l l s  in 1988. In order  t o  ach ieve  these  goals, r e sea rch  i s  needed t o  
improve  t h e  quali ty of t h e  111-V semiconductor  c rys t a l  l aye r s  and  t o  improve  t h e  solar  ce l l  
s t r u c t u r e s  t o  compensa te  for  less-than-ideal semiconductor  propert ies .  The  High Eff ic iency  
Concep t s  Task  a t  t h e  Solar Energy Resea rch  Ins t i t u t e  (SERI) suppor ts  r e sea rch  t o  ach ieve  
these  milestones. 

Current ly ,  t h e  t a sk  supported r e sea rch  c a n  be grouped in to  t h r e e  d i f f e ren t  techniques  fo r  
prepara t ion  of semiconductor  layers. These  a r e  growth  on low c o s t  subs t r a t e s  which typical ly 
resu l t s  in polycrystalline layers; growth  of single c rys t a l  thin f i lms  and separa t ion  f rom t h e  
subs t ra te ;  and  he teroepi tax ia l  growth  of C a A s  o r  t e rna ry  al loys on GaAs  o r  silicon. E a c h  of 
t hese  approaches  presents  some  d i f f icu l t  problems for  t h e  c rys t a l  grower  and  device  designer. 

Polycrystal l ine Gallium Arsenide 

T h e  f i r s t  approach has  so  f a r  proved to be  mos t  difficult.  T h e  f i lms  a r e  genera l ly  
polycrystal l ine wi th  a n  ave rage  grain s i ze  less  t han  a f e w  mil l imeters .  Ach ievemen t  of th is  
grain s i ze  requires various recrys ta l l iza t ion  processes. This  c a n  resul t  in segregat ion  of 
impur i t ies  and possibly p rec ip i t a t e s  a t  t h e  grain boundaries.(2) T h e  grain boundaries  m a y  then  
provide shunt  pa ths  reducing t h e  pe r fo rmance  of t h e  cells.  Severa l  s tudies  of f i lms  prepared  
with impuri ty-free grain boundaries  have  shown t h e  val idi ty of t h e  double deplet ion layer  
model  for  polycrystalline GaAs.(3,4) This  model  sugges ts  t h a t  even  c lean  boundaries  will be 
de t r imen ta l  t o  solar  ce l l  performance.  One  s tudy h a s  shown t h a t  t h e  in t ragra in  proper t ies  of a 
f e w  de fec t ive  grains may be  t h e  dominant  cause  of poor pe r fo rmance  in some  solar  cells.(4) 
Thus, t h e  approach using low-cost subs t r a t e s  presents  severa l  chal lenging problems. Some  
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top ics  of  i n t e r e s t  include grain s i ze  enhancemen t  o r  format ion  of single c rys t a l  f i lms  on low- 
c o s t  substrates;  passivation o r  neut ra l iza ton  of grain boundaries; doping of polycrystal l ine 
films; and  development  of device  s t r u c t u r e s  which minimize t h e  de t r imen ta l  e f f e c t s  of t h e  
non-ideal films. 

Single Crys t a l  Thin Fi lms  

T h e  second approach,  relying on r euse  of a m o r e  expensive subs t r a t e  which p romotes  s ingle 
c rys t a l  growth,  h a s  shown more  success. Using l a t e r a l  overgrowth  of a masked G a A s  
subs t r a t e ,  with f i lm sepa ra t ion  by cont ro l led  cleavage,  thin f i lm ce l l s  have  achieved r epor t ed  
ef f ic ienc ies  of nearly 19%.(5) Cont inued r e sea rch  on th i s  approach ( t e rmed  C leavage  of 
L a t e r a l  Epitaxial  F i lms  for  T rans fe r  o r  CLEFT)  i s  expec ted  t o  achieve  t h e  1986 DOE F ive  
Yea r  P lan  mi les tone  f o r  thin-film gallium arsenide. O t h e r  techniques  for  separa t ion  of s ingle 
c rys t a l  f i lms  he teroepi tax ia l ly  grown on low mel t ing  point o r  se lec t ive ly  e t chab le  l aye r s  
provide promise of useful  a l t e r n a t i v e  technologies.(6,7) Another  opportunity for  t h i s  genera l  
approach i s  t h e  separa t ion  of high e f f i c i ency  ce l l s  having a bandgap of approximate ly  1.75 eV 
which c a n  be mechanica l ly  s t acked  o r  silicon solar  ce l l s  t o  form a very  high e f f i c i ency  
opt ica l ly  cascaded  s t a c k e d  c o n c e n t r a t o r  ce l l  o r  f l a t  p la te  module. Given t h a t  t h e  f i lms  a r e  
single c rys ta l ,  t h e  dev ice  design and development  a r e  somewha t  m o r e  s t r a igh t  forward.  
However,  cont ro l  of t h e  solar  cell 's thickness m a y  yield higher pe r fo rmance  than  i s  obta inable  
in a bulk device.@) This  a r e a  will benef i t  f rom re sea rch  on a l t e rna t ives  t o  t h e  CLEFT process  
f o r  growth,  separa t ion  and handling of thin s ingle c rys t a l  films. 

He te roep i t axy  

T h e  f ina l  a r ea ,  he teroepi tax ia l  growth  of s ingle c rys t a l  layers ,  cove r s  both  growth  of t e rna ry  
and qua te rna ry  al loys on  G a A s  s u b s t r a t e s  fo r  c o n c e n t r a t o r  ce l l s  as wel l  as growth  of 111-V 
semiconductors  on silicon o r  germanium-silicon substrates .  The  prepara t ion  of monoli thic  
mult i junct ion ce l l s  of very  high e f f i c i ency  i s  a t t r a c t i v e  fo r  both concen t r a to r  and f l a t  p l a t e  
modules  due  t o  t h e  s implici ty of in terconnect ion  in t h e  overa l l  system. They a l so  o f f e r  
potent ia l  fo r  lower  op t i ca l  losses and  f e w e r  problems wi th  removal  of heat .  With t h e  
except ion  of t h e  AIGaAs/GaAs sys tem,  he teroepi tax ia l  111-V sys t ems  in t roduce  problems of 
con t ro l  of l a t t i c e  mis f i t  dis locat ions and,  in s o m e  sys tems,  mi sma tch  of t h e r m a l  expansion 
coeff ic ien ts .  Various techniques  f o r  composit ion grading and supe r l a t t i ce s  a r e  under s tudy t o  
provide con t ro l  of propagation of dislocations.(9,10) T h e  use of cont ro l led  s t r a in  be tween 
l aye r s  i s  s een  t o  minimize  propagation of dislocations. However,  in t h e  case of growth  of 
GaAs  so lar  ce l l s  on silicon subs t ra tes ,  i t  i s  sugges ted  t h a t  t h e  s t r a in  induced by dopants  
fo rming  t h e  p-n junction ac tua l ly  c a u s e s  dislocat ions t o  bend over  at t h e  junct ion.( l l )  This  
would place t h e  h ighes t  dens i ty  of recombinat ion  c e n t e r s  in t h e  s p a c e  cha rge  region. This  
reasoning would explain t h e  lower measured  open c i r cu i t  vol tage  and f i l l  f a c t o r  t han  would be  
expec ted  f r o m  t h e  observed  d e f e c t  dens i ty  at t h e  su r f ace  of t h e  sample.  In sys t ems  wi th  
misma tched  t h e r m a l  expansion coeff ic ien ts ,  s o m e  samples  will develop  micro-cracks upon 
cooling f r o m  growth  t empera tu re s .  These  problems c a n  be bes t  addressed  by joint e f f o r t s  in 
c rys t a l  growth  and device  design. 

Bas ic  S tudies  

In addit ion t o  t h e  spec i f i c  problem a r e a s  l i s ted  above,  t h e  High Eff ic iency  Concep t s  Task  at  
SERI i s  i n t e re s t ed  in s eve ra l  o t h e r  genera l  r e sea rch  problems. Most of t h e  c u r r e n t  e f f o r t s  use 
me ta lo rgan ic  chemica l  vapor deposi t ion (MO-CVD). Severa l  s tudies  have  ident i f ied  impur i t ies  



in c u r r e n t  source  ma te r i a l s  which c r e a t e  e l ec t r i ca l ly  a c t i v e  d e f e c t s  (12,13) in t h e  resu l t ing  
semiconductors .  MO-CVD is  s t i l l  a re la t ive ly  new c rys t a l  growth  technology with new 
genera t ions  of potent ia l  source  ma te r i a l s  s t i l l  being introduced.  T h e r e  i s  considerable room 
for  improvement  in t h e  understanding of t h e  chemis t ry  of t h e  r eac t ions  which resul t  in growth  
of t h e  c rys t a l s  and production of eff luents .  Analysis of g a s  f lows and of source  deplet ion i s  
impor t an t  for  t h e  development  of a n  ana ly t i c  approach t o  design of CVD reactors .  

Reducing  the  t e m p e r a t u r e  required t o  grow high quali ty III - V semiconductors  m a y  a lso  
provide a n  impor t an t  tool  for  achieving high e f f i c i ency  solar  cells. A wider  range  of al lowable 
growth  t e m p e r a t u r e s  m a y  provide g r e a t e r  cont ro l  ove r  t h e  s t r a in  in he teroepi tax ia l  crystals .  
This  may  be impor t an t  for  minimizing dislocation densi ty and  mic roc racks  in 111-V layers. T h e  
predic ted  ex i s t ence  of superal loys has  a l so  gene ra t ed  increased  i n t e r e s t  in low t e m p e r a t u r e  
c rys t a l  growth. Alloys of 111 - V binary compounds a r e  genera l ly  thought  t o  ex i s t  only as 
random m e t a s t a b l e  systems. Resea rch  at  SERI h a s  shown t h a t  minimiza t ion  of t h e  t o t a l  
quantum mechanica l  ene rgy  of ordered  phases of al loys predic ts  t h a t ,  if grown at low enough 
t e m p e r a t u r e s  (but  wi th  suf f ic ien t  su r f ace  mobility), s t ab l e  o rde red  in t e rmed ia t e  phases 
llsuperalloysll would form,  e.g. o rde red  phases of CaInP2, GagAsP4,  etc. Re la t ive  t o  random 
al loys of t h e  s a m e  composit ion these  superal loys would have  t h e  s a m e  l a t t i c e  cons t an t ,  
somewha t  l a rge r  bandgaps, and signif icantly higher c a r r i e r  mobilities, and  would be 
thermodynamical ly  s table.  These  new ma te r i a l s  m a y  be ve ry  valuable f o r  reaching  new levels  
of photovol ta ic  eff iciency.  

As  t h e  high ef f ic iency  ce l l  technology begins t o  approach t h e  l imi t s  imposed by t h e  bes t  
mater ia l s ,  i nc reased  a t t e n t i o n  will be placed on fu r the r  developing "tools" fo r  device  designers  
t o  op t imize  c e l l  performance.  Measurements  of c r i t i ca l  e l e c t r o n i c  p a r a m e t e r s  of 111-V 
semiconductors  present  new a r e a s  fo r  research.  S tudies  of potent ia l  techniques  fo r  passivat ing 
su r f aces  (and gra in  boundaries) could improve eff iciencies.  S tudies  of techniques  fo r  
in terconnect ing  t o p  and bot tom ce l l s  of a monoli thic  t andem device  will a l so  be needed. 
Resea rch  t o  improve  l ight  co l lec t ion  and improve  open c i r cu i t  vol tage  and f i l l  f a c t o r  t o  bulk 
recombinat ion  l imi t s  will be essent ia l  for  achieving and exceeding  t h e  e f f i c i ency  goals  of t h e  
F ive  Yea r  Plan. 

Conclusions 

T h e  bulk of t h e  r e sea rch  e f f o r t s  supported by SERI1s High Eff ic iency  C o n c e p t s  a r e a  have  been  
d i r ec t ed  towards  establ ishing t h e  feasibi l i ty of achieving  very  high ef f ic ienc ies ,  30% f o r  
concen t r a to r  and  m o r e  than  20% fo r  thin film f l a t  p la te ,  in solar  ce l l  designs which could 
possibly be  produced competi t ively.  T h e  r e sea rch  h a s  accompl ished  a g r e a t  dea l  during t h e  
p a r t  t w o  years. Even though t h e  des i red  per formance  leve ls  have  no t  y e t  been  demonst ra ted ,  
based on t h e  r e c e n t  progress, a g r e a t e r  portion of t h e  t e r r e s t r i a l  photovol ta ics  communi ty  
bel ieves t h a t  t h e s e  ef f ic ienc ies  a r e  a t ta inable .  

T h e  program c a n  now a l loca t e  a l a rge r  portion of resources  t o  low cos t ,  l a rge  a r e a  deposi t ion 
technology. T h e  program i s  cu r ren t ly  sh i f t ing  g r e a t e r  emphas is  on t o  t h e  s tudy of c rys t a l  
growth  in order  t o  provide t h e  understanding and tools  needed t o  design a l a rge  a r e a  process. 
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FURTHER RESEARCH ON HIGH OPEN CIRCUIT VOLTAGE IN SILICON SOLAR CELLS* 

H. B. Spitzer and C. J. Keavney 
Spire Corporation 

Bedford, Uassachusetts 

This paper presents the results of new research on the use of controlled 
dopant profiles and oxide passivation to achieve high open circuit voltage 
(Voc) in silicon solar cells. In this work, ion implantation has been used 
to obtain nearly optimal values of surface dopant concentration. The concen- 
trations are selected so as to minimize heavy doping effects and thereby pro- 
vide both high blue response and high Voc. Our ion implantation technique has 
been successfully applied to fabrication of both n-type and p-type emitters. 
Voc of up to 660 mV is reported and AM0 efficiency measured by NASA-LeRC of 
16.1% has been obtained. 

INTRODUCTION 

The attainment of silicon solar cell conversion efficiency approaching 
the theoretical limit requires reduction of recombination in all volumes and at 
all surfaces of the cell (ref. 1). One method of reducing base recombination 
comprises the use of thin substrates and minority carrier reflecting surfaces 
of the type formed by p-p+ junctions (ref. 1, 2). However, achievement of 
the very highest performance requires minimal recombination not only in the 
base region, but also in the p+ region and at the p+/contact interface. 
Moreover, as the base is perfected, recombination in the n+ emitter and at 
its surface emerges as a limiting mechanism and must also be minimized. Thus, 
one general prerequisite to the attainment of high efficiency is the perfection 
of n+ and p+ regions that, while remaining useful for junction formation, 
introduce only minimal recombination. Following Shibib at al. (ref. 31, we 
call these low recombination doped regions "transparent." 

To effectively utilize transparent regions in solar cells, passivation 
must be applied to the cell surface (ref. 4). Although in theory the construc- 
tion of a transparent passivated structure appears straightforward, in practice 
such structures are not so easily fabricated. Some of the difficulties arise 
as a consequence of the need to limit heavy-doping effects to obtain transpar- 
ency. Also, as has been noted by others, recombination at the interface be- 
tween the silicon and the metal contact must be minimized (ref. 5-8). These 
factors conspire to make the attainment of low recombination (and resultant 
high Vo,) using conventional cell fabrication techniques rather difficult. 

*This work has been supported by the U.S. Department of Energy through 
contracts with the Solar Energy Research Institute and Sandia National 
Laboratories. 
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( 8  I a1&t6ikp~& %e present the results of research on fabrication tech- 
'*ki\ues that minimize heavy-doping effects and surface recombination. In the 
work to be reported, we have used ion implantation to vary over a wide range 
dopant concentration in both phosphorus-doped n+ regions and boron-doped 
p+ regions. Unlike conventional diffusio in which the surface dopant con- 
centration is usually quite high ( - 10~8im-~), in our technique, the num- 
ber of ions implanted can be easily varied to achieve concentrations from 
about 10l~cm-~ to over 1 0 ~ ~ c m - ~ .  A further advantage of ion implanta- 
tion is that a high quality surface oxide of controllable thickness may be 
easily grown during the junction anneal. As we will show, this technique has 
yielded AM0 Voc of 660 mV, without the use of an antireflection (AR) coating 
(which would increase Voc by at least 7mV). 

In the next section of this paper, we will describe our method and cell 
fabrication techniques. This will be followed by separate discussions of ex- 
periments with n+ and p+ doping, and results on high efficiency cells will 
be reported. In the conclusion we review the implications of this work in 

I future space solar cell design. 

CELL FABRICATION 

All work to be reported here is based on the use of float-zone silicon 
obtained from Wacker. The wafers were 380 micrometers ( pm) in thickness, 
polished on the front and etched on the back, and were of < l o o >  orientation. 
Except as noted in the discussion to follow, the resistivity was 0.3 ohm-cm. 

1 Both boron-doped and phosphorus-doped wafers were used. We observed that the 
boron-doped wafers typically had a minority carrier diffusion length (LD) of 

I about 150 pm; the phosphorus-doped wafers were characterized by LD of about 
170 pm. While for space solar cell applications we are primarily interested 
in a p-type base, the use of n-type wafers provides us with a convenient meth- 
od of investigating p+ doping (i.e., by formation of p+n cells) and the 
advantages of this approach will become apparent in the discussion to follow. 

The n+ and p+ regions were formed by ion implantation and furnace 
annealing. The implantation of boron and phosphorus was carried out at 5 keV 
to obtain shallow junctions (xj - 0.2 pm). The dose was varied over the 
range 10l~cm-~ to 5 ~ 1 0 l ~ c m - ~  to produce doping rofiles having a peak 
concentration of between 1018cm-3 and 102~cm-9. Annealing of phos- 
phorus was carried out using a three-step process (5500C-2 hr.; 8500C-15 
min.; 550°C-2 hr.) in dry flowing nitrogen. Dry oxygen was admitted to the 
gas stream during the second step to grow a passivating silicon dioxide sur- 
face layer having a thickness of about 10 nanometers (nm). Annealing of boron 
implants was similar, with the exception that the second step of the anneal 
was carried out at 950°C. 

Metallization on all cells comprised lift-off patterned Ti-Pd-Ag on the 
fronts and full-area Ti-Pd-Ag on the backs. The metal was deposited by elec- 
tron beam evaporation, and after lift-off was plated with Ag. Except as 
noted, AR coatings were not employed. Final cell area was 4 cm2. 

An important feature that we shall refer to later in our discussion is 
the use of silicon dioxide surface passivation, both at the exposed (non- 
metallized) surface and beneath the metallization. While some 



investigators have employed tunneling-based passivation beneath the contacts, 
we have used an older approach previously employed by Minnucci and Matthei 
(ref. 8 )  and Arndt et al. (ref. 6). The technique comprises placing the grid 
on top of the passivating oxide, with ohmic contact made via patterned open- 
ings in the oxide. These openings limit contact area to values much less than 
the total grid area. Figure 1 illustrates two configurations that have been 
used to achieve this end. These techniques allow us to limit the ohmic con- 
tact area to 0.1 percent of the total area. 

. GRID 
CUT-AWAY 

#WEN ING 
IN SiOp 

,GRID 
CUT-AWAY 

GRID LINE &lo LINE 

Figure 1. Two Configurations for Limiting Ohmic Contact Area Beneath the Front 
Contact Grid. 

PHOSPHORUS EMITTER DOPING 

We have used the ion implantation technique described above to identify 
the optimum n+ concentration in the emitter of n+-p-p+ cells. Figure 2 
replicates spreading resistance data obtained from samples that were ion- 
implanted with various doses. It can be seen that by using the ion implanta- 
tion technique, the peak dopant concentration may be varied over a wide range. 

Solar cells were fabricated with each of the profiles shown in Figure 2 
and early results of this type of research were reported in reference 9. We 
recently repeated the experiment with a narrower range of doses and show the 
Voc as a function of phosphorus implant dose in figure 3 for both 0.2 ohm-cm 
(curve b) and 0.3 ohm-cm (curve c) substrates. It is important to note that 
ohmic contact interaction area was about 4% in this experiment. Complete data 
is tabulated in tables I and 11. It can be seen that best results are ob- 
tained with an ion implantation dose of 1015 ions/cm2, corresponding to a 
peak dopant concentration of approximately 2 x l ~ ~ ~ c m - ~ .  



Figure 2. 

1d9 

P 
I- < 
u 

0 z 
0 
0 BORON 

DEPTH (microns) 

ION IMPLANTATION DOSE ( 1 O ' ~ I O N S / C ~ ~ )  

Spreading Resistance Anal sis of n+ Emitt rs. The doses sed were: 
(a) 2.5~10~~crn-~, ( b) ~ o ~ ~ c r n - ~ ,  (c) 4~10~~crn-~, (d)  Zx101Bcrn-2, and 
( e ) 1014cm-2. 

Figure 3. Voc as a function of ion implantation dose. The data points indi- 
cate average Voc at each dose. The error bars indicate the stan- 
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We digress at this point to note our observation that the minority car- 
rier diffusion length in the base is strongly affected by the phosphorus con- 
centration in the emitter. An example of this effect can be seen in tables I 
and I1 in which we have also indicated the base LD for each ion implantation 
dose. We find a reproducible decrease in LD as dose is decreased. This 
effect cannot be attributed to implantation of a lifetime degrading impurity, 
since in such a case increasing the phosphorus dose would increase the life- 
time degrading impurity and decrease LD. Perhaps it is an indication of 
phosphorus gettering; however, the source of the lifetime degrading impurities 
is uncertain. Indeed, laser-annealed cells in which no thermal processing is 
used and in which no gettering is possible have yet higher LD. Experiments 
that combine Si implantation with P implantation to maintain constant implant 
damage as the P dose is reduced indicate that the observed effect is not a 
consequence of differences in the crystal damage. The same effect is observed 
with arsenic implantation, but not with boron. The cause of the observed 
effect is unresolved. 

To identify the optimal ion implantation dose more accurately, we re- 
peated the above dose experiment with implantation dose in a range from 
6~101~cm'~ to 1.2~101~cm-~. We utilized silicon with a base resis- 
tivity of 0.2 ohm-cm to maintain a low base contribution to the saturation 
current. We also reduced the ohmic contact area (as shown in figure 1) to 0.1 
percent. The Voc data are shown in figure 2 (curve a). The resultant com- 
plete cell performance data are shown in table 111. The average Voc is max- 
imized at a dose of 8~101~cm-~; however Voc greater or equal to 640 mV 
on at least one cell at each dose except 1.2x10~~cm-~ was obtained. Com- 
parison of this data to data in table I indicates the advantage that is ob- 
tained when ohmic contact interaction area is limited. 

We have also applied these implants to textured wafers and have recently 
reported on an estimation of the dopant distribution in textured material 
(ref. 10). Our principal finding is that dopant distributions that are equiv- 
alent to distributions in polished silicon may be obtained in textured silicon 
by simply doubling the implantation dose. In this way, we have made textured 
cells with Voc of 640 mV, equivalent to Voc obtained from polished wafers. 
This indicates to us that the base saturation current dominates our best 
cells, since the emitter saturation current, which is higher for textured 
cells, does not adversely affect V,, when texture is used. 

The emitters described above have been applied in the fabrication of 
high efficiency cells. One cell that was tested under AM0 insolation 
(137.2 mw/cm2) at NASA-LeRC exhibited the following performance: FFX0. 796, 
Jsc=43.5 mfI/cm2, VOc=640 mV, and Eff .'16.1%. This cell had a thickness 
of 380 pm, and a diffusion length of about 150 pm. We believe that its 
performance can be further improved by thinning the substrate to 200 pm. For 
this approach to be successful, a high quality back surface field (BSF) must 
be employed. We will describe in a later section how such a BSF may be formed. 



TABLE I 
AVERAGE llMl PERFORMANCE OF P-TYPE SOLAR CELLS AS A FUNCTION 

OF ION IMPLANTATION DOSE (0.2 OHM-CM SUBSTRATES ) 

Dose 
(ions/cm2 

Jsc 
(mti/cmZ) 

EFF 
(%I 

Notes: Cell area is 4 cm2. Insolation is simulated AM1, 100 mw/cm2. T ' 28'C. 
Standard deviation in parenthesis. No AR coatings employed. 

TABLE 11 
AVERAGE AM1 PERFORMANCE OF P-TYPE SOLAR CELLS 

AS A FUNCTION OF ION IMPLANTATION DOSE (0.3 OHM-CM SUBSTRATES) 

Dose 
(ions/cm2) 

Jsc 
(mti/cm2> 

EFF 
(%I 

Notes: Cell area is 4 cm2. Insolation is simulated AM1, 100 mw/cm2.. T = 28OC. 
Standard deviation in parenthesis. No AR coatings employed. 



TABLE I11 
AVERAGE AM1 PERFORMANCE OF P-TYPE SOLAR CELLS WITH IMPROVED 

CONTACTS AS A FUNCTION OF ION IMPLANTATION DOSE (0.2 OHM-CM SUBSTRATES) 

Dose =D voc J FF EFF 
( ions/cm2) ( pm) (mV) (m~$:ml) ( % >  (%>  

Notes: Cell area is 4 cm2. Contact interaction area is 0.1%. Insolation is 
simulated AM1, 100 mw/cm2. T = 28°C. Standard deviation in paren- 
thesis. No AR coatings employed. 

BORON EMITTER DOPING 

A similar investigation has been carried out using boron implantation 
into n-type wafers. A beam energy of 5 keV was used to obtain shallow 'unc- 

12 2 tions. Implantation doses in the range of 3 ~ 1 0 l ~ c m - ~  to 1x10 cm- 
were used to obtain peak dopant concentrations of between 51110~~cm-~ and 
101~cm-~. It can be seen from the spreading resistance analysis in fig- 
ure 4 that dopant profiles similar to those that have been used for phosphorus 
emitters have been attained. 

Solar cells have been fabricated from n-type wafers using the profiles 
shown in figure 4. We have investigated both standard ohmic contacts and con- 
tacts with ohmic contact interaction area reduced to 0.1%, and complete cell 
performance data are shown in table IV. It can be seen that best Voc is 
obtained when the peak doping concentration is limited to about 
5x1018 ~ m - ~ .  As in the case of n+ emitters, reduction of ohmic contact 
area improves Voc. Note also that the FF is reduced when the ohmic contact 
area is reduced. This low FF is attributable to the use of Ti-Pd-Ag contacts 
on the p+ silicon and arises from contact series resistance. Use of A1 
would probably eliminate this problem. 

High Voc n-type cells have also been tested at AM0 by NASA-LeRC. 
Performance of the best non-AR-coated cell is : JsCz28. 8 m ~ / c m ~ ,  FF'. 77, 
VOc1662 mV, and Eff .=10.7%. An AR coating would improve efficiency to about 
15%, and Voc to nearly 670 mV. 
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Figure 4. Spreadin Resistance Anal sis of p+ Emitters. The doses used were: 
I (a) 1x10 $5 ~ m - ~ ,  (b) 5~101~crn-2, and (c) 3x1014~~11-2. 

TABLE IV 
AVERAGE AM1 PERFORMANCE OF N-TYPE SOLAR CELLS 

AS A FUNCTION OF ION IMPLANTATION DOSE (0.3 OHM-CM SUBSTRATES) 

Contact 
Dose Interaction voc J FF EFF 

(ions/cm2) Area (mV) (m~$Em~) (%  1 ( % I  

1x1015 4% 591 22.2 79.7 10.5 
(2 (0.1) (1.8) (0 .3 )  

Notes: Cell area = 4 cm2. Insolation was ' AM1, 100 rnw/cm2. T = 28°C. 
Standard deviation shown in parenthesis. No AR coatings employed. 



It is interesting that better Voc is obtained with n-type wafers. 
This may be a consequence of the lower minority carrier (hole) mobility in 
n-type silicon which would serve to reduce the base saturation current. 

TRANSPARENT REGIONS 

To show conclusively that we have attained transparent emitter regions, 
we have examined solar cell performance with and without silicon dioxide pas- 
sivation. Figure 5 replicates log(1)-V data obtained from one n+-p-p+ 
solar cell before and after removal of the oxide. It can be seen that the 
saturation (or dark) current increases in accordance with theory when the ox- 
ide is removed. The change in Voc upon removal of the oxide was 47 mV. In 
figure 6 we show the quantum efficiency data, before and after oxide removal. 
It is clear from this data that the blue response is much improved by the 
presence of the oxide. 

Figure 7 replicates log(1)-V data for a typical p+-n-n+ solar cell. 
Removal of the oxide increases the saturation current as it did in the 
n+-p-p+ example. In this case the change in Voc was 75 mV. Quantum 
efficiency data (fig. 8 )  show that the blue response is also sensitive to sur- 
face recombination. These measurements indicate that we have indeed formed 
transparent n+ and p+ regions. 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 
VOLTS 

Figure 5. Log(1)-V Data for the n+-p-p+ Cell With and Without Oxide Passi- 
vation. 
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As was noted at the beginning of this paper, the attainment of high con- 
version efficiency requires limiting all forms of recombination. The best 
cell design should therefore include low-recombination transparent doped re- 
gions and surface passivation. This idea is of course not new, but we now 
have in hand a fabrication process that, by using ion implantation, will let 
us realize such doped regions. 

aJsc= 1.9 m ~ l c m 2  

W 

0.1 - 
4625-1A 

Figure 9 illustrates the cell design we believe at this time will yield 
best performance. The device comprises an n+-p-p+ structure with the n+ 
and p+ regions formed by the transparent doped layers discussed above. To- 
tal thickness should be less than 250 pm, but the optimal value will depend 
upon the diffusion length in the substrate. A back surface reflector should 
be used to double the optical path and to reject unabsorbed radiation. Since 
the back surface has low recombination velocity, the cell may be made as thin 
as is desired for weight reasons, without loss of Voc. At present, we are 
in the process of developing this type of cell. If light-trapping can be ob- 
tained (ref. 21,  very high efficiency will be possible using substrates as 
thin as 50pm. 
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Figure 9. High Efficiency Space Solar Cell Design. 

SUMMARY 

This paper has reported on techniques that may be used to avoid heavy 
doping effects in silicon solar cells. In this way, transparent n+ and p+ 
layers have been formed. By combining these layers with silicon dioxide pas- 
sivation, solar cells that are mainly limited by base recombination can be 
fabricated. Once this is accomplished, the problem of improving solar cell 
efficiency is reduced to gaining improvements in LD, or alternately, to 
thinning of the substrate. Proper integration of these results in a BSF-BSR 
cell design should lead to AM0 efficiency in the 17 to 18% range in the near 
future . 
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GALLIUM ARSENIDE SOLAR CELL EFFICIENCY - PROBLEMS AND POTENTIAL 

V.G. Weizer and M.P. Godlewski 
NASA Lewis Research Center 

Cleveland, Ohio 

Under i d e a l  cond i t i ons  t h e  GaAs s o l a r  c e l l  should be a b l e  t o  operate  a t  an AM0 
e f f i c i e n c y  exceeding 27 percen t  ( r e f .  I ) ,  whereas t o  da te  t h e  bes t  measured e f f i -  
c i e n c i e s  b a r e l y  exceed 19 percen t .  O f  more concern i s  t h e  f a c t  t h a t  t h e r e  has been 
no improvement i n  t h e  pas t  h a l f  decade, d e s p i t e  t h e  expend i tu re  o f  cons iderab le  
e f f o r t .  The p resen t  paper analyzes s t a t e - o f - t h e - a r t  GaAs e f f i c i e n c y  I n  an a t tempt  
t o  determine t h e  f e a s i b i l i t y  o f  improv ing on t h e  s t a t u s  quo. We w i l l  f i r s t  cons ider  
t h e  p o s s i b l e  ga ins t o  be had i n  t h e  p l ana r  c e l l ,  and then  a t tempt  t o  p r e d i c t  t h e  
e f f i c i e n c y  l e v e l s  t h a t  cou ld  be achieved w i t h  a  g r a t i n g  geometry. 

THE PLANAR CELL 

The b e s t  e f f o r t s  o f  t h e  e i g h t  l a b o r a t o r i e s  most i n v o l v e d  i n  t h e  development o f  
t h e  GaAs s o l a r  c e l l  a r e  l i s t e d  I n  t a b l e  I. The N-base c e l l s  a r e  a l l  b a s i c a l l y  sim- 
i l a r  i n  c o n s t r u c t i o n  i n  t h a t  they  have a  p a s s i v a t i n g  P-type AlGaAs window l a y e r  
depos i ted  on t h e  e m i t t e r  sur face.  The P-base MIT c e l l ,  on t h e  o t h e r  hand, uses an 
AlGaAs l a y e r  t o  fo rm a  he te ro face  BSF s t r u c t u r e .  The N-base c e l l s  appear t o  have a  
s l i g h t  efficiency edge over t h e  P-base dev ices.  

In 
I 

rn 
F igu re  1  i s  a  p l o t  o f  t h e  N-base c e l l  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  

0 
h 

AlGaAs window th ickness .  These c e l l s  a re  q u i t e  d i f f e r e n t  i n  t h e i r  e x t e r n a l s  (AR 
r~ coa t ings ,  window th icknesses,  e t c . ) .  I n  o rde r  t o  g e t  an i d e a  o f  t h e i r  r e l a t i v e  

I 
w i n t e r n a l  p e r f e c t i o n  we c a l c u l a t e d  t h e  s h o r t  c i r c u l t  d e n s i t i e s  expected f rom each o f  

them assuming 100 percen t  i n t e r n a l  c o l l e c t i o n  e f f i c i e n c y ,  and compared t h i s  va l ue  
w i t h  t h a t  a c t u a l l y  achieved. When we d i d  t h l s ,  Hughes c e l l  2598 stood ou t  f rom t h e  
r e s t  i n  t h a t  i t s  measured JSc co inc i ded  w i t h  t h a t  c a l c u l a t e d  assuming a  
100 percen t  i n t e r n a l  c o l l e c t i o n  e f f i c i e n c y .  Th is  i n d i c a t e s ,  among o the r  t h i ngs ,  
t h a t  t h e  Hughes group has succeeded i n  reduc ing  t h e  A1GaAs-GaAs i n t e r f a c e  recom- 
b i n a t i o n  v e l o c i t y  I R V  a t  l e a s t  an o rder  o f  magnitude lower  than  t h e  e m i t t e r  d i f -  
f u s i o n  v e l o c l t y  (50.1 D/L)  . 

However, even though t h i s  c e l l  i s  i n t e r n a l l y  p e r f e c t ,  i t  has severa l  e x t e r n a l  
problems. I t  has a  t h i c k  (0.5 pm) window and a  10 percen t  shadowing l o s s  due t o  t h e  
f r o n t  g r i d  coverage. The s o l i d  curve i n  f i g u r e  1  t n d i c a t e s  t h e  Jsc  increases 
t h a t  would accompany a  r educ t i on  i n  window th ickness .  The dashed curve i n d i c a t e s  
t h e  ga ins  p o s s i b l e  i f  t h e  g r i d  coverage were reduced t o  5  percen t .  As can be seen, 
if t h e  window th ickness  and g r i d  coverage were reduced t o  0.05 pm and 5  percent ,  
r e s p e c t i v e l y ,  i t  would n o t  be unreasonable t o  expect  Jsc va lues exceeding 
35 r n ~ / c m ~ .  

Using 0.1 D/L f o r  t h e  AlGaAs-GaAs I R V  and t h e  va lues o f  t h e  parameters i n  
t a b l e  11, we at tempted t o  es t imate  t h e  vo l t age  and e f f i c i e n c y  p o t e n t i a l  o f  t h l s  
c e l l .  The r e s u l t s  a r e  shown i n  t a b l e  111. The low f i l l  f a c t o r  (FF) measured f o r  
t h i s  c e l l  i n d i c a t e s  a  d iode  q u a l i t y  f a c t o r  n  g r e a t e r  than  1. The c a l c u l a t i o n s ,  
which assume a  u n i t y  n  value, i n d i c a t e  t h a t  t h e  low FF has a  depress ing e f f e c t  on 
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V&.-J If we g i &  t h i f  . c e l l  a  u n i t y  n  value and a  good f i l l  f ac to r ,  a  Voc o f  
1.040 V and an AM0 e f f i c i e n c y  o f  almost 21 percent r e s u l t .  Thus, merely by f a b r i -  
c a t i n g  t h i s  c e l l  w i t h  a  decent f i l l  f ac to r ,  we could r e a l i z e  an e f f i c i e n c y  two 
percentage po in t s  h igher  than has been achieved thus f a r .  I f  we then reduce the  
AlGaAs window thickness t o  0.05 pm and reduce the  g r i d  coverage t o  5 percent,  
e f f i c i e n c y  l e v e l s  exceeding 23 percent should r e s u l t .  

We then performed e s s e n t i a l l y  t he  same ca l cu la t i ons  f o r  the  P-base M I T  c e l l  
number 8477 w i t h  i t s  unpassivated emi t te r  surface. As mentioned prev iously ,  t h i s  
c e l l  has an A1GaAs-GaAs i n t e r f a c e  a t  the " rear  sur face"  t h a t  acts as a  BSF layer .  
I n  t he  ca l cu la t i ons ,  t he  same A1GaAs-GaAs I R V  t h a t  we found f o r  the  Hughes c e l l  
(0.1 D/L) was used along w i t h  the  values o f  the  various parameters l i s t e d  i n  
t a b l e  I V .  As seen i n  t a b l e  111, when the  FF i s  ra i sed  t o  0.86 the  e f f i c i e n c y  r i s e s  
by about a  p o i n t  t o  18.4 percent.  I f  the  emi t te r  surface i s  then passivated 
(SRV = 0) and the  anodic oxide AR coat ing  i s  replaced by a  dual l aye r  coat ing,  
e f f i c i e n c i e s  comparable t o  those i n  the  N-base c e l l  a re  possib le.  It i s  ev ident  
t h a t  t he  c r i t i c a l  need i n  t h i s  c e l l  i s  t he  reduct ion  o f  the  emi t te r  SRV. 

To summarize, both the  N-base and the  P-base GaAs c e l l s  ( i n  t h e i r  p lanar  con- 
f i g u r a t i o n s )  have the  p o t e n t i a l  t o  operate a t  AM0 e f f i c i e n c i e s  between 23 and 
24 percent.  For t h e  former the  enabl ing technology i s  e s s e n t i a l l y  i n  hand, w h i l e  
f o r  t he  l a t t e r  t he  problem o f  pass iva t ing  the  emi t te r  surface remains t o  be solved. 

THE GRATING CELL 

A g r a t i n g  c e l l  can be def ined as a c e l l  i n  which the  j u n c t l o n  ( e m l t t e r )  area 
has been reduced t o  a  f r a c t i o n  o f  the  t o t a l  f r o n t  ( o r  rea r )  surface area. The pur- 
pose o f  going t o  a  g r a t i n g  geometry i s  t o  secure an increase i n  vol tage w h i l e  main- 
t a i n i n g  (hope fu l l y )  a  cu r ren t  l e v e l  c h a r a c t e r i s t i c  o f  a  p lanar  c e l l .  The two 
s implest  g r a t i n g  geometries are  the  s t r i p e  j u n c t i o n  and the  dot  j u n c t i o n  conf igura-  
t i o n s .  I n  t he  former the  emi t te r  I s  composed o f  an a r ray  o f  p a r a l l e l  s t r i pes ,  and 
i n  t he  l a t t e r  i t  i s  composed o f  an a r ray  o f  equa l ly  spaced dots. 

Although previous t h e o r e t i c a l  analyses have i nd i ca ted  t h a t  the  s t r i p e  g r a t i n g  
geometry does no t  ho ld  much promise f o r  increased vo l tage ( r e f .  10). more recent  
c a l c u l a t i o n s  show t h a t  s i g n i f i c a n t  vo l tage gains a re  poss ib le  w i t h  the  do t  geometry 
( r e f .  12).  It has been shown t h a t  t he  e f f e c t i v e  base sa tu ra t i on  cu r ren t  component 
o f  t he  do t  g r a t i n g  c e l l  decreases w i t h  the  square r o o t  o f  the j u n c t i o n  area. A t  the 
same time, because the  emi t te r  volume var ies  w i t h  the  emi t te r  area, the  sa tu ra t i on  
cu r ren t  component from t h a t  reg ion  decreases l i n e a r l y  w i t h  j u n c t i o n  area. A c e l l  
w i t h  a  j u n c t i o n  composed o f  an a r ray  o f  dots whose aggregate area I s  on ly  1  percent 
o f  the  t o t a l  c e l l  area, f o r  instance, would have i t s  em i t t e r  component reduced by a  
f a c t o r  o f  100 and i t s  base component reduced by a  f a c t o r  o f  10 as compared t o  a  
p lanar  c e l l  w i t h  the  same t o t a l  area. The dot  g r a t i n g  geometry thus has the  poten- 
t i a l  f o r  producing s i g n i f i c a n t  increases i n  c e l l  vo l tage.  

This concept I s  espec ia l l y  i n t r i g u i n g  i n  the  case o f  t he  P-base c e l l  w i t h  i t s  
unpassivated emi t te r  surface. I n  t h i s  case, t he  reduct ion  o f  t he  N-type emi t te r  
sur face area by several orders o f  magnitude would r e s u l t  i n  a  c e l l  almost completely 
bounded by passivatable P-type surfaces. The need t o  passivate the  remaining N-type 
areas would be obviated by v i r t u e  o f  t he  r e l a t i v e l y  small c o n t r i b u t i o n  these areas 
would make t o  c e l l  performance. Thus i n  t he  P-base c e l l  t he  do t  g r a t i n g  geometry i s  
n o t  on ly  capable o f  producing a  l a r g e  decrease i n  Jo bu t  i t  a l so  would e l im ina te  
e s s e n t i a l l y  a l l  o f  the  hard-to-passivate N-type surfaces. The l a t t e r  improvement 



i s  a  necessary, bu t ,  as we s h a l l  see, n o t  a  s u f f i c i e n t  requi rement  f o r  ma in ta i n i ng  
g r a t i n g  c e l l  c u r r e n t  l e v e l s  comparable t o  those achieved I n  t h e  p l ana r  c e l l .  

We t h e r e f o r e  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  a  1  percen t  j u n c t i o n  coverage, P-base 
d o t  g r a t i n g  c e l l  us i ng  t h e  MIT c e l l  8477 parameters ( t a b l e  I V )  assuming p l ana r  c e l l  
c u r r e n t  l e v e l s  and a  good FF. The r e s u l t s ,  accord ing  t o  t a b l e  V, i n d i c a t e  t h a t  
e f f i c i e n c i e s  i n  t h e  24.5 percen t  range a r e  ach ievable .  

M a i n t a i n i n g  a h i g h  c u r r e n t  l e v e l  I n  a  g r a t i n g  c e l l ,  however, r e q u i r e s  more than  
j u s t  p a s s i v a t l n g  t h e  c e l l  sur faces.  I t  has been shown t h a t  t o  ma in ta i n  f u l l  c u r r e n t  
c a p a b l l l t y  I n  a  g r a t i n g  c e l l ,  t h e  base d l f f u s i o n  l e n g t h  must be much l a r g e r  than  t h e  
d i s t ance  between j u n c t i o n  areas i n  t h e  g r a t i n g  s t r u c t u r e 1  ( r e f .  10) .  I f  we assume 
t h a t  p h o t o l i t h o g r a p h i c  l i m i t a t i o n s  p u t  a  lower  l i m i t  o f  1  pm on t h e  d iameter  o f  t h e  
e m i t t e r  do ts ,  then  t h e  sma l les t  g r a t i n g  spac ing p o s s i b l e  f o r  a  c e l l  w l t h  a  1  percen t  
j u n c t i o n  coverage would be 10 pm. This,  un fo r t una te l y ,  i s  about t h e  same magnitude 
as t h e  d i f f u s i o n  leng ths  measured i n  most GaAs s o l a r  c e l l s .  I n  o rder  t o  make use 
o f  t h e  p o t e n t i a l  o f  t h e  g r a t i n g  geometry a  means would have t o  be found t o  r a i s e  
L  by a t  l e a s t  an o rder  o f  magnitude. 

One way t o  o b t a i n  l ong  d i f f u s i o n  leng ths  would be t o  go t o  a  h igher  r e s l s t l v l t y  
base m a t e r i a l  i n  which L values approaching 500 pm have been measured ( r e f s .  13 t o  
15) .  F i gu re  2 summarizes measured h o l e  and e l e c t r o n  d i f f u s l o n  l e n g t h  da ta  as a  
f u n c t i o n  o f  dop ing concen t ra t ion .  The problem w i t h  go ing  t o  lower doping l e v e l s  t o  
ach ieve increased c u r r e n t  I s  t h a t  one would expect ( a  p r i o r i )  t h e  base s a t u r a t i o n  
c u r r e n t  t o  r i s e  p r e c i p i t o u s l y ,  r e s u l t i n g  i n  a  se r i ous  d e c l i n e  i n  Voc.  , 

When one a c t u a l l y  c a l c u l a t e s  t h e  v a r i a t i o n  o f  e f f i c i e n c y  w i t h  base doping l e v e l  
f o r  t h e  p l ana r  HIT c e l l  8477, however, i t  i s  f o u n d . ( f i g .  3 )  t h a t  c e l l  e f f i c i e n c y  i s  
s u r p r i s i n g l y  Independent of base r e s l s t l v l t y .  I n  t h i s  p l o t  Jsc  and FF were 
assumed t o  be 29 m ~ / c m ~  and 0.86, r e s p e c t i v e l y ,  w h i l e  d l f f u s i o n  l e n g t h  da ta  were 
taken  f rom f l g u r e  2. Based on our  p rev ious  a n a l y s i s  o f  t h e  Jsc l e v e l s  i n  t h e  
N-base c e l l s ,  we have concluded t h a t  I t  I s  p o s s i b l e  t o  reduce t h e  AlGaAs-GaAs I R V  
t o  a  l e v e l  an o rder  o f  magnitude below t h e  d i f f u s i o n  v e l o c i t y  o r  lower .  Measure- 
ments made by Nelson ( r e f .  16) ,  a l though  n o t  made on s o l a r  c e l l s ,  I n d i c a t e  t h a t  t h e  
I R V  can i n  f a c t  be two o r  t h r e e  orders  o f  magnitude l e s s  than  D/L.  We have t he re -  
f o r e  p l o t t e d  t h e  e f f i c i e n c y - d o p i n g  r e l a t i o n s h i p  i n  f l g u r e  3  f o r  severa l  va lues o f  
t h e  I R V  t h a t  b racke t  Nelson 's  measured 300 cm/sec (0.004 D/L) va lue  ( r e f .  16).  

The s i g n i f i c a n c e  o f  f l g u r e  3  i s  t h a t  i t  shows t h a t  i t  should be p o s s i b l e  t o  
f a b r i c a t e  h i g h  e f f i c i e n c y  GaAs s o l a r  c e l l s  w l t h  l ong  (>200 pm) d i f f u s i o n  leng ths .  
The f a c t  t h a t  such a  c e l l  i s  p o s s i b l e  i n d i c a t e s  t h a t  we should be a b l e  t o  f a b r i c a t e  
a  h i g h  c u r r e n t ,  and thus a  h i gh  e f f i c i e n c y ,  d o t  g r a t i n g  GaAs c e l l .  

A few words should be sa id  a t  t h i s  p o i n t  concern ing e l e c t r i c a l  con tac t s  t o  t h e  
d o t  g r a t i n g  c e l l .  Because o f  t h e  l a r g e  number o f  e m i t t e r  do ts  t h a t  would be 
requ i r ed ,  and because o f  t h e  c l o s e  spacing between them, t h e  m e t a l l i z a t i o n  making 
con tac t  t o  t h e  e m i t t e r  areas on t h e  f r o n t  su r f ace  o f  t h e  c e l l  would p robab ly  shadow 

l ~ n p u b l l s h e d  da ta  obta ined f rom V.G. Weizer. An a n a l y s i s  o f  t h e  d o t - g r a t i n g  
c e l l  f a b r i c a t e d  Swanson, e t  a l .  ( r e f .  11) i n d i c a t e s  t h a t  t h i s  c e l l  ( w i t h  a  d i f f u s i o n  
length/grating-separation r a t i o  of about 18) has an I n t e r n a l  quantum e f f i c l e n c y  
c l o s e  t o  100 percen t ) .  



a  s i g n i f i c a n t  p o r t i o n  o f  t he  c e l l  f r o n t  face. I t  thus appears t h a t  we would be 
forced t o  r e s o r t  t o  an i n t e r d i g i t a t e d  back contac t  scheme such as t h a t  used by 
Swanson, e t  a l .  ( r e f .  11) .  This type o f  con tac t ing ,  w h i l e  being t e c h n i c a l l y  more 
d i f f i c u l t  t o  achieve, does have t h e  advantage o f  completely e l i m i n a t i n g  a l l  shadow- 
i n g  e f f e c t s .  Thus, when we c a l c u l a t e  t he  value o f  Jsc expected from a  back con- 
t ac ted  do t  g r a t i n g  c e l l ,  we f i n d  t h a t  cu r ren t  l e v e l s  over 36 m ~ / c m ~  are  poss ib le  
s ince  t h e  on ly  losses a re  due t o  r e f l e c t i v i t y  and window absorpt ion.  

F igure  4 shows t h e  ca l cu la ted  e f f i c i e n c y  o f  a  1  percent j u n c t i o n  covera e, back 
contacted d o t  g r a t i n g  c e l l  as a  f u n c t i o n  o f  base doping from N  = 1 x 1 0 ~ ~  cm- 9 
( L  = 200 pm) t o  N  = 1 x 1 0 ~ ~  ~ m - ~  ( L  = 500 pm) . When t h e  AlGaAs-GaAs I R V  = 0, an 
e f f i c i e n c y  o f  25.3 percent i s  seen f o r  a  doping concent ra t ion  o f  1 x 1 0 ~ ~  ~ m - ~ .  A 
pena l ty  o f  about 1  percentage p o i n t  i s  pa id  i f  t h e  I R V  i s  as h igh  as 800 cm/sec 
(0.01 D/L). 

The prev ious c a l c u l a t i o n s  were performed f o r  a  c e l l  w i t h  a  base w id th  w  o f  
2  pm. Since a  change i n  w  i s  expected t o  a f f e c t  c e l l  cu r ren t  and vo l tage i n  
opposi te  d i r e c t i o n s ,  we should, by vary ing  w, be ab le  t o  observe an e f f i c i e n c y  max- 
imum a t  some optimum value o f  t h e  base width.  F igure  5  shows the  v a r i a t i o n  o f  e f f i -  
c iency w i t h  w  f o r  t h e  case where N = 1x1015 ~ m - ~ .  The e f f i c i e n c y  i s  seen t o  be 
r a t h e r  independent o f  base w id th  f o r  values above about 2 pm. When the  I R V  = 0, t he  
e f f i c i e n c y  peaks a t  about 25.7 percent a t  a  base w id th  o f  about 10 pm. For t he  
h igher  va lue o f  t h e  I R V  a  maximum o f  j u s t  over 25 percent  occurs a t  a  w id th  o f  about 
25 pm. Not on ly  i s  t h e  e f f i c i e n c y  independent o f  t h e  base width.  i t  a l s o  becomes 
i n s e n s i t i v e  t o  t h e  A1GaAs-GaAs I R V  as t h e  w id th  i s  increased. As can be seen, h igh  
e f f i c i e n c y  i s  maintained t o  thicknesses o f  100 pm. This  f a c t  should f a c i l i t a t e  t he  
cons t ruc t i on  o f  t h i s  device s ince  I t  would pe rm i t  the  use o f  t h i c k  c e l l  f a b r i c a t i o n  
techniques such as those employed by Swanson, e t  a l .  ( r e f .  11).  

To summarize, bo th  t h e  N-base and t h e  P-base GaAs c e l l s  i n  t h e i r  p lanar  con f ig -  
u r a t i o n s  have t h e  p o t e n t i a l  t o  operate a t  AM0 e f f i c i e n c i e s  between 23 and 24 percent.  
For t h e  former t h e  enabl ing technology i s  e s s e n t i a l l y  i n  hand, w h i l e  f o r  t he  l a t t e r  
t h e  problem o f  pass i va t i ng  the  e m i t t e r  sur face remains t o  be solved. I n  t h e  do t  
g r a t i n g  con f i gu ra t i on ,  P-base e f f i c i e n c i e s  approaching 26 percent  a re  poss ib le  w i t h  
minor improvements i n  e x i s t i n g  technology. N-base g r a t i n g  c e l l  e f f i c i e n c i e s  compar- 
ab le  t o  those p red i c ted  f o r  t h e  P-base c e l l  a re  achievable i f  t h e  N  sur face can be 
s u f f i c i e n t l y  passivated. 
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TABLE I .  - AM0 PERFORMANCE DATA 

"Unpubl ished d a t a  ob ta ined  a t  NASA Lewl s Research Center.  
b ~ s t l m a t e d  AM0 va lues.  

TABLE 11. - N-BASE CELL 

PARAMETERS: HUGHES 

CELL 2598 

FF, 
p e r c e n t  

Jsc  , 
m~/cm2 

E f f j c l e n c y ,  
pe rcen t  

Voc,  
V 

C e l l  

N-base c e l l s  

Reference 

E m l t t e r  

10 

7 7 

0.5 

1018 

8 ~ 1 0 3  

2x106 

Parameter 

L, lJm 

D, cm2/sec 

d, l ~ m  

N, cm-3 

S, cm/sec 

n l ,  cm-3 

Base 

5 

6 

10 

1017 

104 

2x106 

75.2 

84.0 

78.2 

81.8 

80.3 

74.5 

80.0 

85.3 

80.1 

Hughes 2598 

Hughes ED-31 

Hughes 13610 

Var ian  

Rockwel l  

I BH 

ASEC 

Sp l  r e  

H i t s u b i s h i  

18.1 

19.0 

16.7 

18.7 

17.2 

18.5 

16.6 

b17.9 

18.4 

1.015 

1.024 

1 .031 

1.012 

.960 

1.025 

1.004 

b1.020 

.990 

2 

3 

( a )  

4 

5 

6 

7 

8 

9 

P-base c e l l s  

32.0 

30.0 

28.4 

30.5 

30.3 

33.1 

28.0 

b28.3 

31.4 

17.3 

18.4 

79.0 

80.0 

HIT 8477 

V a r l a n  

1.036 

.995 

( a )  

4 

28.7 

31.3 



TABLE 111. - CALCULATED AM0 PERFORMANCE PARAMETERS 

TABLE I V .  - P-BASE CELL 

PARAMETERS: MIT 

CELL 8477 

Jsc,  
m ~ / c m ~  

TABLE V.  - P-BASE CELL PERFORMANCE: MIT CELL 8477 

Voc,  
V 

Hughes c e l l  2958 

E m i t t e r  

0.5 

3 

0.07 

5 x 1 0 ~ ~  

I 07 

2x1 06 

Parameter 

L. Flm 

D ,  cm2/sec 

d, vm 

N, ~ r n - ~  

S, cm/sec 

n i  , cm-3 

FF, 
p e r c e n t  

Exper imenta l  d a t a  
O p t i m i z e d f i l l  f a c t o r  
Window, g r i d  op t im ized  

Base 

2 0 

121 

2 

o 

2x1 06 

E f f i c i e n c y ,  
p e r c e n t  

O p t i m l z e d f i l l  f a c t o r  

1 -Percent d o t  g r a t i n g  

32.0 
31.96 
35.77 

Voc, 
V 

1.034 

1.11 8 

Jsc,  
m~/cm2 

28.30 

(35.00) 

MIT c e l l  8477 

1.015 
1.040 
1.043 

Exper imenta l  da ta  
Opt imized f i l l  f a c t o r  
SRV op t im ized ,  DLAR 

FF, 
p e r c e n t  

86 

86 

E f f i c i e n c y , '  
p e r c e n t  

18.4 

24.5 

75.2 
86.0 
86.0 

28.7 
28.30 
34.94 

18.1 
20.9 
23.4 

1.036 
1.034 
1.061 

79.0 
86.0 
86.0 

17.3 
18.4 
23.3 
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NIP GaAs CONCENTRATOR SOLAR CELLS 
WITH AN IMPROVED GRID AND BUSBAR CONTACT DESIGN 

Gregory C. DeSalvo, Ervin H .  Mueller, and Allen M. Barnett * 
University of Delaware 

Newark, Delaware 

I .  GaAs Solar Cel l  

TI](. r~~i i io r  rrquirc~r~lc~rlt- for a solar ccll uscvl i r l  + 1 ) i i ( . 1 3  ; ~ , l i l I i ( . ; ~ r  i o r 1 -  i 1 1 . 1 ~  l ~ i ~ l r  cltfic.ic111c.y ;it i l h l 0  
ir.r.ircIiarlc(~ ii11c1 resistar~c,c. to  11igli erlergy radiatiorl. ( ; ; I I ~ I I I I I ~  , t r + ~ ~ ~ ~ i ( i ( ~ .  \\ 1111  ;I  I , ; I I I ( ~  gill) of 1 .42  (>Iv. 
1 -  (1111.  of t11(' 111ost cfficicrlt slullight t o  electricit!. ( . o r l \ . ( . t l ( . i .  6 i \ \ . I ! I > I I  I k 1 1 1 1 1 ) l o  (lio(l(\ I I I O ( ~ ( ~ ]  

i -  1 1 * ! 1 t l  t o  ca1cli]ate e f f i ~ i e r ~ c ~ ( > ~  at Axil() ir~;l(1iil11(~f~. ( , ; I ; \ .  ., I ~ ; I V  ~ ~ I ~ I I -  ; I V I >  I I I O ~ ( ~  rii(lii1t ~ O I I  r ( > ~ i ~ t i l ~ ~ t  
r i liul +ilicor~ Yolar cells a ~ t l  the N P <;aAs c1ct~ic.c. 11;)- I , ( V % I I  r.c>l~ort 1 . 1 1  1 0  111o1 . t '  r . ; l ( l i ; ~ t  io11 r(-sistiirlt 
1 l , i111  +1111ili1r P 5 solar ~ ~ 1 1 s  1 . This 11igll('r r(h~i<t i l t l ( ' < \  ] ) ~ O I ~ ; I I I I ~  ( I I I ( *  1 0  I I I O  i ' ;~( ' t  t l~ii t  0111y 37"; 
of r11c'  c.ilrrt3rlt is ge~ieratcd i r ~  the top ?i 1ayc.r of 11115 5 1' (.(,I1 c ~ o ~ r r ] ) ; t ~ ~ c ~ ( i  1 0  G O ' ,  ill t1i(l to]) layc'r 
o i .  i1 I' S mlar cell. This to]) layer of t , l~e  ~ ( 1 1 1  i k  I I I ~ , ~  i~fj'('ct I)!. ~ i ~ ( l i i ~ t  i o~ i .  I t  I I ~ L S   SO I)C(YI 
11lcborc.t ic.all!- calculattd illat t11v opt ill~izcd N P c l ( * \ . i c . c &  \\.ill I)ro\.cb r o II ; I \  c b  ; I  11igl11\r cbflic.icll~c.y Illall 
i i  sirllililr r' 5 dc.vice ?j. 

T l ~ i s  N P GaAs solar ct.11 ~vill 1 l a ~ c  a t11ir1 ( ; i l l '  u.irlclo\v Ii1yc.r t o  rclt11ic.c. t 1 1 ( ~  r~til~orit!. cwric'r 
\ ~ ~ r f a c c  r~>cor~~bir la t , ior~ \relo~it!- fro111 10'' ~ 1 1 1 ~  1 0  10" ~ 1 1 1 ~  , s ~ .  (;ill' 11i1> 1 ) 0 ( % 1 1  ( . I IOS(\ I I  ibs t 1 1 ~  
I \ .~ I I (~oM'  layer material ir~stc;r(l of (;i1,All ,rA4s t o  iril;lu-(\ t11v f o r l ~ ~ i ~ t i o l ~  of ol~rlli(. ( . o r ~ t i ~ ( . t ~  tliilt do 
11ot suffer dcgradat ion 11l)o11 cts])oslm> to air. Tl~cs ] ) rol) lor~~ of t :$.GI ; l i l t  1 ic.cl I I I ~ ~ I J I ~ I I  ('11 W ( Y I ~  

( i ; ~ ~ i s  and (;aP will he I I I ~ I I ~ I ~ I I X ~ ( ~  1 ) ~  k ( ~ q ) i ~ ~ g  t11,~ t l~ick~i( \ss  01' t 1 1 ~  ( ~ ] ) i i ; ~ ~ i i ~ I l !  R ~ O I V I I  \vi~l(Iow 
1;rycr t.1lill t~l1011gll 50 t , l l~ t  i t s  lii t t i( .( '  ~ 0 1 1 ~ t i l ~ l t  Illil!. l , r s  strili11(~(1 ( b ~ i ~ * i i ( ~ ; l ~ l ~ '  t 0  ~ ' ( ~ l i ; ~ ~  t I i i 1 t  Of tll(' 
~ u ~ t l c r l y i r ~ g  (;ii=ls. ( . l. I (i 

Figure 1 Opt i r~ l i~ (> ( l  S I '  - .  , j . : ;  , ! 

- i  1 1 , -  1, ork . ~ ~ p ~ ) o r t ~ ~ ( l  I)!. t 1 1 ~  3.4S.4 L(w.i- I ~ ~ & - I , , L I  8 l i  ( I . I , I  I , ;  i t  I 1 , 1 1 1  ritct S.!(;::-422 



J 
The ofiimixcd N,'P GaAs solar cell with a thin (;;,I' \vi~~cIou. 1ayc.r i <  s11oa.11 I,clow iri Figluc. 

I i alor~g with thcorctical efficicncics ar~d a loss analysis 2 . 

1 Table 1 

'- The balance of Js, is generated in the depletion region 

0 . -  Jsc -- J l o p  Jbottorn + Jdepl 

C:alculat.ed Theoretical Efficiencies 
and Loss A~~alysis for N,'P GaAs 

. . .. . - . . . ---T-. ~ 

7 - ~- 

I , O S S  < l o s s  I . I ' i l l  AM() 1) 
! 

h1crt1;in is111 I ~ A :  crn2 volts Factor : I =' Sur~ 
. . -. . . - . . . . - .  . - -= :-.:-- =:-. -r * . ~ - ~ ~  -=---L7-.L +-.- - . . 

7-.-- 

'I'l~ec~rc~~icill - 38.6: 1.09 1 .HYZ ! 27.7 
Milsirr~~~rr~ 

.. . . - -. . . . * . . . -. . . ... -. -4 - ... . 
Recombinat ion 4.7  36.8  1 .07 i .891 j 25 .9  

a. Top 1,ayer 1.6  ' 13.6" 1 - I -- 
b. Bot.Lom Laycr ' 3.1 ! I R . 8 '  I - 

.. .. . . .- - -. . . - ,. . - -+.. . .. - --i-%+- . . .. 

.4bsorj>t ion 1.0 3G.4 . 1.07 
-. - -- -- -- - . -. , .- . - . - - . , - - ; - - - .- - 

i 25.6 

- 
Hefiec tion i 2 . 6  35.4  +--- ~190~24.9-‘ 

Grid I I 4 . d 3 4 . 0  1.07 - -- 

Trar~spare~~ c y 1 I 
I I 

I 2. TOP Contacts 

Resistive i 4 .6  

The generic solar cell structure, including grid lines and busbars, is s l~owi~ in Figure 2. The 
top contacts arc3 designed t,o remove the generated current from the solar cell. Ideally, grid lines 
act as the primary current collectors and receive all of the current from the semiconductor region. 
Busbars are the secondary collectors which pick up current from the grids and carry it out of the 
active regior~ of the solar cell. This separation of functior~s allows for a multi-layer metallization 
design, so that busbars can be made larger (in cross section) than the grids sir~ce they carry more 
current. This multi-layer design is usually not used, even when grid opt irnization is performed 
13-51, however, this design can be shown to provide a higher efficiency solar cell [q. 

Grid Contact 

Collector I 

23.9 - 

Absorber 

- 1 .890 

Figure 2 Generic solar cell. 
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2.1 Grid Losses 
ORIGINAL F?;?Z k5 
OF POOR QJALITY 

Electr ical  Losses Tlrcx\c loss(.- arc 1)asicallg tllic to ohrnic Iossc, (hcrttirlg) inciurcd 
diuirig rc~r~~ov;il of 1)owcr fro111 tlre solar cc.11. The georllctry of t 1 1 ~  grid affects tllc current flow 
tllroi~gl~out t11e cell. so each rcgiorl will have a loss con~porlor~t Figlire 2 . Tllc total electric 
o r  l o  I 1 r o l l  a I I of 1 s  i r d i v i i l  l o  1 1 0 1 1 1 1  i . 

Opt ica l  Losses Tllo to]) c o ~ ~ t a c t s  hlock some of the light that would normally cntcr the 
solar (.(.I1 'I'l~i. o l ) t  i(-al lo\\ ciiI1 1~ (I(+~II(VI i r ~  terms of t,hc pcrcc.nt,agc of light that penet,ratc.i to 
tllc. act i1.c. rcbgiorl of' tlrcb bolar (.(.11 ( i . c .  .. tllch transparericy T). 

Thc inini~nizirig procc\ss rcclliircs a low electrical loss (RlOs, small) as well as a low optical 
loss (T - I ) .  Si~lcc both processes compete with each other, a conipromise must be reached 
to ot-ltairi the nlinirnlirn total grid loss. By describing the photogenerated clurerrt in terrns of a 
perce~itagc (T) of tlic r~laxi~nurn possi\>le current I,,,, both losses can be cornbir~ed into a single 
"power lo\\ cbclliat ior~." 

I l l g h t  = 9-4114 = ~ A ~ I ( @ ~ , T T )  = IrnazT (1.3) 

p / o \ i  = ( ~ m u r ~ ) ~ ( ~ a b s  -t Rcoll + Ryrtd 4 Rbus) (I.4] 

Fir~ally. ~i\irlg Poyritixlg'c; vector, a description of the current flow in point form car1 he derived 
for Plos,. ~11(.11 t11at: 

P = l, J ~ P U  = ( I ~ , , T ) ~ R L O S S  (1.5)  

In tlric for111. tlal rmnxrlt dmsity ~ ' ( r ,  y, :) can he dcscribcd thoro~igl~ly irr arry region of thc solar 
cell. Soliltiorr of' tlrcl integral for each solar cell region can then l>c con~pared to (I , , , , ,T)~n,eg,o,  
to dctcrrrlirlo tlrcx "1u11q)c~d rcsistancc" belonging to that region. Orlcc car11 R,,,,,,, has bee11 
found. t11c. totill toll cor~t;ict resistar~ce RIoss can be mi~~irnized. 

2.2 C u r r e n t  F l o w  in a So la r  Cell 

A scller~latic o f  llow currfBrlt 111ight flow i11 an actiial cell i. gi\.orr 1)y Figluc 3a. 



ti', 
Figure 3 (a) Actual cilrrclrlt flow modcl i r ~  a solar 

cell and (1)) tllctoret.ic.al current flow. 

I This descript io~~ car1 1)e simplified without sigl~iiic;ir~t error hy 1i5ii1g scclrcral i~sefill a \s l~l l~~)t ions:  

I .  Solar cccll o~)cratcls at rl~cb sllort circuit ciirrorlt poi111. 
2. 1Jrlifor111 plloto11 fillx o is i~lcider~t over thcl c.r~tirr 

r y planar si~rfacc of tllc. ccll. 
3. TTr~ifor~n ciurc.ltt gcr~t~riition rate t l u ~ i i g l ~ o l ~ t  t l l ~  ('('11. 
4 .  (hlkstarit c.nrrc31~t clcbl~yity er~tors tile collc*c.tor rc'piol~ 

from the ill)sorf>t>r reg1011 in the. z direct io11. 
5. Tl1ick11eh5 of ~ollc~ct or regior~ (1) is much 5111a11(~ 

than lat era1 x w dimcrnions. 
6. (;rid 'Blisl)ar co11t act s art1 eqiiil)oter~t ial\ 

&'qr>ri. / ) / ) , I  \ />or  /'rlhsorhrr r P c o l l v ,  l o r  

7 .  Resisitivities ar t  urliforll~ withi11 a given r e g i o ~ ~ .  
preqtorZ ( r -  y 7  2 )  - P O  

1 Figure 4 C?rlinrhicaI solar cell model 

Tile rCs~llting theoretical clvrellt flow i, \11ow11 in Figure. 3b. Howrvcr. an opti~nnln grid pattern 
for H -oIar cell co~lcentrator is desirctl. Since the spot of illunlirlatio~l will be circular in natlvc. a 
(.irrlilar grid tlc>\ign is sliggcsted. Figi~.(x 4 511o\vs a cylilalical solar ccll ~rro(lcl with a tllroretical 
clurc.rlt flow using thew salnc. assu1i11)t ions. 



TII(, ( , i ~ - i ( h \ t  I I I ( , ~ ~ I I -  of' - o I ~ , i l ~ g  It'/,,, . I -  1 0  i ~~( l i~~ i ( I i~ i i l l>  -oIv(*  for cac.11 R,.f,f,,r,,, . Tl1(1 g(~li(*raI 
~)l;r(.c~lrlor~t of' tllc grirl. i111,l l)i~sl);ir. i. -1101\ 11 111 r1~11r(- 4 .  TIIO grid5 a r c 1  circul;rr ri11~- ilrlcl 

t 1 1 ~  \,~l.I)iir$ l)ro.j(,ct ri1(11i111~ fro111 1 1 1 ( 5  ( . ( n ~ ~ t ( b ~  o i  t11(, ,o1ar (.(>]I. 1;or a circidar ~OIiir c.(>ll. clurellt 
rr;,\.ol~r~:: to ;I gri(1 \rill I , ( ,  ~)i~ritI)olic' ( . J ( r  1 1 r 2  J sir~cc. t l ~ v  i1rc.a ir~crcasc. as r' .  If grids arcx l,liic.c'(l 
1 0  l l l ~ ( ' ~ i l ) ( ~  ( '(JlliiI ilr('it-. I 1 1 ( ~ 1 1  ( ~ ; I ( ' ] J  Rrlfl \\ 111 T ( ' ( ' ( ~ ~ Y ( *  all ( ~ ~ J l l i l ]  i311lOllIlt Of t l l ~  toti31 ('lll'r('1lt. 

/)blJ . 7 
f i b u s  - 

.- -- 

4 ill 11 ' / , I  t, 

(;rids arc made at thr  rlarrowcst *)ra(-t ica1 limit (wit11 - 2) ,  and this ratio is maint,ainrd 
"+a 

as dil~~c~risiox~s arc i11crca5c~tl ( ' '  2 ) .  So. a scalc factor ( r n )  car, be introduced to represent tllc 
11 I 

1iirgt.r busbar dinler~sior~s ( 1 1 ' 1 ,  .I rc'lat i ~ c x  to t llc grid lirlc dinlensioris (wg.t g). That is: 

2.4 Grid Optimization 

The. opt in~um grid pattern c iu~  found by solvirlg the out,put power c~c~uation (2.4). T h  
criteriorl for tllc best grid  atte tern occurs when the output power (Po, ,)  is at a maxinium (i.c.. 
w11c11 PI, ,, is minirnizc~d) . 

f'oul PTnnr P/oss (1 .13)  

Pnt o r (1 7 j'-rn o 7 T (1 .14)  

 PI^,. , ( ~ , l l ~ ~ ~ ) 2 ~ l o s ~  (1 .15)  
-4 co~lil)iitcr I)rograill wa. writ t  c.11 t o  c.alcillatc. a~ltl  find the rnaxinlum output obtainable by 
varyill:: t 1 1 ~  t luccb  IU&IIOIYII~ (.l-.All.ii~~rl 1 1 1 ) .  iisir~g the give11 design parameters 'Tahlc 2' for 
t l lo ( ; i l r l \  5 0 l i ~  ct~11 (.ollc(l~~tri~tor.  -411 (ISHIIII)I( '  of 011e o~)tin~iz('cl grid pattern for 1000 . -010 
sin1lig1lt is sl~owrl i r ~  Figiirc. 5. \vitli 1111111(~i(.al r(~sirlt 5 givr11 ill Tahlc 3. 



Table 2 

1 

X P ( ; i i . l k  In1,11t l ' a r a ~ l ~ ( $ t ( ~ r ~  for 
[;ri(I O j ~ t i ~ ~ ~ i / i t t i o ~ ~  

l t l  1 J 35.4 ,,,,, L 10 / I I I I  I),,,,, 1.56 10 ' I l  err1 

I ;,'( . 1 .Oi 1. t .13 11x11 , , 7.10 . 10 ' (1 C I I I  

1000 / I , ,  10 /1111 /),trld 1.68 ' 10 (' f 1  ~ 1 1 1  

rj 21111lr I ,  5 /1r11 p h t ,  - 1.68 10 -' 11 em 

Figure 5 Optimizctl grid patstern for 1000 > ARIO. 

Table 3 

2.5 Multi-Layer Metalliea tion 

Nln11c.rica1 Results from the Best Grid Pattern 

. - I=:- - F-7- 

1000 ' 35400 :;$ I 
J, ,  1 t, = .9172 1 Robs = .I243 rnR 
1 7  1000 - 1.249 1- 

OC 

I 1 T = .9479 i Rc,rl = 5.656 mR 

A cony,arison lletweerr sillgl(. layer ar~tl ~n~ilti-layer grids is give11 i11 Table 4. Tllc rrltilt,i- 
1;l;vt.r desigr~ has its rnaxirrl~ir~l illll)act, at hig1lc.r cor~ccntrat io~~s and larger cell artws (i.c., higll 
ci~rrc~rlts). A pictorial c o m ~ ~ a r i s o ~ l  of the transparency savirlgs with a multi-layer grit1 pat tcr~l  is 
SII<)\VII irl Figure 6. 

Rgrtd = .8167 mR 

Rbus = 2.444 mR 

I,,, - 4.351 1r1A N = 5  

Vnlaz = 1.150 \' = 17 

Pma, - 5.003 \jr m -  2 I Rlo,, - 9.04 1 mR 
1 
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Figure 6 ( :c)~~ll) i l r iso~~ of t11ic.k 1)llsl)ilr vs. thin hiis- 
Imr l ~ i r t  tcwr: ( i i )  I1 gri~ls. 38 1)nsI)ars. 4 
+ ~ i 1 1 ( '  ( I / / )  ( 1 ) )  10 gri(l\. 200 1)iisl)ars. 1 S C ~ I I V  
( 7 1 1  j .  

Table 4 

2.6 Experimental Results 

Thc roxnl)litrr 1)rOgrinll l )n)~i ( lo \  5l)ocifir ])owcar losses for each of thr semicondlictor arrd 
lrlctal l i i~crs  a\ I)ilrt of tlrv 01)t i l r ~ i ~ i ~ t i o ~ r .  Tlrc~+~. tl~c~or(>tic.al ~iillics were C O I I ~ ) L V ~ ~  to  illlotll~r "id 
I)rogranl fro111 Sa~~t l i a  Sa t io~ l i~ l  Lal~oratoricb- 6 5 a r ~ d  f o u ~ ~ d  to give similar results for rhc. salrrr 
grid design. 

Srvrral rrprr i~l lnrtal  t ~ s t  + O I ~ I I  c - ( b l l r  wcsn irr;i(lc. 115i1rg tllr grid pat,tern descril)ocl ill Figlurl 
5. Tlax solar cell is S, P Gil-4- ; I I I ( I  (.lo-c*I?- ~rr;~tc.lrc,- tla. optillni1ll dfbsigll given in Figlu(b 1 ( l , l l t  



Figure 7 Exl1t~ri11~t~111 i l l  \ o l i i r  \ \ i t  1 1  0 1 1 1  1111i/tv1 

grit1 ]);if ~ ( Y I I .  

Figure 8 1 1- V I I I , I . , ~  of' ~ * X ~ ~ I ~ ~ ~ I I I I ~ I I ~  i l l  -0Iilr ( . ( b I I .  
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HIGH-EFFICIENCY AlGaAs-GaAs CASSEGRAINIAN CONCENTRATOR CELLS 

J .  G .  Werthen, H .  C .  Hamaker, G .  F. Virshup,  C.  R .  Lewis, and C .  W .  Ford 
Var ian Research Cente r  
P a l o  A l t o ,  C a l i f o r n i a  

AlGaAs-GaAs h e t e r o f a c e  space  c o n c e n t r a t o r  s o l a r  c e l l s  have been f a b r i c a t e d  by 
meta lo rgan ic  chemical  vapor  d e p o s i t i o n .  AM0 e f f i c i e n c i e s  a s  h igh  a s  21.12 have been 
observed b o t h  f o r  p-n and np s t r u c t u r e s  under c o n c e n t r a t i o n  (90-100Xj a t  25°C. Both 
c e l l  s t r u c t u r e s  are c h a r a c t e r i z e d  by h i g h  quantum e f f i c i e n c i e s  and t h e i r  performances 
a r e  c l o s e  t o  t h o s e  p r e d i c t e d  by a  r e a l i s t i c  computer model. I n  agreement w i t h  t h e  
computer model, t h e  n-p c e l l  e x h i b i t s  a  h i g h e r  s h o r t - c i r c u i t  c u r r e n t  d e n s i t y .  

INTRODUCTION 

GaAs s o l a r  c e l l s  a r e  becoming i n c r e a s i n g l y  impor tan t  f o r  space  a p p l i c a t i o n s .  An 
a t t r a c t i v e  approach i s  o f f e r e d  by t h e  c o n c e n t r a t o r  space  c e l l  (Ref.  I ) ,  which h a s  t h e  
p o t e n t i a l  f o r  r e a c h i n g  e f f i c i e n c i e s  h i g h e r  t h a n  those  p r e d i c t e d  f o r  one-sun space  
s o l a r  c e l l s  (Ref.  2 ) .  

A c o n c e n t r a t o r  c e l l  w i l l  o p e r a t e  a t  a t empera tu re  of approximately  80°C; however, 
t h e  p r e d i c t e d  e f f i c i e n c y  i s  s t i l l  h i g h e r  t h a n  f o r  one-sun c e l l s  o p e r a t i n g  a t  25°C. 
I n  t h i s  work, we are s t u d y i n g  h e t e r o f a c e  AlGaAs-GaAs p-n and n-p small-area concen- 
t r a t o r  s o l a r  c e l l s  grown by m e t a l o r g a n i c  chemical  vapor  d e p o s i t i o n  (MOCVD). The 
c e l l s  a r e  in tended  f o r  use  i n  a  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  assembly 
o p e r a t i n g  a t  approximately  100 s u n s ,  AMO. The c e l l  h a s  a  c i r c u l a r  c o n f i g u r a t i o n  w i t h  
4-mm d iamete r  a c t i v e  a r e a ,  and t h e  t o t a l  dimensions a r e  5 mm x 5  mm. C e l l  e f f i c i e n -  
c i e s  a s  h i g h  a s  21.1% have been ob ta ined  under s imula ted  92 s u n s ,  AMO. 

CELL DEVELOPMENT 

The c o n c e n t r a t o r  c e l l s  a r e  des igned  by a r e a l i s t i c  computer model which s o l v e s  
t h e  t r a n s p o r t  e q u a t i o n s  and de te rmines  t h e  c u r r e n t - v o l t a g e  (I-V) c h a r a c t e r i s t i c s .  
The model uses  measured v a l u e s  of r e l e v a n t  pa ramete rs  such  as m o b i l i t y ,  minor i ty-  
c a r r i e r  d i f f u s i o n  l e n g t h s ,  a b s o r p t i o n  c o e f f i c i e n t s ,  e t c .  C e l l s  a r e  opt imized f o r  
o p e r a t i n g  c o n d i t i o n s  such a s  t empera tu re  and c o n c e n t r a t i o n .  Under c o n c e n t r a t e d  
l i g h t ,  i t  i s  c r u c i a l  t h a t  t h e  e m i t t e r  and g r i d  p a t t e r n  on top  o f  t h e  s o l a r  c e l l  each 
have v e r y  low s e r i e s  r e s i s t a n c e .  A t  t h e  same t ime,  t h e  i n t e r n a l  s p e c t r a l  r esponse  
must remain h i g h  and t h e  o b s c u r a t i o n  must be minimized. A one-dimensional d i s t r i -  
buted r e s i s t a n c e  model i n c o r p o r a t i n g  d a r k  c u r r e n t  mechanisms such  a s  i n j e c t i o n  and 
recombinat ion i s  used t o  de te rmine  t h e  I-V curve.  Obscura t ions  caused by t h e  g r i d  
p a t t e r n  and t h e  A l G a A s  window l a y e r  a r e  a l s o  inc luded  i n  t h e  model. 

The c e l l  s t r u c t u r e  used i n  t h e  model i s  shown i n  F ig .  1. S t a r t i n g  from t h e  
s u b s t r a t e ,  a highly-doped b u f f e r  l a y e r  (0.5 pm) i s  grown t o  p rov ide  a  smooth s u r f a c e  
f o r  o v e r l y i n g  growths and a l s o  reduce  recombinat ion a t  t h e  back of t h e  c e l l .  Next 

* 
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l i e ' f h e  two a c t i v e  l a y e r s ,  t h e  b a s e  and t h e  e m i t t e r ,  followed by a  t h i n ,  highly-doped 
AlGaAs (90% Al) window l a y e r .  T h i s  l a y e r  r e d u c e s  t h e  s u r f a c e  recombina t ion  v e l o c i t y  
i n  t h e  e m i t t e r ,  and i t s  t h i c k n e s s  i s  opt imized t o  couple  w i t h  t h e  a n t i r e f l e c t i o n  (AR) 

i c o a t i n g  t o  minimize t h e  r e f l e c t a n c e .  F i n a l l y ,  t h e  c e l l  s t r u c t u r e  i s  te rmina ted  w i t h  
a highly-doped GaAs c a p  l a y e r  s e r v i n g  a s  a  c o n t a c t  l a y e r  f o r  good ohmic c o n t a c t s .  
T h i s  l a y e r ,  which a l s o  p r o t e c t s  t h e  c e l l  d u r i n g  p r o c e s s i n g ,  i s  s e l e c t i v e l y  e t c h e d  
away immediate ly  b e f o r e  d e p o s i t i o n  of a  s i n g l e - l a y e r  AR c o a t i n g .  

C a l c u l a t i o n s  of t h e  quantum e f f i c i e n c y  a r e  l i m i t e d  t o  t h e  e m i t t e r ,  b a s e ,  and 
d e p l e t i o n  r e g i o n s .  Two op t imized  r e s p o n s e s  a r e  shown i n  F ig .  2 f o r  p-n and n-p 
s t r u c t u r e s ,  r e s p e c t i v e l y ,  w i t h  t h e  i n d i v i d u a l  c o n t r i b u t i o n s  from t h e  v a r i o u s  r e g i o n s  
b e i n g  i n d i c a t e d .  I n  t h e  p-n s t r u c t u r e ,  most photons a r e  absorbed i n  t h e  p-type 
e m i t t e r ,  whereas i n  t h e  n-p s t r u c t u r e ,  a l l  r e g i o n s  make s i g n i f i c a n t  c o n t r i b u t i o n  t o  
t h e  pho togenera ted  c u r r e n t . .  I n h e r e n t l y  lower r e s i s t i v i t y  of n-type v e r s u s  p-type 
GaAs a l l o w s  t h e  u s e  of a much t h i n n e r  e m i t t e r  i n  t h e  n-p c o n f i g u r a t i o n .  Consequent ly ,  
a  b e t t e r  r a d i a t i o n  t o l e r a n c e  f o r  n-p c e l l s  may be expec ted .  

I 

I n  a d d i t i o n  t o  t h e  quantum e f f i c i e n c y ,  t h e  computer model f i n d s  t h e  optimum 
performance.  F i g u r e  3  shows t h e  I -V  c h a r a c t e r i s t i c s  of an  opt imized p-n s t r u c t u r e  
under 100X, AM0 a t  80°C. E f f i c i e n c i e s  o f  20.7% a r e  p r e d i c t e d  f o r  b o t h  p-n and n-p 
c e l l  s t r u c t u r e s .  With t h e  a d d i t i o n  o f  g r a d i e n t s  b o t h  i n  doping and i n  compos i t ion ,  
even h i g h e r  e f f i c i e n c i e s  a r e  p r e d i c t e d ,  as i n d i c a t e d  i n  Table  I. These g r a d i e n t s  can 
be  added b o t h  i n  t h e  b a s e  and e m i t t e r  r e g i o n s  where t h e y  g i v e  r i s e  t o  b u i l t - i n  f i e l d s  
t h a t  a i d  i n  t h e  c o l l e c t i o n  of pho togenera ted  c a r r i e r s .  Over a 2 %  i n c r e a s e  i n  e f f i -  
c i e n c y  i s  observed w i t h  t h e  a d d i t i o n a l  g r a d i e n t s .  

For  each op t imized  c e l l  s t r u c t u r e ,  t h e  computer model p r o v i d e s  doping l e v e l s  and 
l a y e r  t h i c k n e s s e s .  Thus f a r ,  f a b r i c a t i o n  and t e s t i n g  e f f o r t s  have been c o n c e n t r a t e d  
p r i m a r i l y  on c e l l s  w i t h o u t  i n t e n t i o n a l  g r a d i e n t s .  The s t r u c t u r e s  a r e  grown i n  a  
h o r i z o n t a l  r f - h e a t e d  MOCVD r e a c t o r  a t  730°C, a s  d e s c r i b e d  i n  Ref. 3 .  Selenium and 
z i n c  o r  magnesium (Ref. 4 )  a r e  used a s  n-type and p-type d o p a n t s ,  r e s p e c t i v e l y .  An 
op t imized  g r i d  p a t t e r n  (shown i n  F ig .  4 )  i s  d e f i n e d  u s i n g  c o n v e n t i o n a l  p h o t o l i t h o -  
g r a p h i c  t echn iques .  M e t a l l i z a t i o n s  a r e  t y p i c a l l y  d e p o s i t e d  by e v a p o r a t i o n  t o  a  
t h i c k n e s s  of 0 . 2  pm, and normal ly  c o n s i s t  of Au/Ge/Ni/Au f o r  n-type GaAs and Pd/Au 
f o r  p-type GaAs. The f r o n t  c o n t a c t  g r i d  p a t t e r n  i s  p l a t e d  t o  3-pm t h i c k n e s s .  

C e l l  performances  were  measured b o t h  a t  Var ian  and a t  Sand ia  N a t i o n a l  Labora- 
t o r i e s .  A l l  measurements a r e  based on t h e  t o t a l  c i r c u l a r  a r e a  w i t h  a 4-mm diamete r .  
F i g u r e  5 shows t h e  I - V  c h a r a c t e r i s t i c s  f o r  a  p-n c e l l  under s i m u l a t e d  c o n c e n t r a t e d  
l i g h t .  The measurement was o b t a i n e d  a t  28OC. The c e l l  e f f i c i e n c y  v e r s u s  s o l a r  
c o n c e n t r a t i o n  i s  shown i n  F i g .  6 ,  t o g e t h e r  w i t h  t h e  t h e o r e t i c a l l y - p r e d i c t e d  behav ior .  
The poor performance of t h e  e x p e r i m e n t a l  c e l l  a t  one sun may be  a t t r i b u t e d  t o  s h u n t  
c u r r e n t s  which become l e s s  s i g n i f i c a n t  a t  h i g h e r  c o n c e n t r a t i o n s .  However, t h e  meas- 
ured v a l u e s  a r e  s t i l l  below t h e  t h e o r e t i c a l  v a l u e s ,  which i n d i c a t e s  t h a t  f u r t h e r  
improvements a r e  n e c e s s a r y .  

C e l l s  having t h e  n-p c o n f i g u r a t i o n  have a l s o  been f a b r i c a t e d .  Compared t o  p-n 
c e l l s ,  t h e s e  c e l l s  show l a r g e r  v a l u e s  of s h o r t - c i r c u i t  c u r r e n t ,  i n  agreement w i t h  
t h e  t h e o r e t i c a l  p r e d i c t i o n .  S i m i l a r  b e h a v i o r  h a s  been observed f o r  l a r g e - a r e a ,  1-sun 
GaAs c e l l s  (Ref. 5 ) .  Hcwever, lower  v a l u e s  of o p e n - c i r c u i t  v o l t a g e  and f i l l  f a c t o r  
a r e  p r e d i c t e d  and a l s o  e x p e r i m e n t a l l y  observed.  T h e r e f o r e ,  t h e  e f f i c i e n c i e s  of p-n 
and n-p c e l l s  a r e  comparable.  The n-p s t r u c t u r e  h a s  a  v e r y  t h i n  e m i t t e r ,  which may 

I be of importance f o r  i n c r e a s e d  r a d i a t i o n  hardness .  Experiments w i l l  have t o  be  con- 

I duc ted  t o  a s s e s s  whether  t h e  n-p c e l l  e x h i b i t s  b e t t e r  r a d i a t i o n  t o l e r a n c e .  The 



a d d i t i o n  o f  doping and compos i t iona l  g r a d i e n t s ,  which p rov ide  b u i l t - i n  f i e l d s ,  may 
a l s o  improve r a d i a t i o n  hardness  by r e t a i n i n g  good c a r r i e r  c o l l e c t i o n  even i n  damaged 
m a t e r i a l .  

High-e f f i c iency  c e l l s  in tended  f o r  much h i g h e r  c o n c e n t r a t i o n s  have a l s o  r e c e n t l y  
been f a b r i c a t e d  f o r  t e r r e s t r i a l  use .  I n  t h i s  c a s e ,  t h e  doping l e v e l s  were r a i s e d  
f u r t h e r  t o  accommodate much h i g h e r  c u r r e n t  l e v e l s .  These c e l l s  have t h e  p-n conf igu-  
r a t i o n  and a r e  doped w i t h  Mg i n  t h e  e m i t t e r .  E f f i c i e n c i e s  i n  e x c e s s  of 26% have been 
observed a t  753X (AM1.5, 100 mw/cm2), a s  shown i n  Fig .  7. 

CONCLUSIONS 

Hete roface  AlGaAs-GaAs c e l l s  f o r  s p a c e  c o n c e n t r a t o r  a p p l i c a t i o n s  have been 
demonstra ted w i t h  e f f i c i e n c i e s  a s  h i g h  as 21.1% a t  92X, AMO. Both p-n and n-p c e l l  
s t r u c t u r e s  have been f a b r i c a t e d  u s i n g  MOCVD. The c e l l s  s t i l l  need t o  be t e s t e d  a t  
t empera tu res  up t o  80°C. S i m i l a r l y ,  t h e  e f f e c t s  o f  i n t e n t i o n a l  g r a d i e n t s  i n  doping 
and composi t ion must b e  e v a l u a t e d .  R a d i a t i o n  h a r d n e s s  may b e  i n c r e a s e d  by i n c l u d i n g  
g r a d i e n t s  and u s i n g  t h e  n-p c o n f i g u r a t i o n .  
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TABLE I. RESULTS OF CELLOPT OPTIMIZATION RUNS FOR CELLS 
OPERATING UNDER 100X, AM0 AT 80°C. 

E = e x p o n e n t i a l  p r o f i l e  
L = l i n e a r  p r o f i l e  
U = c o n s t a n t  l e v e l  of dopant o r  aluminum f r a c t i o n  

Doping P r o f i l e  Aluminum P r o f i l e  E f f i c i e n c y  (%) 
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Fig. 3 Current-voltage c h a r a c t e r i s t i c s  f o r  an  
optimized p-n c e l l  a s  pred ic ted  by computer 
model. The c e l l  ope ra t ing  condi t ions  a r e  
i nd ica t ed .  
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Fig. 5 Current-voltage characteristics for 
a p-n cell under simulated concentrated 
light. 

Fig. 6 Ce3l efficiency versus solar concentration 
at 28OC, AMO: computer model (I), 
experimental (e) . 



Fig. 7 Current-voltage characteristics for 
an experimental p-n solar cell under 
simulated terrestrial concentrated 
light. 
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Single junction GaAs solar cells have already attained an efficiency of 19% AM0 
which could potentially be increased to -20 %, with some optimization. To achieve 
the higher efficiency we must employ the concept of multibandgap solar cells which 
utilizes a wider region of the solar spectrum. One of the materials for fabricating 
the top cell in a multibandgap solar cell is AlGaAs because it is compatible with 
GaAs in bandgap and lattice match. This is a very important consideration from the 
materials technology point of view; this paper evaluates the viability of this 
approach. It is interesting to note that in this context the technology for AlGaAs 
has been well developed for applications to lasers and to high speed transitors. 

AlGaAs LPE GROWTH 

During the past few years we have developed and perfected the infinite solution 
LPE growth technique for the fabrication of single junction GaAs solar cells. We are 
now extending the technology to the fabrication of AlGaAs solar cells. Since A1 is a 
very reactive element and is easily oxidized when exposed to air, we need to grow two 
AlGaAs layers in succession on a GaAs substrate. To achieve this goal we modified 
the crucible in our LPE furnace to a multiwell crucible using different AlGaAs solu- 
tions, including the p-type AlGaAs solution with Be as the dopant. The other solu- 
tions are n-type, Sn-doped A1 Gal xAs solutions. Figure 1 shows a sketch of our 
multiwell crucible and Table f inalcates the composition of each solution. Figure 2 
shows the baseline design of an AlGaAs solar cell; it is identical to our AlGaAs-GaAs 
homojunction solar cell. Figure 3 shows the entire temperature cycle for growing the 
AlGaAs solar ce l l  from a multiwell system. The first layer is an n-type AlGaAs base 
layer grown directly on a GaAs substrate and the second layer is the p-type AlGaAs 
window layer. The AlGaAs window layer is necessary to reduce the surface recombina- 
tion velocity at the front surface of the cell. During the growth of the window 
layer, the dopant (Be) diffuses into the base n-AlGaAs layer to form an active photo- 
voltaic junction. 

RESULTS AND DISCUSSIONS 

We have fabricated a number of AlGaAs solar cells with three different A1 con- 
centrations in the base region of the cell. Figures 4, 5, and 6 show the photo IV 
and spectral response of these cells. Table I1 summarizes the results from these 
measurements. The short circuit currents measured from these cells are lower than 
expected for the A1 concentration in the base layer. The reduction in the cell's 
short circuit current is not caused solely by the increase of the bandgap in the 
material as the A1 concentration is increased. In our experimental cells made to 
date, this loss of short circuit current was caused to a large extent by decreased 
electrons and hole diffusion lengths, combined with an excessive junction depth. 



Figure 1. Multiwell crucible (top 
view) for growing AlxGal-xAs. 
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Figure 2. A1xGal-xAs solar cell structure. 

Table I. Melt Composition in the Multiwell Crucible 

Melt - 
Melt - Sise - Solution Type 
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Figure 3.  Temperature cycle for growing A1 Gal-2s 
(growth sequence: 1 B + 2 A) . x 
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Figure 4. A l G a A s  solar ce l l  characteristics (A1 concentration = 20%; ce l l  area, 
2 cm x 2 cm) . 
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Figure 5. AlGaAs solar cell characteristics (A1 concentration = 30?6; 
cell area, 2 cm x 2 cm). 

0.5 1 .O 

v 
PHOTO I-V 

Figure 6 

0 
0.4 0.5 0.6 0.7 

WAVELENGTH,pm 

SPECTRAL RESPONSE 

AlGaAs solar cell characteristics (A1 concentration = 4M; 
cell area, 2 cm x 2 cm). 



Table 11. AlxGal-xA~ Solar Cell Performance (cell area, 2 cm x 2 cm) 

Al CONCENTRATION 'SC "OC P~ AX I 
% mA - v - FF - mW - % - 

Figure 7 shows the measured Hall electron mobility as a f nct'on f A1 concen- 
tration. The mobility is reduced from close to 2000 to 550 cmY v" s-' when the A1 
concentration is increased from 20 to 40 %. The decrease in mobility is due to the 
A1 alloy composition in the materials. The lower value of mobility reflects lower 
diffusion le s since diffusion length is related to the mobility by L = ygBh ((kT/q)* *T) . In addition, AlGaAs may be heavily compensated in our layers. The 
reason for such a high compensation level is due to the increase of the impurity 
activation energy when the A1 concentration is increased. Since solar cells require 
high doping density, we had to add more Sn to the AlGaAs solution, which may also 
adversely affect the electrical properties of the material. In addition to the Hall 
mobility, the lifetime of the minority carriers can also be shortened, resulting in 
the observed lower diffusion length. Thus, we believe that the mobility and lifetime 
limitations are the main reasons for the lower performance of the cells. Use of 
dopants such as Te or Se may reduce the problem, but their behavior in AlGaAs needs 
to be carefully evaluated. 

Many small area (1.6E-4 AlGaAs mesa diodes identical to the structure of 
the large area AlGaAs solar cells described above were fabricated for Deep Level 
Transient Spectrascopy (DLTS) measurements to detect the defect levels as a function 
of A1 concentration in the AlGaAs material. Figures 8 and 9 show DLTS scans of elec- 
tron traps in AlGaAs material for two different A1 concentrations, x = 0.2 and 
x = 0.3, respectively. However, we did not observe any defects in our LPE GaAs 
epilayers. Table I11 summarizes the DLTS results of the measured defect parameters 
in A l G a A s .  The measured activation energies of electron traps for both materials are 
different. For the A10.3Ga0 gAs sample, the activation energies are 0.2 and 0.44 eV 
below the conduction ban , while the activation energies of electron traps for the 

As sample are 0.18 and 0.28 eV below the conduction band. The difference A1O gGa0.z. in t e ac iva ion energy of the deeper electron trap observed in these two samples 
may be attributed to the different DX center formed in these two samples. For 
example, Lang and Logan (1) have observed the Ec-0.43 eV level in the Te-doped AlGaAs 
specimen, while Zhou et al. (2) and Kumagai et al. (3) have observed an E -0.44 eV 
electron trap in the Si-doped AlGaAs material. Thus, the E -0.44 eV elecgron trap 
observed in AlGaAs material could be attributed to either tke Si-impurity or the 
Te-impurity related defect center formed in these layers. According to Lang and 
Logan, this impurity center is in fact a donor and a vacancy defect complex known as 
a DX center. Further, Kumagai et al. have shown that the activation energies of the 
DX centers with group IV impurities become shallower as the mass number of impurities 
is increased, while those with group VI impurities remain constant. Our result is 
consistent with those reported by Kumagai et al. and Lang and Logan. 



Al CONCENTRATION, X 

Figure 7. Electron Hall mobility, pe,  as a function of alloy composition, x ,  
for AlxGal - xAs alloys. 

Figure 8. DLTS scan of electron traps in Alo.2Ga0+. 



Figure 9. DLTS scan of electron traps in A10.3Ga0.7A~ 

Table 111. Defect Parameters of AlxGal-,As as Determined 
by DLTS Measurements for x = 0.2 and 0.3 

15031 -6 

(AREA = 4.153 x cm2) 

A10.3Ga0.7As 

A10.2Ga0.8As 

ND (cmJl 

7.01 x 1016 

2.92 x 1017 

ET (eV) 

E,-0.18 

E,-0.28 

E, - 0.20 

E, - 0.44 

NT ( ~ m - ~ )  

5 . 7 0 ~ 1 0 ~ ~  

7.92x1015 

3.10 x 1016 

9.83 x 1015 

6, (cm 2 

6 . 8 9 ~ 1 0 - l 5  

8 . 0 0 ~ 1 0 - ~ ~  



SUMMARY 

In summary, we have fabricated a number of AlGaAs solar cells using our LPE 
growth technique, and also two sets of AlGaAs mesa diodes with different A1 
concentrations. The AlGaAs solar cell efficiency decreases as the A1 concentration 
is increased. We attribute the observation to the shortened diffusion length, which 
in turn is caused by the low electron and hole mobilities and also the lower minority 
carrier lifetime. This is verified by both the Hall measurements and DLTS studies on 
the AlGaAs materials. Our study is consistent with earlier studies by other workers; 
the defect centers are related to the defect complex formed by an impurity and a 
vacancy. We are studying methods to limit the number of these defect centers in 
order to improve the AlGaAs solar cell performance by optimizing the A1 concentration 
and different dopants and dopant concentrations to reduce the problem caused by the 
amphorteric nature of tin. 
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G a A s P  O N  G a p  TOP SOLAR C E L L S *  

J a m e s  B .  M c N e e l y ,  G e r a l d  H. N e g l e y ,  a n d  A l l e n  M. B a r n e t t  
A s t r o p o w e r  D i v i s i o n  
A s t r o s y s t e m s ,  I n c .  

N e w a r k ,  D e l a w a r e  

G a A s P  o n  G a p  t o p  s o l a r  c e l l s  a s  a n  a t t a c h m e n t  t o  s i l i c o n  b o t t o m  
s o l a r  c e l l s  a r e  b e i n g  d e v e l o p e d .  T h e  G a A s P  o n  G a p  s y s t e m  o f f e r s  
s e v e r a l  a d v a n t a g e s  f o r  t h i s  t o p  s o l a r  c e l l .  T h e  m o s t  i m p o r t a n t  i s  t h a t  
t h e  g a l l i u m  p h o s p h i d e  s u b s t r a t e  p r o v i d e s  a r u g g e d ,  t r a n s p a r e n t  m e c h a n -  
i c a l  s u b s t r a t e  w h i c h  d o e s  n o t  h a v e  t o  b e  r e m o v e d  o r  t h i n n e d  d u r i n g  
p r o c e s s i n g .  A d d i t i o n a l  a d v a n t a g e s  a r e  t h a t  1) g a l l i u m  p h o s p h i d e  i s  
m o r e  o x i d a t i o n  r e s i s t a n t  t h a n  t h e  1 1 1 - V  a l u m i n u m  c o m p o u n d s ,  2 )  a r a n g e  
o f  e n e r g y  b a n d  g a p s  h i g h e r  t h a n  1 . 7 5  eV i s  r e a d i l y  a v a i l a b l e  f o r  s y s t e m  
e f f i c i e n c y  o p t i m i z a t i o n ,  3 )  r e l i a b l e  o h m i c  c o n t a c t  t e c h n o l o g y  i s  
a v a i l a b l e  f  r o m  t h e  l i g h t - e m i t t i n g  d i o d e  i n d u s t r y ,  a n d  I )  t h e  s y s t e m  
r e a d i l y  l e n d s  i t s e l f  t o  g r a d e d  b a n d  g a p  s t r u c t u r e s  f o r  a d d i t i o n a l  
i n c r e a s e s  i n  e f f i c i e n c y .  

INTRODUCTION 

T h e  o p t i m u m  b a n d  g a p  f o r  a t o p  s o l a r  c e l l  o n  a s i l i c o n  b o t t o m  c e l l  
( 1 . 1  e V )  l i e s  b e t w e e n  1 . 7 5  a n d  2 . 0 7  eV [ l ] .  T o p  s o l a r  c e l l  l a y e r  
c o m p o s i t i o n s  c o r r e s p o n d i n g  t o  b a n d  g a p s  o f  1 . 7 5  eV o r  h i g h e r  a r e  b e i n g  
i n v e s t i g a t e d  t o  d e t e r m i n e  t h e  o p t i m u m  b a n d  g a p  a s  a f u n c t i o n  o f  r e a l  
d e v i c e  a n d  s y s t e m  p e r f o r m a n c e .  F o r  e x a m p l e ,  t h e  p o t e n t i a l  g a i n  i 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 s  a t  2 . 1  eV, d u e  t o  a r e d u c e d  l a t t i c e  
m i s m a t c h ,  may n e t  a h i g h e r  s y s t e m  e f f i c i e n c y .  

G a A s P  TOP SOLAR CELL DESIGN 

T h e  GaAsP o n  G a p  t o p  s o l a r  c e l l  d e s i g n  i s  b a s e d  o n  a m o d e l  u s e d  t o  
c a l c u l a t e  t h e o r e t i c a l  maximum e f f i c i e n c i e s  o f  t a n d e m  s o l a r  c e l l  s y s -  
tems. T h e  m o d e l  t h a t  i s  b e i n g  u s e d  f o l l o w s  t h a t  d e s c r i b e d  b y  F a n  [ I ] .  

A s s u m i n g  u n i t y  q u a n t u m  e f f i c i e n c y  a n d  n o  l o s s e s ,  t h e  m o d e l  
p r e d i c t s  a maximum t a n d e m  s o l a r  c e l l  e f f i c i e n c y  o f  3 4 . 8 %  f o r  t h e  A M 0  
s p e c t r u m  a t  a o n e  s u n  i n s o l a t i o n .  T h i s  o p t i m u m  p e r f o r m a n c e  i s  b a s e d  o n  
a f o u r - t e r m i n a l  c o n f i g u r a t i o n .  T h e  t o p  s o l a r  c e l l .  h a s  a n  e n e r g y  g a p  o f  
1 . 9 7  eV a n d  t h e  c a l c u l a t e d  p e r f o r m a n c e  f o r  b o t h  i d e a l  s o l a r  c e l l s  i s  
s h o w n  i n  T a b l e  I .  

* P a r t i a l  s u p p o r t  h a s  b e e n  p r o v i d e d  b y  t h e  A i r  F o r c e  A e r o P r o p u l s i o n  
L a b o r a t o r y  u n d e r  C o n t r a c t  N O .  F 3 3 6 1 5 - 8 4 - C - 2 4 8 6 .  



Table I. 

' ?r*r t, 1 i 

b .  

A 

3fi~a*l Tandem Solar Cell Model - AM0 ,. P i ' 
~ (Bottom Cell - Silicon) 

Jsc Voc - FF - 
(volts) 

Efficiency 
( % >  

The actual anticipated efficiencies can be modeled by considering 
losses [ 2 ] .  The one sun losses are tabulated below in Table 11. 

Table 11. 

Tandem Solar Cell Model with Losses: 

- Optical and recombination losses which reduce Jsc as follows: 

Top surface reflection - 2.6% 
Grid Shading - top cell 4.0% 
Absorption losses - top cell 2.0% 

bottom cell 9.0% 
Recombination losses - top & bottom cell 6.2% 
Bottom grid shading loss - bottom cell only 4.0% 
Reflection loss - bottom cell only 1.0% 

- Electrical losses, which reduce fill factor: 

I Series resistance losses - both solar cells 

Gap 
(ev > 

Jsc 
(m~/cm2) 

Voc 
(volts) 

Efficiency 
( 2 )  

Another useful case is based on an energy gap larger than the 
optimum of 1.97 eV. For example, at 2.07 eV, the arsenic concentration 
can be reduced from x = 0.54 to x = .40, leading to a reduced lattice 
mismatch of 1.5% from 2.0%. The energy conversion efficiency reduction 
from the optimum may be offset by longer actual diffusion lengths based 
on reduced lattice mismatch. This design clearly merits further 
examination. The analysis of this design (2.07 eV) leads to a predict- 
ed tandem solar cell efficiency of 34.5% which is similar to that 
predicted by the optimized design at 1.97 eV. 

I Finally, the GaAsF on Gap system lends itself to graded energy 
gaps on both sides of the junction. It has been shown that this can 

1 lead to a s  much as a n  11% increase in energy conversion efficiency 



[3]. This graded energy gap design will be studied to maximize system 
conversion efficiency. 

A range of energy gaps between 1.75 eV and 2.07 eV for the top 
solar cell junctions is being explored during this program. 

DEVICE PREPARATION 

The solar cell structure is being grown using liquid phase 
epitaxial growth. The advantages of liquid phase epitaxy are excellent 
transport properties, minimum contamination, uniform thickness control, 
and reductions in point defects and dislocations. Liquid phase 
epitaxial growth has, in general, demonstrated devices that a r e  
superior in performance to those grown by the other methods [4,5]. 
These superior performance devices include light emitting diodes, 
semiconductor lasers, magnetic garnet bubble memories and GaAs solar 
cells. The improved performance of liquid phase epitaxial, LPE, 
devices when compared to vapor phase or diffused devices can be 
attributed to the exact stoichiometry control, longer d i f f u s i o n  
lengths, fewer deep levels and the tendency of impurities to segregate 
to the liquid rather than the solid. 

Ideally, one would like to grow epitaxial layers on lattice- 
matched substrates. While this is not possible with the GaAsP on Gap 
devices, we have demonstrated lattice-mismatched liquid phase epitaxial 
growth of GaAsP on gallium phosphide substrates. Recently multiple 
graded layers of GaAsP on Gap with a composition of GaAs.68P.32 
corresponding to a band gap of 1.81 eV have been grown with smooth 
morphologies in our laboratories. The overall degree of lattice 
mismatch between GaAs.68P.32 (ao = 5.5886) and Gap (ao = 5.45117) is 
2.52%. This growth was accomplished by three individual grading layers 
each accommodating 1.86%, 0.33%, and 0.33% of the lattice mismatch, 
respectively. Grading was readily accomplished by melt depletion. 
Moon and co-workers [6] have independently shown feasibility of liquid 
phase epitaxial grading to obtain smooth layers that are mismatched 
relative to the substrate for the GaAsP and other ternary and quater- 
nary systems. The GaAsl-Px graded layer from Moon's work shows uniform 
compositional grading for GaAsP system and smooth growth morphology for 
a GaAso.6Po.4 layer on which corresponds to a 2.22% lattice mismatch in 
a single layer. 

These results are indeed encouraging. The optical transmission of 
the three GaAsP layers grown by us are shown in Figure 1. 

Mismatch dislocations result from compositional discontinuities 
and from composition variations that are too large for the layers to 
accommodate the mismatch within the graded layer. A method of reducing 
misfit dislocations to zero has been described [7]. This method uses a 
two-stage top layer growth from similar melts to achieve zero misfit 
dislocation growth. Misfit dislocations are pinned at the termination 
of the first layer growth, making extension of the misfit. dislocation 
in the second homo-epitaxy layer difficult. 

Characterization of these layers is by optical transmission, 
optical microscopy, spectral response, scanning electron microscopy, 



EDAX and misfit dislocation decoration and analysis. Minority carrier 
diffusion length will be optimized based on variations in growth 
parameters and compositions. 

Solution growth of multi-layer structures of GaAs-Gap will be 
performed using the slider method developed for liquid phase epitaxial 
growth [ 8 ] .  The slider apparatus serves as a substrate holder and melt 
container for the growth solutions. Advantages of the slider appar- 
atus over other techniques, such as dipping, are 1) t'he substrate wafer 
can be brought in and out of contact with the melts, 2) several melts 
can be used in sequence, 3) growth is restricted to a single side of 
the wafer, 4) substrate-solution contact is from the bottom of the melt 
where there are no floating oxides or other contaminants, 5) excess 
solution can be wiped off the wafer by the slider action of the boat, 
and 6) thermal equilibrating and temperature profiling are greatly 
facilitated. The graphite slide apparatus fits into a cooling or 
temperature gradient furnace, as appropriate. The furnace zones can be 
controlled to better than 10C. We use a furnace atmosphere based on a 
high purity mixture of hydrogen or 15% hydrogen and 85% nitrogen, which 
i s  continuously sweeping the furnace and slider apparatus during the 
furnace operation. 

A feature of the slider boat apparatus particular to this program 
is the grading of the width of the growth wells shown in Figure 2. 
This graded well width design permits individual access to each of the 
grown layers after the substrate is removed from the boat. 

Based on thermodynamic considerations, the preferred solvent for 
the p-layer is gallium, and for the n-layer, gallium or tin. Both of 
these materials are available commercially with purities in excess of 
99.9999%. Both p-type and n-type single crystal gallium phosphide are 
available commercially with various dopants and doping levels, consis- 
tent with device design considerations. Melts are composed of about 10 
grams of solvent and appropriate amounts of Gap and GaAs. Growth is 
accomplished by placing the Gap substrates under the first melt to grow 
a transition layer of .GaAsxP1-, by controlling the temperature level, 
cooling rate, and time of exposure, and continuing, in turn, to each 
melt shown in the growth apparatus in Figure 2 until all requisite 
layers are grown. 

Phase equilibria data have been determined for both the gallium 
and tin solvent systems. 

The specific multi-layer structure being grown is based on our 
demonstrated growth to date tailored to have a uniformly graded 
structure. The structure is shown in figure 3 and is composed of four 
basic layers. The first three layers are graded in composition in a 
controlled manner either as finite composition steps, or as continuous 
compositional variations shown in Figure 4. The continuous composi- 
tional variations are achieved by melt depletion. The fourth layer is 
a thin cap layer. These layers, the method for preparation, and 
methodology for optimization are described in the next four paragraphs. 

This structure can be produced readily in the LPE apparatus with 
equal facility for either n on p or p on n structures. Either zinc or 



magnesium will be used in the top GaAsxP1-, layer to form the p/n 
junction, and tellurium will be used to form the n/p junction. The 
salient feature of this design is that the band gap of top of each 
layer is 2.07 eV, 1.95 eV, and 1.75 eV band gaps. Growth may be 
truncated at individual layers of interest, and comparison of otherwise 
equivalent material may be made with only the stated variations in band 
gap. T h i s  permits experimental optimization of band gap during 
preparation of the structure. The added benefit of this structure is 
that each successive layer has only about 0.6% lattice mismatch, and at 
no point in the top two graded layers does the structure grade more 
than 2 mole % GaAs per micron of growth. This allows the top layers to 
be reasonably thin and insures their equivalency for the optimization 
experiments. 

This graded layer structure does not represent an excessive number 
of layers even with intermediate layers. Our current boat design 
operates with up to nine melts. 

The compositional variation with layer thickness is shown in 
Figure 4. For the top two layers, the curvature is very slight and the 
compositional variation is nearly a linear function. Indeed, the 
differential or slope of composition with respect to t h i c k n e s s  
increases only slightly as the final compositions with each layer are 
approached. Other variables, growth time, temperature level, growth 
rate and melt size, can be varied based on detailed comparison of the 
experimental results. Initial and final temperature and melt composi- 
tions establish the grown layer composition. Melt size and wafer area 
determine layer thickness. Cooling rate and growth time are dependent 
on each other since initial and final temperatures are fixed for a 
given growth situation. For example, slowing the actual growth rate 
can be done to improve crystal morphology, leading to increased growth 
time. Intermediate dislocation blocking layers are also planned after 
the first layer and the second layer are grown if necessary. 

The cap layer is a thin grown layer. The cap serves to reduce 
surface recombination and can also serve as a source of dopant for a 
d i f f u s e d  j u n c t i o n  [ 9 ] .  T h i s  l a y e r  w i l l  b e  e i t h e r  G a p  o r  
GayAll-yAsxP1-x material with initial experiments using gallium 
phosphide. GayAll-yAsxP1-x will be used if interface dislocations due 
to Gap lattice mismatch prove to be a problem. Gallium phosphide has a 
high oxidation resistance, and it has been studied extensively in 
terms of metallic ohmic contacts. The cap layer will be thin enough so 
that it minimizes the effect on the crystal structure in the underlying 
active region. The cap layer is basically a conducting layer and 
serves to reduce the surface recombination velocity of the adjacent 
layer; it is probably not necessary that this layer possess t h e  
crystalline perfection of the preceding layers. Therefore, a inter- 
facial compositional discontinuity may be tolerated between the cap 
layer and the top active layer. However, aluminum additions to the 
structure will be used, if needed, to optimize lattice matching for the 
cap layer. The cap layer may be grown from a tin solution for n-type 
layers, or from gallium for p-type layers. 



CONTACTS 

With the grown multi-layer wide band gap structure described 
above, the next task is to form ohmic contacts on the top and bottom 
surfaces of the wafer. No thinning prior to contact formation is 
required with this solar cell design because the gallium phosphide 
substrate is transparent to photons less energetic than the band gap of 
the active junction of the top cell. The structure is, in fact, quite 
sound mechanically and, therefore, is expected to have low breakage and 
high fabrication yields during subsequent processing. 

The n-type contact consists of thermally evaporated Au/Ni or 
Au/Ge/Ni on a clean wafer surface. Surfaces are etched prior to 
evaporation using 1:l HC1-H20 and are rinsed thoroughly in 18-meg ohm 
deionized water, dried, and placed immediately in the evaporator. 
Evaporation is done using tungsten wire baskets to contain the individ- 
ual sources, and layer thickness is controlled by evaporation to 
completion (Au: 1200-1600Ao; Ni: 50-150AO). alloying is accomplished 
at an optimum established to be 5250C for two minutes. Contacts are 
processed using standard photolithography techniques. Pulse-plating of 
1-3 microns of gold or silver to the base metallization pattern will be 
employed to assure sharp vertical plating features and to reduce 
unnecessary shadowing or overlap of metallization patterns. 

P-contacts will be fabricated similarly to the n-contacts except 
gold-zinc alloy i s  used instead of Au/Ge/Ni or Au/Ni during the 
evaporation step. Stable contacts to semiconductor laser and LED Gap 
and GaAsP structures have become a well-controlled manufacturing 
science and we do not expect this area to be a problem. 

EXPERIMENTAL RESULTS 

The growth of smooth, uniform layers of GaAsXP1-, on Gap sub- 
strates with x of the top layers ranging from 0.4 to 0.68 and energy 
gaps of 2.07 eV to 1.81 eV has been successfully demonstrated. These 
layers were grown using a combination of step grading and depletion 
grading. 

A GaAsP structure has been designed which will allow the explor- 
ation of a range of energy band gaps between 1.75 eV and 2.07 eV for 
the top solar cell. The higher energy gaps may lead to improved "real" 

1 system performance in a four terminal configuration. 

T h e  solar c e l l  structure is being grown using liquid phase 
epitaxial growth techniques. Three-layer structures grading from 
GaAs.qP.6 (2.07 eV) to GaAs.68P.32 (1.81 eV) have been produced in our 
laboratories using LPE. 

The solar cell development to date has been most encouraging. The 
overall goal is to produce GaAsP top cell having Voc 1.50 volts, Jsc 
17.8 m ~ / c m 2 ,  a fill factor of 0.89, and an overall efficiency of 17.6%, 
based on the details shown in Table 11. To date we have achieved a 
maximum Jsc of 10.6 m ~ / c m ~  (corrected for reflection losses), a maximum 
Voc of 1.394 volts and fill factors greater than 0.75. The present 
plan is to optimize each parameter separately using simplified col- 



lector structures to optimize Voc, and Schottky and MIS structures to 
optimize, measure, and improve diffusion lengths and Jsc. Ohmic 
contacts for these structures, which are reproducible and reliable and 
have shown good mechanical adhesion in tests to date, have been 
developed. 

CONCLUSIONS 

Preliminary results are encouraging for the development of a wide 
band gap GaAsP top solar cell for attachment to conventional silicon 
solar cells. Solar conversion efficiency increases of over 50% may be 
expected with the successful development of this technology. 
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VACUUM MOCVD FABRICATION OF HIGH EFFICIENCY CELLS a 

FOR MULTIJUNCTION APPLICATIONS* 

L. D .  P a r t a i n ,  L .  H.  Fraas ,  P. S. HcLeod, and J.  A. Cape 
Chevron Research Company 

Richmond, Ca l i fo rn i a  

Vacuum metal-organic-chemical-vapor-deposition (MOCVD) i s  a new f a b r i c a t i o n  
process  w i t h  improved s a f e t y  and e a s i e r  s c a l a b i l i t y  due t o  its metal r a t h e r  than  
g l a s s  cons t ruc t ion  and i t s  uniform mul t ipor t  gas i n j e c t i o n  system. It uses source 
ma te r i a l s  more e f f i c i e n t l y  than o the r  methods because the vacuum molecular flow con- 
d i t i o n s  allow the  high s t i c k i n g  c o e f f i c i e n t  r e a c t a n t s  t o  reach the  s u b s t r a t e s  a s  
undef l ec t ed  molecular beams and the  hot  chamber wal l s  cause the  low s t i c k i n g  c o e f f i -  
c i e n t  r e a c t a n t s  t o  bounce of f  the  walls  and i n t e r a c t  with t h e  s u b s t r a t e s  many times. 
This high source u t i l i z a t i o n  reduces the ma te r i a l s  c o s t s  per  device and substan-  
t i a l l y  decreases  t h e  amounts of t o x i c  ma te r i a l s  t h a t  must be handled a s  process  
e f f l u e n t s .  The molecular beams al low p rec i se  growth cont ro l .  With improved source 
p u r i f i c a t i o n s ,  vacuum MOCVD has provided p GaAs l a y e r s  with 10-p minor i ty  c a r r i e r  
d i f f u s i o n  lengths  and GaAs and GaAsSb s o l a r  c e l l s  with 20% AM0 e f f i c i e n c i e s  a t  59X 
and 99X s u n l i g h t  concent ra t ion  r a t i o s .  Mechanical s t ack ing  has been i d e n t i f i e d  a s  
t he  quickes t ,  most d i r e c t  and l o g i c a l  path t o  s tacked mul t ip le - junc t ion  s o l a r  c e l l s  
t h a t  perform b e t t e r  than  t h e  b e s t  s ing le- junc t ion  devices .  The mechanical s t ack  is 
configured f o r  immediate use i n  s o l a r  a r r ays  and al lows in te rconnect ions  t h a t  
improve the  system end-of- l i fe  performance i n  space. A GaAsP c e l l  of 13% AM0 e f f i -  ~ ciency has been f a b r i c a t e d  onto a t r anspa ren t  Gap s u b s t r a t e  (GaAsP/GaP). Mechan- 
i c a l l y  s t ack ing  t h i s  GaAsP/GaP on c u r r e n t  technology s i l i c o n  c e l l s  would g ive  a com- 
bined 20% AM0 performance. P r a c t i c a l  e f f i c i e n c y  l e v e l s  of f u l l y  developed systems 
should be 27% AM0 f o r  GaAsP/GaP on s i l i c o n  and approaching 30% AM0 f o r  GaAsP/GaP on 
a d i r e c t  .band gap bottom c e l l .  Incorpora t ing  these  devices  i n  l i g h t  concent ra tor  
systems o f f e r s  t he  h i g h e s t  e f f i c i e n c i e s ,  t he  b e s t  t o l e r ance  of nonideal  device 
behavior,  and the  most p ro t ec t ion  aga ins t  damaging r ad ia t ion .  

1 INTRODUCTION 

Vacuum MOCVD is a new f a b r i c a t i o n  process  t h a t  has been under development a t  
Chevron Research f o r  t h e  p a s t  s e v e r a l  years  ( r e f .  1 )  t o  produce h igh  e f f i c i e n c y  
s o l a r  c e l l s .  A novel and b e n e f i c i a l  f e a t u r e  of the  vacuum conf igu ra t ion  is t h a t  gas  
t r a n s p o r t  is  by molecular flow, while i n  higher  pressure ,  convent ional  MOCVD it is 
by laminar flow. The vacuum conf igura t ion  incorpora tes  some of t he  b e s t  f e a t u r e s  of 
molecular beam epi taxy  (MBE). It  produces high q u a l i t y  l a y e r s  and s o l a r  c e l l  junc- 
t i o n s  equiva len t  t o  the  b e s t  obtained by o the r  methods. I t  is we l l  s u i t e d  t o  t h e  
formation of s o l a r  c e l l s  on a t r anspa ren t  s u b s t r a t e  which can r e a d i l y  be s tacked 
mechanically onto another  c e l l  t o  form mult iple-  junct ion devices .  Mult iple  junc- 
t i o n s  o f f e r  t he  p o t e n t i a l  f o r  s i g n i f i c a n t l y  improved device  performance ( r e f .  2 ) .  
Mechanical s t ack ing  circumvents many of the problems encountered i n  o t h e r  mult iple-  
junc t ion  conf igura t ions  and it provides c e l l  in te rconnect ions  t h a t  improve the  
end-of- l i fe  e f f i c i e n c i e s  l imi t ed  by d i f f e r e n t  junct ion degradat ion r a t e s  i n  space. 

*This work was supported i n  p a r t  by c o n t r a c t s  with the  So la r  Energy Research 
I n s t i t u t e  and with the  A i r  Force Wright Aeronaut ical  Laboratory. 
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. 
When the  s e r i e s  r e s i s t ance  and device temperature can be kept  s u f f i c i e n t l y  low, con- 

I cent ra ted  l i g h t  systems o f f e r  the  bes t  ove ra l l  performance c h a r a c t e r i s t i c s .  

1 VACUUM MOCVD 

A s impl i f ied  schematic of the vacuum MOCVD system is shown i n  f igure  1. The 
operat ing pressure of the  r eac to r  is  i n  the 1 m i l l i t o r r  range where convective hea t  
loss  is negl ig ib le .  In conventional higher pressure systems, such convective losses  
a r e  la rge  enough t h a t  mult iki lowatt ,  radiant ,  o r  RF induction heaters  a r e  required 
t o  maintain the  600-700°C reac t ion  temperatures. For heat ing energy transmission, 
these  systems use g lass-  o r  quartz-walled chambers. In con t ras t ,  the  required tem- 
peratures i n  the present  vacuum system a r e  produced by a 600-watt r e s i s t ance  heater .  
The whole f igure  1 system, including the  heater ,  is enclosed by a s t a i n l e s s  s t e e l  
outer  chamber (not  shown) which remains a t  room temperature. This improves the  
s a f e t y  i n  handling the  tox ic  and pyrophoric gas sources because the re  a r e  no s t rong 
temperature s t r e s s e s  on the  outer  walls  and because the  metal does not  s h a t t e r  l i k e  
g lass .  In addit ion,  any small  gas leaks a r e  in to ,  r a the r  than out  of ,  the  vacuum 
enclosure. Since the  main s t r u c t u r a l  element is s t e e l ,  the  system can be scaled up 
i n  s i z e  more e a s i l y  than glass-based systems. The mult iple gas i n j e c t i o n  por t s  
shown i n  f igure  1 maintain the  growth uniformity during such sca l ing .  

Figure 1 i l l u s t r a t e s  the  e p i t a x i a l  growth of GaAs onto a GaAs subs t ra te .  The 
source gases of a r s i n e   ASH^) and t r ie thylgal l ium (TEG) a r e  fed i n  from the  s i d e  and 
bottom, respect ive ly ,  of the inner graphi te  reac tor  chamber, which has hot  walls. 
This configurat ion combines some of the bes t  f ea tu res  of MBE and t r a d i t i o n a l  CVD 
while avoiding some of t h e i r  se r ious  problems. The expensive and comparatively r a r e  
TEG is used e f f i c i e n t l y .  In the  molecular flow vacuum, the  TEG molecular beam 
d e l i v e r s  Ga d i r e c t l y  t o  the  s u b s t r a t e  without de f l ec t ion  and with a high s t i c k i n g  
c o e f f i c i e n t  ( r e f .  3 )  t h a t  is dependent on the  A s H 3  overpressure ( r e f .  4 ) .  The 
s t i c k i n g  c o e f f i c i e n t  is l e s s  than one s ince  some GaAs forms on the  bottom wall  of 
the  graphi te  chamber. Essen t i a l ly  a l l  the TEG reac t s  i n  the  chamber with none 
detec ted  a t  the  e x i t  p o r t  with a r e s idua l  gas analyzer (RGA).  This ind ica tes  a Ga 
u t i l i z a t i o n  e f f i c i ency  of the  order  of 50% or  g rea te r  f o r  large-scale systems with 
p lanar  geometry where mul t ip le  TEG i n j e c t i o n  nozzles provide growth uniformity. The 
ASH3 d i s t r i b u t e s  uniformly throughout the reac t ion  chamber due t o  i t s  low s t i c k i n g  
c o e f f i c i e n t  (est imated 0.01 value)  and its mult iple bounces off  the  ho t  chamber 
walls.  This provides many oppor tuni t ies  f o r  the A s H 3  t o  r e a c t  on the  s u b s t r a t e  sur-  
face. An AsH3 overpressure is required f o r  good epitaxy ( r e f .  3 ) ,  and the  AsH3/TEG 
flow r a t i o  of 6:l used i n  t h i s  system ind ica tes  an A s H 3  u t i l i z a t i o n  of the  order  of 
1 5%. Upstream decomposition of the  AsH3 i n  a thermal cracker (shown i n  f ig .  1 ) 
gives more e f f i c i e n t  growth with a reduced AsH3/TJ3G flow r a t i o  of 3: 1 and a 30% 
estimated AsH3 u t i l i z a t i o n .  A s trong AsH3  s i g n a l  is  detec ted  by the  e x i t  p o r t  RGA 
under a l l  these condit ions.  

The gas u t i l i z a t i o n  is much lower i n  the  conventional, higher pressure,  laminar 
flow MOCVD systems. Only those molecules i n  the boundary layer  next t o  the  sub- 
s t r a t e  cont r ibute  t o  the  e p i t a x i a l  growth. Most of the  gas is  swept p a s t  the  sub- 
s t r a t e s  without touching them. This gives Ga u t i l i z a t i o n  of the  order  of a tenth  o r  
l e s s .  These systems a r e  cold walled and requi re  much higher AsH3  over pressures 
with arsenic-to-gallium flow r a t i o s  typ ica l ly  i n  the  20-100 range ( re f .  5 ) .  Such 
wastes increase the  mater ia ls  c o s t  per  device by a t  l e a s t  a f a c t o r  of two. The 
problems of s a f e  e f f l u e n t  management a r e  mult ipl ied by the orders  of magnitude 
higher volumes of tox ic  A s H 3  re leased through the  e x i t  p o r t  of higher pressure sys- 
tems. In  MBE machines using AsH3 ( r e f .  4 ) ,  most of t h i s  gas is l o s t  s ince  it has 
e s s e n t i a l l y  a s i n g l e  chance t o  s t r i k e  the  subs t ra te .  MBE growth uniformity is 



d i f f i c u l t  t o  achieve with a  s i n g l e  Ga i n j e c t o r  nozzle ( r e f .  3 ) .  The mul t ip le  
molecular Ga beams i n  t he  p re sen t  vacuum MOCVD system provide f o r  uniformity a long  
wi th  the  p r e c i s e  growth c o n t r o l  c h a r a c t e r i s t i c s  of MBE. 

MATERIALS AND DEVICES 

A cont inu ing  problem of MOCVD is t h a t  source m a t e r i a l  q u a l i t y  is only beginning 
t o  be improved t o  t h e  l e v e l  of o lde r  techniques l i k e  l i q u i d  phase ep i t axy  (LPE). 
However, r e c e n t  advances i n  moisture  removal ffom AsH3  ( r e f .  6 )  and p u r i f i c a t i o n  of 
the  p dopant source ( r e f .  7 )  have provided l a y e r  growths of high q u a l i t y .  Figure 2 
shows the quantum y i e l d  s p e c t r a  measured on a  s p e c i a l  n+ on p GaAs sample f a b r i c a t e d  
by vacuum MOCVD. The n+ l a y e r  was degenera te ly  doped s o  t h a t  its con t r ibu t ion  t o  
t h e  quantum y i e l d  was n e g l i g i b l e  due t o  Auger recombination ( r e f .  8  and 9 ) .  The 
r e s u l t i n g  curve f i t s  show t h a t  t he  e l e c t r o n  d i f f u s i o n  length  ( L ~ )  i n  the  p l a y e r  i s  
1 . This is  equ iva l en t  t o  t h e  b e s t  values  achieved by o t h e r  growth techniques 
inc luding  LPE. 

Figure 3 shows t h e  I-V p r o p e r t i e s  of two p on n s o l a r  cells grown by vacuum 
MOCVD w i t h  20% AM0 e f f i c i e n c i e s  a t  s u n l i g h t  concent ra t ion  r a t i o s  of 59X and 99X. 
The t e rna ry  GaAsSb c e l l  was formed with molecular beams (see f i g .  1 )  of both TEG and 
t r ie thy lan t imony using a  GaAs s u b s t r a t e  and a  graded Sb composition t r a n s i t i o n  
l aye r .  The e x t e r n a l  quantum y i e l d s  of t he se  devices  a r e  shown i n  f i g u r e  4. The i r  
peak values  a r e  90% and 95% and f l a t ,  i n d i c a t i v e  of long d i f f u s i o n  lengths  and low 
su r f ace  recombination v e l o c i t i e s .  The GaAsSb band gap is 1.35 eV. Both cells had 
su r f ace  pas s iva t ion  by a  s e v e r a l  hundred-angstrom t h i c k  l a y e r  of AlGaAs o r  AlGaAsSb 
formed by swi tch ing  on a  t r i isobutylaluminum molecular beam a t  t h e  end of t h e i r  
growths. Both cells a l s o  had two-layer a n t i r e f l e c t i o n  coa t ing  appl ied .  This  per-  
formance is equ iva l en t  t o  t he  s t a t e -o f - the -a r t  r e s u l t s  r epo r t ed  f o r  o t h e r  f ab r i ca -  
t i o n  techniques.  A l l  t h e  s o l a r  c e l l s  repor ted  i n  t h i s  paper have 0.0386 c m 2  a c t i v e  
a r e a s ,  and a l l  t h e  e f f i c i e n c i e s  a r e  a c t i v e  a r ea  values.  

W e  have prev ious ly  repor ted  the  I-V p r o p e r t i e s  and quantum y i e l d  ( r e f .  10)  f o r  
a  vacuum MOCVD p on n GaAsP c e l l  with 15% AM0 e f f i c i e n c y  a t  a  112X concen t r a t i on  
r a t i o .  (The corresponding AM1.5 e f f i c i e n c y  was 17% a t  133X concent ra t ion . )  This  
c e l l  had a  band gap of 1.6 eV and was grown on top  of a GaAsSb device  on a  GaAs 
wafer. I t  was grown with pH3 gas i n j e c t e d  i n t o  t h e  r e a c t i o n  chamber through a  p o r t  
s i m i l a r  t o  t h a t  used f o r  A s H 3  i n j e c t i o n .  This i l l u s t r a t e s  t h e  v a r i a b l e  band gap 
f a b r i c a t i o n  c a p a b i l i t y  of vacuum MOCVD f o r  t e r n a r y  111-V solar cells. 

MECHANICAL STACK 

The 20% AM0 performance is beginning t o  approach the  p r a c t i c a l  l i m i t s  of e f f i -  
c i e n c i e s  t h a t  can be r e a d i l y  achieved with s ing l e - junc t ion  s o l a r  c e l l s  ( r e f .  1 1 ) .  
However, s t ack ing  two d i f f e r e n t  band gap c e l l s  one on top  of t h e  o t h e r  o f f e r s  t h e  
p o t e n t i a l  f o r  s u b s t a n t i a l l y  h igher  performance l e v e l s  ( r e f .  2 ) .  In  p a r t i c u l a r ,  
s t ack ing  a  GaAsP cel l  onto a  c u r r e n t  technology S i  cell  is promising. Figure 5 
shows the  13% AM0 e f f i c i e n c y  with 64X concen t r a t i on  achieved i n  a  pre l iminary  
experiment w i t h  a  GaAsP c e l l  grown onto a  t r anspa ren t  Gap s u b s t r a t e .  The ca l cu l a -  
t i o n s  show ( r e f .  12)  t h a t  mechanically lay ing  t h i s  dev ice  on top  of a  s i l i c o n  ce l l  
would g ive  a  combined AM0 conversion e f f i c i e n c y  of s l i g h t l y  over  20% with a  250-p 
t h i c k  Gap wafer and app rop r i a t e  a n t i r e f l e c t i o n  coa t ings .  A f u l l y  developed 
GaAsP/GaP top  c e l l  should a lone  approach an e f f i c i e n c y  of about  20%. Mechanically 
s t a c k i n g  such a  c e l l  on a  s i l i c o n  device  should then provide p r a c t i c a l  performance 
l e v e l s  i n  t h e  27% AM0 range ( r e f .  12) .  Much of the  ground work f o r  GaAsP on Gap has  
a l r eady  been l a i d  by t h e  development of l i gh t - emi t t i ng  d iodes  which use t he  same 



mate r i a l s  l aye r s  and p n  junc t ion  s t r u c t u r e .  Replacing the  bottom s i l i c o n  c e l l  
with a f u l l y  developed, d i r e c t  band gap ma te r i a l  with higher  quantum y i e l d  ( f o r  
example, GaAsSb--see f i g u r e  4 )  should provide mechanical s t a c k  performance approach- 
i n g  the  30% AM0 l eve l .  

The mechanical s t a c k  circumvents many of t he  problems t h a t  a r e  c u r r e n t l y  imped- 
i ng  the  progress  of o the r  s tacked ,  mul t i junc t ion  designs.  It is a four- terminal  
device t h a t  e l imina te s  t h e  need f o r  t he  s h o r t i n g  junc t ion  t h a t  has proved d i f f i c u l t  
t o  achieve i n  monolithic layered  devices .  It s i m p l i f i e s  t he  problems of t r a n s i t i o n  
layers .  With a GaAsP c e l l  monol i th ica l ly  s tacked onto a GaAsSb c e l l  a s  descr ibed  i n  
re ference  10, a several-micron t h i c k  t r a n s i t i o n  l a y e r  is requi red  between the  two 
junc t ions  t o  a t t a i n  h igh  performance i n  t he  top  GaAsP; b u t  t h i s  t h i c k  l aye r  absorbs 
photons and l i m i t s  t he  e f f i c i e n c y  of the  bottom c e l l  ( t o  4% i n  re ference  10 ) .  Addi- 
t i o n  of A 1  t o  t h e  t r a n s i t i o n  l a y e r  reduces t h e  absorpt ion,  b u t  t he  performance of 
t he  top  GaAsP junc t ion  is  s u b s t a n t i a l l y  reduced because of problems r e l a t e d  t o  t h e  
A 1  l ayer .  These b a s i c  m a t e r i a l s  problems a r e  a l l  so lvable  given enough t i m e  and 
e f f o r t .  However, t he  qu ickes t ,  most d i r e c t  and l o g i c a l  path t o  high performance 
mul t i j unc t ions  ready t o  use  i n  a r r a y s  is the  mechanical s t ack .  

The monoli thic ,  two-junction s t a c k  of re ference  10 is a three- terminal  device 
t h a t  circumvents s h o r t i n g  junc t ion  problems by using a p n - p  conf igura t ion .  Before 
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it could be used i n  an a r r a y ,  the  complimentary n-p-n two-junction device would have 
t o  be developed. A l l  t h e  involved junc t ions  would need t o  be c u r r e n t  matched f o r  
s e r i e s  connections. 

The four- terminal  v e r s a t i l i t y  of mechanical s t a c k s  al lows the  devices  t o  be 
connected s o  t h a t  end-of- l i fe  system performance is improved. With d i f f e r e n t  junc- 
t i o n s  exposed t o  t h e  space r a d i a t i o n  environment, each junc t ion  would be expected t o  
degrade a t  a d i f f e r e n t  r a t e .  I f  s tacked c e l l s  were designed f o r  s e r i e s  connect ion 
with c u r r e n t s  matched a t  t he  beginning of l i f e ,  t h e i r  c u r r e n t s  would be mismatched 
a t  end of l i f e  with performance l o s s  g r e a t e r  than the  e f f i c i e n c y  l o s s  of each i n d i -  
v idua l  junction. Voltage matching provides a more robus t  space des ign  s i n c e  device  
vol tages  only vary loga r i thmica l ly  with c u r r e n t  changes. Figure 6 shows a 4 by 2 
module wir ing diagram f o r  vo l tage  matching of top  and bottom c e l l s  whose output  
vo l tages  d i f f e r  by a f a c t o r  of two. This can be achieved i n  GaAsP and s i l i c o n  by 
s e l e c t i n g  t h e  c o r r e c t  GaAsP band gap. For t he  eight-element con f igu ra t ion ,  four  of 
t he  bottom c e l l s  and two of t he  top  c e l l s  a r e  connected i n  s e r i e s  t o  provide t h e  
vol tage  match. For t h e  o t h e r  ope ra t ing  vol tage  r a t i o s ,  o t h e r  s e r i e s - p a r a l l e l  con- 
nec t ions  schemes (e.g., 4 by 3, 7 by 5, e t c . )  can be used t o  achieve vo l t age  
matching. 

CONCENTRATORS 

Since the  s h o r t  c i r c u i t  c u r r e n t  of s o l a r  c e l l s  i nc reases  l i n e a r l y  with l i g h t  
i n t e n s i t y ,  t h e i r  e f f i c i e n c y  would remain cons t an t  under concent ra ted  l i g h t  i f  t h e i r  
open c i r c u i t  vo l tage  and f i l l  f a c t o r  remained cons tan t .  However, t h e  vol tage  
inc reases  l oga r i thmica l ly  with t h i s  c u r r e n t  r i s e  and the  f i l l  f a c t o r  a l s o  inc reases  
( r e f .  1 3 ) .  The n e t  r e s u l t  is an inc rease  i n  device performance with concent ra t ion  
a s  long a s  s e r i e s  r e s i s t a n c e  and device  temperature can be k e p t  s u f f i c i e n t l y  low. 
For 100X concent ra t ion  and 5% g r i d  con tac t  coverage, g r i d  c o n t a c t  r e s i s t a n c e s  below 
about  1 0 ' ~  ohm-cm2 a r e  r equ i r ed  t o  prevent  l o s s  of f i l l  f a c t o r .  Values i n  t h i s  
range w e r e  achieved i n  t h e  f i g u r e  3 p on n devices  us ing  a s i l v e r  a l l o y  p l aye r  con- 
t a c t ,  500-u g r i d  l i n e  spacing,  and 15-p wide gr ids .  The s i l v e r ,  conta in ing  

I 4.5% manganese by weight (Cominco), was e l e c t r o n  beam depos i ted  1500 angstoms t h i c k  
on to  the  p layer .  This was annealed i n  forming gas f o r  one minute a t  450°C and then 



e l e c t r o p l a t e d  with 2-3 p of s i l v e r .  Ohmic con tac t  was assured  a s  long a s  t he  p 
l a y e r  doping l e v e l  was above 1 ( 10' 8, ~ m ' ~ .  The d i f f u s i o n  l eng th  was no t  s e r i o u s l y  
decreased b Auger recombination ( r e f .  8 and 9 ) ,  a s  long a s  t he  p doping was l e s s  

15 than 2 (10  ) ~ m ' ~ .  Cu r t i ce  ( r e f .  1 1  ) has ca l cu l a t ed  t he  t rade-of fs  among device  
temperature,  e f f i c i e n c y ,  and concent ra t ion  r a t i o  f o r  GaAs c e l l s  used i n  space. H e  
found t h e  50-100X range a s  near optimal.  This range spans t he  f i g u r e  3 cond i t i ons  
where t h e  20% devices  were measured. 

An a d d i t i o n a l  advantage of concent ra tors  is t h a t  shunt  leakage pa ths  can become 
s a t u r a t e d  a t  t he  h igher  c u r r e n t  l e v e l s  encountered. This  means t h a t  dev ices  can 
e x h i b i t  near i d e a l  performance with high e f f i c i e n c y  a t  concen t r a t i on  even though 
t h e i r  c h a r a c t e r i s t i c s  would be dominated b y . e f f i c i e n c y  lowering leakage a t  unconcen- 
t r a t e d  l i g h t  l eve l s .  Thus, the concent ra tor  a p p l i c a t i o n s  a r e  more t o l e r a n t  of non- 
i d e a l  device behavior.  A f i n a l  advantage of concen t r a to r s  is the  e x t r a  p r o t e c t i o n  
they a f fo rd  t h e  devices .  Most concent ra tor  des igns  f o r  space have t h e  devices  com- 
p l e t e l y  surrounded by metal s t r u c t u r e s  ( r e f .  14) .  This provides  s h i e l d i n g  from dam- 
aging r a d i a t i o n  l i k e  cosmic rays  o r  from high i n t e n s i t y  o p t i c a l  r a d i a t i o n  no t  
d i r e c t l y  a l igned  with t h e  o p t i c a l  a x i s  of t he  concent ra tor .  

CONCLUSIONS 

Vacuum MOCVD is a novel f a b r i c a t i o n  method being developed a t  Chevron t o  produce 
high q u a l i t y  m a t e r i a l s  f o r  high e f f i c i e n c y  s o l a r  cells. I t  combines t he  p r e c i s e  
c o n t r o l  of MBE with t h e  high throughput of CVD. It uses  t h e  source m a t e r i a l s  more 
e f f i c i e n t l y  than a l t e r n a t e  methods and reduces t h e  m a t e r i a l s  c o s t s  per device  by a t  
l e a s t  a f a c t o r  of two. It decreases  t he  volume of t o x i c  e f f l u e n t s  t h a t  must be han- 
d l ed  by an order  of magnitude and reduces the  dangers of t o x i c  gas  escape by rep lac-  
i ng  f r a g i l e  g l a s s  ou t e r  wa l l s  of h igher  pressure  M O O  with steel. It is more 
e a s i l y  s c a l a b l e  t o  h igher  volume product ion because t h e  s teel  s t r u c t u r a l  p a r t s  can 
be increased  i n  s i z e  i n  a more s t r a igh t fo rward  manner than g l a s s ,  while  t h e  mu l t i p l e  
i n j e c t i o n  p o r t s  maintain uniformity.  Recent improvement i n  source  q u a l i t y  have 
given ma te r i a l s  with p r o p e r t i e s  equiva len t  t o  t he  best produced by o t h e r  f a b r i c q t i o n  
techniques i nc lud ing  LPE. These p r o p e r t i e s  inc lude  p m a t e r i a l  wi th  a 10-p minor i ty  
c a r r i e r  d i f f u s i o n  length.  So l a r  cel l  devices  have been produced with 20% AM0 e f f i -  
c i e n c i e s  a t  concen t r a t i on  r a t i o s  of 59X and 99X us ing  GaAs and GaAsSb p on n 
junct ions.  

A mechanical s t a c k  has  been i d e n t i f i e d  a s  t h e  most rap id ,  d i r e c t ,  and l o g i c a l  
pa th  t o  s tacked ,  mu l t i j unc t ion  devices  t h a t  can be immediately incorpora ted  i n t o  
a c t u a l  a r r a y s  and t h a t  have performance l e v e l s  exceeding t h e  b e s t  s i ng l e - junc t ion  
performance. A p re l iminary  experiment has given a GaAsP device  of 13% AM0 e f f i -  
c iency  on a t r a n s p a r e n t  Gap s u b s t r a t e .  Mechanically s t ack ing  t h i s  dev ice  on p re sen t  
technology s i l i c o n  cells would provide 20% AM0 e f f i c i e n c y .  F u l l  development of t h i s  
con f igu ra t i on  should g ive  p r a c t i c a l  performance l e v e l s  around 27% AM0 with  s i l i c o n  
and approaching 30% AM0 with a d i r e c t  band gap device f o r  the  bottom junc t ion .  
Module wir ing schemes t o  produce vol tage  matching a r e  e a s i l y  achieved wi th  mechani- 
c a l  s t a c k s  and these  schemes g ive  mu l t i j unc t ion  systems with s u p e r i o r  end-of- l i fe  
performance i n  space. Concentrator  systems give the  h i g h e s t  dev ice  performance, a r e  
t h e  most t o l e r a n t  of nonideal  dev ice  behavior,  and provide e x t r a  p r o t e c t i o n  a g a i n s t  
r a d i a t i o n  damage a s  long a s  series r e s i s t a n c e  is s u f f i c i e n t l y  low. Silver-manganese 
me ta l i za t i ons  have given low enough con tac t  r e s i s t a n c e  f o r  20% e f f i c i e n t  ( A M O ) ,  con- 
c e n t r a t e d  l i g h t  performance a t  up t o  100X. 
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SIMPLIFIED SCHEMATIC OF VACUUM MOCVD 
Pressure 1 Millitorr 

Hot Wall Chamber 
600-7000C 

Cool ~etal-organic 
Molecular Beams 

(e.g., Triethylgallium <20OoC) 

Figure 1 .  Schematic diagram of t h e  vacuum MOCVD system showing t h e  growth of GaAs 
e p i t a x i a l  l a y e r s  on a GaAs s u b s t r a t e .  

Wavelength, nm 

Figure  2. Theo re t i ca l  curve f i t  of measured quantum y i e l d  d a t a  p o i n t s  i n d i c a t i n g  a 
10-p d i f f u s i o n  length  i n  t h e  p l aye r  of a n+-p junct ion.  
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Figure 3. The flash simulator measurements of the I-V properties of GaAs and GaAsSb 
solar c e l l s  with 20% AM0 eff ic iencies .  
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Figure 4. The external quantum yields measured on the two c e l l s  whose I-V proper- 
t i e s  are shown in figure 3. 
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GaAsP Cell on Gap Wafer 
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Figure 5. The f l a s h  s imu la to r  measurement of t he  I-V p r o p e r t i e s  of t h e  GaAsP s o l a r  
c e l l  formed on a  t r a n s p a r e n t  Gap wafer. 

MODULE WIRING DIAGRAM 
FOR VOLTAGE MATCHING 

Figure 6 .  The 4 by 2 module wi r ing  diagram f o r  vo l tage  matching s tacked  s o l a r  c e l l s  
with a  2:l  vol tage  ou tput  r a t i o  and four  te rmina ls  a v a i l a b l e  f o r  in te rconnec t ions .  



CONTROL OF SUPERLATTICE MORPHOLOGY IN GaAsl-,P, 
CASCADE CELLS 

A. E. Blakeslee and A. Kibbler 
Solar Energy Research Institute 

Golden, Colorado 

INTRODUCTION 

GaAsl-xPx superlattices are being incorporated into cascade solar cell 
structures in order to reduce the dislocation density in the top cells and 
thus reduce recombination loss and increase output voltage.' For a 
superlattice to effectively block the propagation of dislocations, its average 
composition must be equal to that of the layer beneath it2 (from efficiency 
considerations for a cascade cell, the average composition should be about 
GaAs.7p.3) 

When superlattices of this approximate composition were grown on GaAs by 
MOCVD, severe distortion of the crystal layers was observed. The essential 
features of this distortion are nonplanar morphology and accelerated etching 
in regions containing excess phosphorus and clusters of dislocations. Similar 
observations have been made with superlattices grown with two other MOCVD 
systems3, indicating that the problem is of fundamental technological 
significance, not just an artifact of one particular growth system. This 
paper describes the nature of the distortion effect and presents several 
strategies for preventing its occurrence. 

The multilayer specimens were grown by standard MOCVD techniques, using 
Ga(CH3)3, AsH3 and pH3 as the primary sources. The substrates were GaAs 
wafers misoriented Z0 from the (100) plane. Computer control was used to set 
the gas flows through mass flow controllers and rapidly switch them for growth 
of a superlattice. The composition of the superlatttice was governed by the 
duration of and PH~/AsH ratio in the alternating gas pulses. The multilayers 
were examined by Nomars 2 i optical, scanning electron microscope, electron 
microprobe, and transmission microscope techniques. 

RESULTS 

The morphology of the cleaved and etched specimens exhibited a wide range 
of appearance, varying from flat, parallel, nearly perfect superlattice bands 
to samples containing extremely distorted layers. Figure 1 shows examples of 
a flat and a distorted superlattice. The distortion is seen to consist of two 
components. One is a warping of the sublayers, yielding traces of 
progressively nonplanar vapor-solid interfaces. The other is a roughly 
sinusoidal deviation in and out of the cleavage plane, caused by nonuniform 
action of the etchant over the originally planar cleaved surface. The sites 
of maximum etching are also the centers of dense dislocation clusters, as 
revealed by transmission electron micragcopy (figure 2), which also provided 
the information that these regions con,,tain an excess of phosphorus. 
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$ 3  r zvo' o e h 3  gY&'& are grown above the superlattice, its top surface can 

\ GB& observe2 microscopically, and if distortion is present a cellular texture 
is seen on this surface. The average period of the cells corresponds to the 
spacing of the etch streaks traversing the superlattice. 

Numerous variations in the growth procedure were investigated in order to 
learn how to eliminate the distortions. The largest effect was achieved by 
minimizing the interlayer misfit, Af, i.e. the interlayer compositional 

I difference, k ,  while keeping the average value of x constant. For example, 
the GaAs.75~.25/~aAs.65~035 (Ax = .lo) superlattice shown in figure la is 
planar, whereas the G~As.~P.~/G~As.~P.~ (k = .20) superlattice of figure lb 
shows considerable distortion. 

Another key factor determining the amount of distortion was the rate of 
growth of the superlattice. It is usually true that slow growth favors the 
development of better crystallinity, but in the present situation that is not 
the case. In an experiment where the run conditions were such as to cause a 
wide variation in growth rate across a 2-cm wafer, it was noticed that the 
superlattice quality was very much better in the faster-growing central part 
of the wafer. In subsequent experiments where the growth rate was uniform, 
increasing the growth rate by factors of two or more produced distortion-free 
superlattices. 

It has also been found that lowering the growth temperature reduces the 
tendency toward layer distortion, and increasing the total pressure of Group V 
hydrides in the source gas increases this tendency. Although not as dramatic 
as the affects of the factors described above, a significant difference in 
distortion could be seen between layers grown at 715 "C and at 800 O C  and 
between layers where the total hydride pressure (ratio kept constant) differed 
by a factor of three. 

A n  important requirement in the prescription of Matthews and ~lakeslee~ 
for a superlattice to block dislocation propagation is that a compositionally 
graded layer be grown between the substrate and the superlattice. It has been 
found that such a layer is also beneficial in reducing the tendency toward 
distortion. The shallower the concentration gradient, the less severe the 
distortion. However, this is perhaps the least effective remedy of all those 
discovered. Flat undistorted layers can probably be grown without any graded 
layer if the other beneficial factors are sufficiently optimized, although 
they might not act as dislocation filters. 

POSSIBLE MECBBNI!WS 

The distortion of GaAsl,,Px superlattices has been extensively 
characterized, and several crystal growth procedures have been developed for 
reducing or eliminating it, but the basic cause of the inhomogeneity leading 
to the distortion has not been established. Several possible mechanisms for 
the distortion have been considered, but so far no single one is in keeping 
with all the experimental evidence. The main points of several of these 
hypotheses are addressed in the following. 

Diffusion-Induced Disorder 
Interdiffusion of A1xGal,xA~ and GaAsl,,PX superlattice layers has been 

thoroughly investigated in recent years.4 In this effect, which is promoted 



by high anneal temperatures and high concentrations of Zn or other dopants, 
the interlayer barriers wash out and the material becomes a uniform ternary 
alloy. In the present case the barriers are not eliminated; rather the whole 
superlattice is disturbed or destroyed at isolated locations, and the 
distortion is independent of whether the layers are Zn-doped or undoped. 
Therefore a mechanism of diffusional disorder does not appear to be operative 
here. 

Elastic Stress 
The large improvement in morphology brought about by reducing the 

interlayer misfit (or its attendant compositional difference) must somehow be 
taken into account in any tenable explanation of the phenomenon. Yet it is 
difficult to envision how unrelieved elastic stress per se could produce the 
observed phenomena. It seems more likely that the misfit stress acts in some 
as yet unknown manner to magnify the effects due to the operation of some 
other mechanism. 

Constitutional Supercooling 
The cellular texture and streaked etch patterns are strongly reminiscent 

of nonuniform segregation effects associated with constitutional 
supercooling. By pre-pyrolyzing the pH3, it was possibly to strongly decrease 
the phosphorus concentration gradient in the growth system, which should 
decrease the likelihood of constitutional supercooling. However, this 
experiment did not improve the morphology at all, and anyhow the fact that 
increasing the growth rate decreases the distortion is inconsistent with the 
hypothesis of constitutional supercooling. 

Impurity Segregation 
Bauser and ltozgonyi5 have studied heterogeneous impurity incorporation in 

Czochralski-grown Si and Ge crystals and liquid phase epitaxial GaAs. They 
observed etching striae in crystals which are similar to the etch figures of 
the present work. They have developed a generally applicable model of terrace 
growth which can explain the occurrence and properties of their striations. 
Their model is being studied because of the possibility that it can be 
extended to explain the distortion of GaAsl,,P, superlattices and the etch 
striations which occur in them. Such a model would predict the observed 
dependence on growth rate, since rapid growth would cause fewer impurities to 
accumulate at the growth steps. 

Other 
Several papers have been published recently attributing observations of 

inhomogeneous deposition of ternary 111-V semiconductor layers to the 
phenomenon of spinodal decomposition. 6 ,  and nonuniform growth of Si/Ge 
superlattices has been associated with three-dimensional nucleation.'. Both 
of these mechanisms are currently under investigation as possible causes of 
the morphological instabilities observed in the present work. 
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Figure I. SEM photographs of cleaved and etched superlattice structures 
illustrating the effect of Af (misfit) on superlattice morphology: 
(a) GaAs.75P.25/GaAs.65p.35; ( b )  GaAs.80P.20/GaAs.60P.40= 

Figure 2. Cross-sectional T E M  view of distorted superlattice. 
The black patches are phosphorus-rich regions and the 
lines emanating from them are dislocations. 
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Possible applications of superlattices to photovoltaic structures are discussed. 
A new concept based on doping superstructures (NIP11 can be exploited to significantly 
reduce recombination losses in 111-V compound solar cells. A novel multijunction 
structure with lateral current transport is proposed. A computer simulation has been 
performed which shows that by optimizing the multilayer structure, short circuit cur- 
rent is substantially increased with minimum drop in open circuit voltage. An addi- 
tional advantage of the structure is enhanced radiation tolerance. It is anticipated 
that this multilayer structure can be incorporated in multibandgap cells to achieve 
high efficiencies. 

INTRODUCTION 

Advances in epitaxial growth technologies, such as MBE and MOCVD, have made 
possible a large variety of new artificial materials ranging from compositional su- 
perlattices, e.g. lattice matched 111-V compounds like AlGaAsIGaAs (ref. 11, to NIPI 
(N-doped Intrinsic P-doped Intrinsic) crystals where band structure periodicity is 
induced by different doping-of alternate layers (ref. 2 ) .  An important advantage of 
these recent techniques is the ability to grow very thin layers with precise thick- 
ness and doping. 

Compositional superlattices have been proposed as an alternative to homogeneous 
alloys for high efficiency solar cells because of lower defect densities (ref. 3). A 

I 
potential difficulty though is the presence of quantized states caused by carrier 
confinement in the small gap layers (fig. 1.a). These states promote the capture of 

I 
energetic minority carriers, enhancing recombination (ref. 4 ) .  The suitability of 
compositional superlattices for photovoltaic cells is therefore not apparent. 

The NIPI structures, however, have a novel property of obvious interest (fig. 
1 .  An indirect real space gap exists between electron states in the conduction 
band and hole states in the valence band (ref. 5). Photogenerated electrons and 
holes are spatially separated within picoseconds, allowing them almost no chance to 
recombine. In more familiar terms, semiconductor layer thicknesses much shorter than 
electron and hole minority carrier diffusion lengths yield a very high collection 
probability. Bulk recombination losses could seemingly be almost eliminated. 

* Work supported by the National Aeronautics and Space Administration. 



Device Structure 

. 4 .  

A schematic representation of a NIPI photovoltaic cell is shown in figure 2. 
The structure is essentially a succession of back to back pn junctions. Heavily 
doped contact regions, which selectively connect to either p or n layers, allow lat- 
eral transport of collected carriers. Since the junctions are connected in parallel, 
the open circuit voltage is determined by the layers of smallest bandgap. For this 
reason, only single gap NIPI cells are considered. We focus on the AlGaAs alloy 
system because it is currently the most promising material for high efficiency photo- 
voltaic conversion. 

Model 1 ing 

i In order to evaluate the performance potential of such structures, it was de- 
tided to begin with layers sufficiently thick that the depletion region approximation 
would be valid. Although very thin layers reduce bulk recombination losses by allow- 
ing rapid carrier collection, a large number of layers increases the dark current. 
Series resistance could also become significant if the layers are so thin that adja- 
cent space-charge regions begin to overlap. 

A simulation program was developed that produces. cell designs by optimizing layer 
thicknesses for a given set of material parameters and operating conditions. Any 
number of layers (greater than one) may be specified by the user. Important features 
of the model will be briefly described. 

The p+ and n+ contact regions shown in figure 2 are assumed to cover a negligible 
fraction of the cell surface. Effects of these regions on the minority carrier dis- 
tribution may then be disregarded and a one-dimensional analysis performed. To fur- 
ther simplify the calculation, all n-layers are assigned the same doping concentra- 
tion, as are all p-layers. Future extensions of the modelling program will include 
individual optimization of doping for each layer. 

The contributions of every layer to short circuit current, reverse saturation 
current, and depletion region recombination are calculated and summed. The equiva- 
lent circuit therefore consists of multiple current sources shunted by multiple 
diodes. We may write the resulting I-V characteristic as 

N N 
s inh 5l!L 

J(V) = Jsc - e x -  kT 1 1 J, - ( N -  1) J~~ 2kT 
m=l m m-1 m % (vb- V) 

where N is the number of layers. Depletion region recombination terms are identical 
for all junctions because of the stipulation that NA and ND are fixed. Expressions 
for the contributions to Jsc and Jo of the top and bottom layers are well known and 
have been presented elsewhere (ref. 6). The middle layer contributions are easily 
derived from the minority carrier continuity and current density equations with the 
boundary condition of zero excess carrier density at the depletion region edges: 
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where t& is the quasi-neutral region thickness of the mth layer and Fm is the inci- 
dent photon flux. Corresponding expressions for an n-doped layer are obtained simply 
by changing each n-subscript to a p-subscript and substituting ND for NA. The absorp- 
tion coefficient is modelled as in reference 7. 

Operation under one sun AM0 conditions is assumed so Jsc is small enough that 
resistive effects may be neglected. Simulation of a NIP1 cell under high concentra- 
tion is substantially more complex because resistive losses cause interaction among 
adjacent layers. The simple parallel interconnection model no longer suffices. 

A p-doped top layer was chosen to take advantage of the longer electron.diffusion 
length. Reflection and grid coverage are assumed to cause a combined loss of 5%. The 
model also includes a 500 A A10.gGao.lAs window layer. 

Discussion 

The proposed structure is seen to enhance short circuit current at the cost of 
a drop in open circuit voltage (fig. 3 ) .  The fill factor also drops, but its frac- 
tional decrease is smaller than that of Voc for x > 0.2. As the number of layers is 
increased, bulk recombination losses become negligible and Jsc approaches a limiting 
value determined primarily by reflection, grid coverage, and window losses. The open 
circuit voltage continues to decrease, however, due to the dark current contributions 
of additional layers. 

The trade-off between Js, and Voc produces a peak in efficiency at three layers 
(fig. 4). Note that the largest increase in efficiency over a two-layer cell occurs 
for x = 0.4. This is because the shorter minority carrier diffusion lengths associ- 
ated with higher mole fractions of A1 allow a greater margin for improved collection. 
The dashed curves in figure 4 indicate the performance that could be attained if the 
dark current contributions of the additional layers are suppressed. 

The structure also exhibits higher radiation tolerance than a conventional cell. 
Our simulation results predict that a two-layer GaAs cell drops to 75% of its begin- ' 

ning-of-life efficiency after its minority carrier diffusion lengths are degraded by 
a factor of 3.4. However, a six-layer GaAs cell must undergo a factor of 6.5 de- 
crease in diffusion lengths to suffer the same efficiency loss. For two-layer and 
six-layer A10.4Ga0.6As cells the degradation factors are 2.6 and 6.1 respectively. 
Figure 5 shows the improved performance that results from just a few additional 
layers when a cell has received radiation damage. Diffusion lengths were decreased 
by a factor of three and optimum cell designs determined for each case. The structure 
appears most advantageous for high mole fractions of AlAs. 



CONCLUSIONS 

Single bandgap multijunction structures have been studied as a means to boost 
the efficiency of photovoltaic cells. A computer simulation has demonstrated the 
potential for significant enhancement of short circuit current, especially for high 
gap materials with short diffusion lengths. Three or four layers appears to be 
optimal for highest beginning-of-life efficiency because of the dark current trade- 
off. An important advantage of the structure is excellent radiation tolerance. These 
preliminary results are encouraging, and may lead to development of more sophisticated 
devices where NIPI-like structures are incorporated in multibandgap solar cells. 
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Figure 1. - Band structures of a )  compositional superlattice with recombination 
process shown in the right-hand well and b) NIPI crystal. 
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Figure 2. - Schematic cross section of proposed NIPI solar cell. 
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Figure 3. - Trade-off between open circuit voltage and short circuit current 
for a) GaAs and b) A10.4Ga0.6As cells. 



Figure 4. - Performance of cell designs optimized for one sun AM0 
operation at 300 K. 
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Figure 5. - Performance of radiation damaged cells optimized for 
end-of-life efficiency. 
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A s o l a r  c e l l  s t r u c t u r e  is  proposed which uses  a  GaAs n i p i  doping s u p e r l a t t i c e .  
An important f e a t u r e  of t h i s  s t r u c t u r e  is t h a t  photogenerated minor i ty  c a r r i e r s  a r e  
very  qu ick ly  c o l l e c t e d  i n  a  t i m e  s h o r t e r  than  bulk  l i f e t i m e  i n  t h e  f a i r l y  heav i ly  
doped n  and p  l a y e r s  and t h e s e  c a r r i e r s  a r e  then t r anspo r t ed  p a r a l l e l  t o  t h e  super- 
l a t t i c e  l a y e r s  t o  s e l e c t i v e  ohmic con tac t s .  Assuming t h a t  t h e s e  already-separated 
c a r r i e r s  have very  long recombination l i f e t i m e s ,  due t o  t h e i r  being ac ros s  an 
i n d i r e c t  bandgap i n  r e a l  space, i t  i s  argued t h a t  our  proposed s t r u c t u r e  may e x h i b i t  
supe r io r  r a d i a t i o n  t o l e r a n c e  along wi th  reasonably high beginning-of- l i fe  
e f f i c i e n c y  . 

INTRODUCTION 

I n  recent  years ,  semiconductor s u p e r l a t t i c e  (SL) s t r u c t u r e s  have exhib i ted  
s e v e r a l  a t t r a c t i v e  f e a t u r e s .  These inc lude :  1 )  t h e  a b i l i t y  t o  tailor-make a  semi- 
conductor wi th  a  des i r ed  bandgap and l a t t i c e  cons tan t  over  ranges of t h e s e  two 
parameters which do not  occur  i n  normal m a t e r i a l s  ( r e f .  I ) ,  2) t h e  a b i l i t y  of a  
s u p e r l a t t i c e  t o  a c t  a s  a  d i s l o c a t i o n  b a r r i e r  which s i g n i f i c a n t l y  reduces t h e  
propogation of d i s l o c a t i o n s  from one semiconductor l a y e r  t o  another  when an appro- 
p r i a t e  s u p e r l a t t i c e  i s  in te rposed  between them ( r e f .  2) ,  3 )  t h e  e x h i b i t i o n  of h igh  
e l e c t r o n  mob i l i t y  i n  undoped l a y e r s ,  i n  d i r e c t i o n s  p a r a l l e l  t o  t h e  l a y e r s ,  when such 
l a y e r s  a r e  a l t e r n a t e d  wi th  heav i ly  doped n-type l a y e r s  of l a r g e r  bandgap ( r e f .  3 ) ,  
and 4) t h e  e x h i b i t i o n  of very  long c a r r i e r  recombination l i f e t i m e s  f o r  excess  
c a r r i e r s  c r ea t ed  i n  c e r t a i n  composi t ional  and doping s u p e r l a t t i c e  s t r u c t u r e s  due t o  
e l e c t r o n s  and ho le s  being confined i n  s e p a r a t e  l a y e r s ,  thereby  c r e a t i n g  an e f f e c t i v e  
" i n d i r e c t  bandgap i n  r e a l  space" ( r e f .  4) . 

A ques t ion  n a t u r a l l y  a r i s e s  a s  t o  how one o r  more of t h e s e  a t t r a c t i v e  f e a t u r e s  
could be  put t o  good u s e  i n  s o l a r  c e l l s .  Blakes lee  and Mi t che l l  ( r e f s .  2, 5 ) ,  and 
Chaff in  et a l .  ( r e f .  1 )  have proposed s o l a r  c e l l  s t r u c t u r e s  which u t i l i z e  t h e  f i r s t  
two f e a t u r e s  l i s t e d  above i n  t h e  monol i th ic  multibandgap cascade s o l a r  c e l l  geometry 
us ing  b inary  and t e r n a r y  1 1 1 - V  compounds. The p r i n c i p a l  advantage h e r e  i s  t o  be 
a b l e  t o  grow t o p  and bottom cells  of optimum bandgaps, Ql.7eV and Q l . l e V  respec- 
t i v e l y ,  whi le  minimizing l a t t i c e  mismatch and/or  t h e  propagat ion of d i s l o c a t i o n s .  
Addi t iona l ly ,  t h e i r  s t r u c t u r e s  make i t  p o s s i b l e  t o  u s e  t h e  r e l a t i v e l y  inexpensive 
m a t e r i a l  s i l i c o n  f o r  t h e  s u b s t r a t e  and t h e  bottom c e l l .  It is  no t  c l e a r  y e t  whether 
t h e  requirement of c a r r i e r  flow perpendicu la r  t o  t h e  s u p e r l a t t i c e  l a y e r s  i n  t h e s e  
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s t ruc t&es ,  a d i r e c t i o n  gene ra l ly  regarded a s  having poor c a r r i e r  t r a n s p o r t  

I p m p e r t i e s ,  w i l l  pose a  problem. 

In  t h i s  paper, we propose a  s u p e r l a t t i c e  s o l a r  c e l l  s t r u c t u r e  i n  which c a r r i e r  
t r a n s p o r t  i s  p a r a l l e l  t o  t h e  s u p e r l a t t i c e  l aye r s .  It i s  a  single-bandgap s ing le -  
j unc t ion  s t r u c t u r e  and t h e r e f o r e  does not  have t h e  p o t e n t i a l  f o r  t h e  nea r ly  27  
percent  e f f i c i e n c y  expected of t h e  two-bandgap two-junction cascade device.  How- 
ever ,  by exp lo i t i ng  t h e  very  s h o r t  c a r r i e r  s epa ra t ion  t ime and t h e  very long c a r r i e r  
l i f e t i m e  i n  a  s u p e r l a t t i c e ,  our  proposed GaAs-based s t r u c t u r e  i s  expected t o  y i e l d  
a  high r a d i a t i o n  t o l e r a n c e  coupled wi th  t h e  20% o r  so  e f f i c i e n c y  expected of a  
convent ional  GaAs s o l a r  c e l l  designed f o r  and operated under moderate sunl ight  
concent ra t  ion.  

I 

PROPOSED SUPERLATTICE SOLAR CELL STRUCTURE 

Figure  1 shows our  proposed GaAs-based s u p e r l a t t i c e  s o l a r  c e l l  s t r u c t u r e .  
While q u i t e  d i f f e r e n t  from them, i t  uses  elements from two e x i s t i n g  concent ra tor  
s o l a r  c e l l  geometries,  namely, t h e  V-Grooved Multi-Junction (VGMJ) ( r e f .  6) and t h e  
I n t e r d i g i t a t e d  Back Contact (IBC) ( r e f .  7)  s o l a r  c e l l s .  Both of t h e s e  s t r u c t u r e s  
have demonstrated h igh  e f f i c i e n c i e s  i n  s i l i c o n .  

The a c t i v e  reg ion  c o n s i s t s  of a  GaAs n i p i  doping s u p e r l a t t i c e  of about 10 
per iods  o r  4 1  ind iv idua l  l a y e r s  w i th  a  t o t a l  t h i ckness  of 2.5 t o  4 um,  grown on an 
appropr i a t e  semi-insulat ing s u b s t r a t e  ( a l l  GaAs o r  GaAs on Ge-coated S i ) .  The n+ 
and p+ reg ions  i n  f i g u r e  1 a r e  ion-implanted s e l e c t i v e  c o n t a c t s  t o  t h e  n  and p  super- 
l a t t i c e  l a y e r s ,  r e spec t ive ly ,  and may be photo l i thographica l ly  f a b r i c a t e d  us ing  t h e  
same techniques a s  employed i n  t h e  VGMJ s o l a r  c e l l  ( r e f .  6 ) .  The n+ and p+ con tac t s  
a r e  i n t e r d i g i t a t e d  a s  i n  t h e  I B C  c e l l  ( a l b e i t  i n  f r o n t  i n s t ead  of i n  t h e  back),  
wi th  a l l  n+ m e t a l l i z a t i o n  s t r i p e s  connected t o  one bus ba r  and a l l  p+ m e t a l l i z a t i o n  
s t r i p e s  connected t o  another  bus ba r  on t h e  oppos i t e  edge. 

OPERATION 

Figures  2a and 2b show, under thermal equi l ibr ium and under a  forward b i a s  
r e spec t ive ly ,  t h e  energy band diagram i n  a  d i r e c t i o n  normal t o  t h e  s u p e r l a t t i c e  
l a y e r s ,  say along t h e  l i n e  aa  i n  f i g u r e  1. I f  t h e  dopings i n  t h e  n  and p  l a y e r s  
and t h e  th i ckness  of t h e  n,  p  and i l a y e r s  a r e  proper ly  designed, then,  i n  thermal 
equi l ibr ium, t h e  n  and p  l a y e r s  w i l l  b e  completely covered by space charge, p r i -  
mar i ly  due t o  ionized donors and acceptors  r e spec t ive ly ,  so t h a t  E  and Ev w i l l  be  
approximately pa rabo l i c  func t ions  of t h e  space coord ina te  r .  I n  tfie in te rvening  
i l a y e r s ,  Ec and E w i l l  b e  approximately l i n e a r  func t ions  of z.  The t o t a l  b u i l t - i n  
band bending o r  d i f f u s i o n  p o t e n t i a l  depends on t h e  dopings i n  t h e  n  and p  l a y e r s  and 
on t h e  th icknesses  of t h e  n ,  p,  and i laye r s .  

The s u p e r l a t t i c e  p e r i o d i c i t y  i n  t h e  z  d i r e c t i o n ,  superimposed on t h e  c r y s t a l -  
l i n e  p e r i o d i c i t y ,  causes t h e  formation of e l e c t r o n  and ho le  sub-bands wi th in  t h e  
conduction and va lence  bands r e spec t ive ly .  The sub-band energ ies ,  widths,  and 
dens i t i e s -o f - s t a t e s  depend on t h e  exact manner i n  which E , E vary  wi th  z ,  and v  
these ,  i n  t u r n ,  depend on t h e  previous q u a n t i t i e s ,  so t ha f  i t  t u r n s  out  t h a t  a l l  
p e r t i n e n t  q u a n t i t i e s ,  inc luding  Ec(z) ,  E  ( z ) ,  t h e  e l ec t ron  and h o l e  concent ra t ions  
n  and p  and t h e i r  d i s t r i b u t i o n  i n  t h e  sux-bands, must be solved se l f - cons i s t en t ly  
i n  thermal equi l ibr ium and a t  any des i r ed  forward b ias .  Such c a l c u l a t i o n s  a r e  



r a t h e r  l abo r ious  and, t o  our  knowledge, have been performed only f o r  t h e  ca se  of 
t h e  npnp s u p e r l a t t i c e  without t h e  i l aye r s .  Figures  3a, 3b and 3c show t h e  r e s u l t s  
of such c a l c u l a t i o n s  a s  published by Brand and Abram ( r e f .  8). Such c a l c u l a t i o n s  
a r e  a f i r s t  s t e p  toward t h e  t h e o r e t i c a l  modelling and optimum des ign  of t h e  super- 
l a t t i c e  s o l a r  c e l l  we a r e  proposing. We have begun t h e  p ro j ec t  of doing such calcu-  
l a t i o n s  f o r  t h e  n i p i  s t r u c t u r e  so t h a t  they  w i l l  a l low u s  t o  p red ic t  c e l l  perform- 
ance a s  a func t ion  of t h e  widths of t h e  n, p and i l a y e r s  and t h e  dopings i n  t h e  
n and p l a y e r s ,  and t o  opt imize t h e s e  parameters. 

The i l a y e r s  a r e  needed t o  g ive  t h e  l a r g e s t  poss ib l e  b u i l t - i n  band bending 
whi le  s t i l l  providing reasonably wide h igh -e l ec t r i c - f i e ld  reg ions  without r equ i r ing  
r e l a t i v e l y  t h i c k  heavi ly  doped n and p regions.  The l a r g e  bui ld- in band bending is  
needed i n  o rde r  t o  g e t  a high open c i r c u i t  vo l t age  V and a wide h igh -e l ec t r i c  

OC' f i e l d  region is  needed f o r  a high c a r r i e r  c o l l e c t i o n  e f f i c i e n c y  and high r a d i a t i o n  
to l e rance .  

Next, l e t  u s  cons ider  f i g u r e  2b, where t h e  s u p e r l a t t i c e  of f i g u r e  2a i s  shown 
under a forward b i a s ,  say t h a t  corresponding t o  t h e  maximum power vo l t age  under 
i l luminat ion .  I n  t h i s  case,  it is  seen t h a t  p a r t  of t h e  space charge i n  t h e  n and 
p reg ions  is  compensated by mobile c a r r i e r s ,  so  t h a t  f l a t  spo t s ,  corresponding t o  
quas i -neut ra l  regions,  appear i n  E and E . I n  ou r  s o l a r  c e l l  s t r u c t u r e ,  t h e s e  
quas i -neut ra l  reg ions  a r e  not  expegted toVbe more than  about 600 angstroms wide, so  
t h a t  a photogenerated e l e c t r o n  i n  t h e  middle of a p l a  e r  would d i f f u s e  t o  t h e  
n e a r e s t  high e l e c t r i c  f i e l d  region i n  l e s s  than  3x10-lK seconds (us ing  a d i f f u s i o n  
v e l o c i t y  of >lo5 cm/s f o r  e l e c t r o n s  i n  GaAs) and then  d r i f t  a t  nea r ly  t h e  thermal 
v e l o c i t y  t o  The lowest a v a i l a b l e  sub-band i n  t h e  conduction band i n  another  10-l2 
second o r  l e s s .  Thus it is seen t h a t  an e l e c t r o n  which i s  photogenerated anywhere 
i n  t h e  s t r u c t u r e  is  very  quickly t ranspor ted  i n t o  t h e  nea re s t  n l aye r ,  where it is  
a ma jo r i t y  c a r r i e r .  By t h e  same token, a ho le  which i s  photogenerated anywhere 
would a l s o  be t ranspor ted  i n t o  t h e  nea re s t  p l a y e r  i n  l e s s  than  3 x 1 0 ' ~ ~  second 
(us ing  a d i f f u s i o n  v e l o c i t y  of >lo4 cm/s f o r  ho le s ) .  Once they  become ma jo r i ty  
c a r r i e r s ,  t h e s e  qeparated photogenerated c a r r i e r s  must s t i l l  be t ranspor ted ,  with- 
ou t  recombination, t o  t h e  n e a r e s t  s e l e c t i v e  c o n t a c t s  be fo re  they  can be regarded a s  
being c o l l e c t e d  ( t h a t  is, having cont r ibu ted  t o  ex t e rna l  c u r r e n t ) .  

I n  an ord inary  s o l a r  c e l l ,  a photogenerated minor i ty  c a r r i e r  would be regarded 
a s  having been c o l l e c t e d  once it had been separa ted ,  t h a t  is, once it crossed t h e  
junc t ion  space charge region and became a ma jo r i t y  c a r r i e r .  However, i n  a super- 
l a t t i c e  s o l a r  ce l l ,  i n  which r e l a t i v e l y  l a r g e  numbers of e l e c t r o n s  and ho le s  a r e  
s p a t i a l l y  confined i n  c l o s e  proximity such t h a t  t h e i r  wavefunctions over lap ,  band- 
to-band recombination of already-separated photogenerated e l e c t r o n s  and ho le s  can 
occur between a sub-band i n  t h e  conduction band and a corresponding sub-band i n  t h e  
va lence  band. Such recombination i s  s a i d  t o  occur  ac ros s  an " i n d i r e c t  bandgap i n  
r e a l  space". The l a r g e r  t h e  over lap  between t h e  e l e c t r o n  and ho le  wavefunctions, 
t h e  l a r g e r  t h e  r a t e  of recombination. It is seen from f i g u r e  2b t h a t  e l e c t r o n s  
and ho le s  i n  t h e  lowest energy sub-bands do not  have any s i g n i f i c a n t  ove r l ap  of 
t h e i r  wavefunctions. Only t h e  higher-energy sub-bands w i l l  have any s i g n i f i c a n t  
over lap  of wavefunctions. However, because of a r a t h e r  l a r g e  energy gap between 
these ,  t h e  recombination p r o b a b i l i t y  is  r a t h e r  low. Thus, t h e  o v e r a l l  recombination 
p r o b a b i l i t y  ac ros s  an i n d i r e c t  bandgap i n  r e a l  space can be r a t h e r  low, y i e ld ing  
an e f f e c t i v e  recombination l i f e t i m e  t h a t  can be very  long. I n  t h i s  regard,  we have 
a l s o  taken a look a t  t h e  u s e  of Type I and Type I1 compositional s u p e r l a t t i c e s  i n  
our  proposed s t r u c t u r e  and have found t h a t  t h e  n i p i  doping s u p e r l a t t i c e  appears  t o  
o f f e r  t h e  longes t  recombination l i f e t i m e  of already-separated c a r r i e r s  ac ros s  t h e  
i n d i r e c t  bandgap i n  r e a l  space. 



We have performed some r a t h e r  crude c a l c u l a t i o n s  f o r  a GaAs n i p i  doping super- 
l a t t i c e  c e l l  of dimensions shown i n  f i g u r e  4.  This  geometry i s  very  s i m i l a r  t o  t h a t  
of t h e  GaAs concent ra tor  c e l l  designed f o r  u s e  wi th  t h e  venet ian  b l ind  o r  s l a t s  type  
concent ra tor  a t  moderate concent ra t ions  up t o  20 AM0 ( r e f .  9 ) .  The t o t a l  i l lumina-  
ted  c e l l  a r e a  is 0.25 cm x 1 cm wi th  50 g r i d  l i n e s ,  25 each f o r  t h e  n and p se l ec -  
t i v e  con tac t s  and each approximately 10  pm wide and 0.25cm long. The n ,  p, and i 
l a y e r s  a r e  each l O O O A  t h i c k ,  and t h e r e  a r e  10 complete p i n i  per iods (11 p l a y e r s ,  
20 i l a y e r s  and 1 0  n l a y e r s ) .  With about 200 pm sepa ra t ion  between adjacent  se lec-  
t i v e  n and p con tac t s ,  dopings of about 5x1G8 cm-3 i n  t h e  n and p l a y e r s ,  an i l l u -  
mination l e v e l  of % 5xAM0, and a s h o r t  c i r c u i t  cu r r en t  d e n s i t y  of about 180 m/i/cm2, 

I t h e  t ime required by t h e  already-separated e l ec t rons  and ho le s  t o  d r i f t  t h e  f a r t h e s t  
d i s t a n c e  (equal  t o  t h e  g r i d  s epa ra t ion  of 200 pm) t o  t h e  nea re s t  s e l e c t i v e  contac t  
i s  about 0.6 mi l l i second.  Thus, t h e  requi red  recombination l i f e t i m e  ac ros s  t h e  

I i n d i r e c t  bandgap i n  r e a l  space i s  about 1 mil l isecond o r  l a r g e r  a t  t h e  c e l l  opera- 
t i n g  temperature (300-350K). Prel iminary theory p r e d i c t s  such l i f e t i m e s  t o  be 
poss ib le .  More d e t a i l e d  c a l c u l a t i o n s  and experimental v e r i f i c a t i o n  have y e t  t o  be 
done. 

DISCUSSION 

The s u p e r l a t t i c e  s o l a r  c e l l  device  s t r u c t u r e  we propose i s  expected t o  have a 
high s h o r t  c i r c u i t  cu r r en t  d e n s i t y  J a t  l e a s t  a s  high a s  w i th  a well-designed 

SC' convent ional  G a A s  s o l a r  c e l l .  This IS because of t h e  nea r ly  complete c o l l e c t i o n  
of photogenerated c a r r i e r s  expected i f  t h e  recombination l i f e t i m e  f o r  a lready-  
separated c a r r i e r s  i s  longer  than  l m s .  The s l i g h t l y  lower ( than  f o r  bulk GaAs) 
e f f e c t i v e  bandgap ( i n d i r e c t  i n  r e a l  space) i s  not  expected t o  i nc rease  t h e  number 
of photogenerated c a r r i e r s  and J t o  any s i g n i f i c a n t  degree. 

s C 

One may expect t h e  open c i r c u i t  v o l t a g e  Voc i n  t h i s  device  t o  be lower than  i n  
t h e  convent ional  GaAs s o l a r  c e l l  f o r  two reasons:  1 )  f o r  a given i l luminated  a r e a ,  
t h e  junc t ion  a r e a  i s  N t imes l a r g e r ,  where N i s  t h e  number of n i p i  per iods ,  10 i n  
our  example, and 2) t h e  forward o r  l o s s  cu r r en t  pre-exponential  f a c t o r  J may be 

0 
dominated by space charge recombination. It is  not  so much t h e  l a r g e r  j unc t ion  a rea  
per  s e  which i s  a problem. It i s  t h e  l a r g e r  o v e r a l l  volume of t h e  space charge 
reg ion  compared t o  t h a t  i n  a convent ional  G a A s  s o l a r  c e l l  which may make t h e  J of 

0 
our  s u p e r l a t t i c e  c e l l  r e l a t i v e l y  l a r g e r  and g ive  r i s e  t o  a smal le r  V . Even so ,  i t  
i s  f e l t  t h a t  a reasonably l a r g e  V may be ob ta inab le  a t  moderate su%ight concen- 

O C  
t r a t  ions.  

It thus  appears  t h a t  t h e  beginning-of- l i fe  (BOL) e f f i c i e n c y  of ou r  proposed 
c e l l  might be somewhat smal le r  than  t h a t  of a well-designed convent ional  G a A s  s o l a r  
c e l l ,  say, 20% ins t ead  of 22 t o  23%. However, our  proposed s u p e r l a t t i c e  c e l l  
s t r u c t u r e  i s  expected t o  e x h i b i t  a h igh  degree  of r a d i a t i o n  to l e rance .  This  i s  
because, a t  r a d i a t i o n  exposures equiva len t  t o  a f l uence  of 1G5 lMeV electrons/cm2 
o r  l e s s ,  t h e  c a r r i e r  c o l l e c t i o n  e f f i c i e n c y  i s  expected t o  s t a y  very  high,  c l o s e  t o  
loo%,  s i n c e  f o r  both e l e c t r o n s  and ho le s ,  t h e  minor i ty  c a r r i e r  d i f f u s i o n  l eng th  
a f t e r  i r r a d i a t i o n  i s  expected t o  be longer  than  t h e  300-500A they have t o  d i f f u s e  
i n  t h e  quas i -neut ra l  po r t ions  of t h e  n and p l a y e r s  before  being separa ted .  Addi- 
t i o n a l l y ,  s i n c e  t h e  recombination l i f e t i m e  of a lready-separated c a r r i e r s  depends on 
t h e  over lap  i n  t h e i r  wavefunctions, t h a t  l i f e t i m e  i s  not  expected t o  be a f f ec t ed  by 
i r r a d i a t i o n .  Thus, t h e  s h o r t  c i r c u i t  cu r r en t  d e n s i t y  should s u f f e r  n e g l i g i b l e  
degrada t ion  under i r r a d i a t i o n .  The open c i r c u i t  vo l t age  V and f i l l  f a c t o r  FF a r e  
expected t o  degrade i n  ou r  proposed c e l l  because of increag& J o due t o  increased 



recombination i n  t h e  space charge region. It is  not  c l e a r  a t  t h i s  t ime whether t h e  
degrada t ions  i n  Voc and FF can be kept low enough t o  y i e l d  an  o v e r a l l  high r a d i a t i o n  
to l e rance ,  but t h e  present  expec ta t ion  .is t h a t  wi th  proper des ign  they  can. That i s  
what we aim t o  f i n d  out  through a d e t a i l e d  modelling and parameter op t imiza t ion  
s tudy of our  proposed s t r u c t u r e .  . 
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Semi-insulating Substrate 

Figure 1: Schematic diagram of proposed solar cell struc- 
ture using nipi doping superlattice. 
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Figure 2: Band diagram of nipi super- 
lattice, (a) in thermal equilibrium, 
and (b) under forward bias. 
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Figure 3: Electron and hole 
sub-band levels as a func- 
tion of (a) layer thickness 
d,=d,, for N, =N, =2x1018 cm-'; 
(b) doping level N,=N,, for 
dn=d,=400 A; (c) 2-dimen- 
sional injected carrier con- 
centration Nc, for N,=N, 

0 

=2x1018 cm-3 and d, =d, =400 A 
(the shaded area represents 
filled states). From reference 8. 



Figure 4: Top view of proposed superlattice cell, showing 
collection grid geometry and typical dimensions. 



EXPERIENCE WITH OMCVD PRODUCTION OF GaAS SOLAR CELLS 

Y.C.M. Yeh, P.A. I l e s ,  P. Ho, and K.S. Ling 
Applied S o l a r  Energy Corpora t ion  

C i t y  of I n d u s t r y ,  C a l i f o r n i a  

Update 1983 SPRAT paper with experience accumulated running at  1200 2x2cm GaAs 
cel ls  per week. Show results on best cell performance achieved under production conditions, 
and uniformity achievable for successive cell  runs. Also some production topics will be 
addressed. 

Results of typical space-environmental tests and discussion of cr i t ica l  areas,  including 
substrate supply and specification will be presented. 

INTRODUCTION 

This paper updates the  report  given at the  1983 SPRAT Conference. I t  describes t h e  
experience gained in operating a production-level OMCVD reactor  and in processing cells  
made from layers grown in the  reactor. 

W e  have improved the uniformity in thickness and doping of deposited layers, by 
improved susceptor design and by modification of gas  injection and flow conditions. 

The throughput t o  da te  was slightly below t h a t  originally planned (is now at  about 1200 
2x2cm cells/week per machine) but this level was sufficient t o  show the potential of the  
approach and has  indicated a r e a s  for further increase in throughput. 

RUNNING EXPERIENCE 

A wide range of substrates have been processed through t o  finished cells, and the  
space-worthiness of the  cells  produced has  been confirmed. The experience is  summarized 
in the  following areas: 

Substrates 

2 The suppliers have cooperated well, to provide large (about 11.3cm ), near-rectangular 
subst ra tes  of good quality. The control of wafer processing and cell  fabrication is  sufficient  
t o  show t h a t  over a wide sample range, there  have been variations in bulk crystal  de fec t s  
and in surface quality, although the  average quality has been sufficient  t o  provide good cel l  
efficiency (greater than 16%). 



The-suppliers continue t o  improve their  product, and with stronger conviction t h a t  the  
potential solar cell marke t  is significantly large, have continued a trend of reduced costs  per 
square inch. 

1 OMCVD Deposition 

Continuous operation a t  realist ic production levels has  shown apparently mundane but ~ essential needs, in housekeeping and maintenance, especially preventive maintenance t o  
cope with typical performance specifications, cri t ical  spare parts, safe ty  concerns and 
waste disposal. 

This experience has  been applied t o  include improved features,  in la ter  models of the  
reactor.  

I Sources 

The suppliers have increased the  delivery capacity of key elements,  especially TMG 
and AsHj, without apparent  adverse e f f e c t s  from impurities. The larger bott les and cooling 
means  were made readily by the  suppliers. W e  have added monitoring t o  ensure t h a t  the  
carr ier  gas  (H2) has  low water  content.  

Cell  Processing 

The post layer processing has been simplified and consolidated t o  give reproducible 
cell  properties and acceptable  performance in space. The test da ta  manipulation has  been 
expanded t o  display yields and detailed PV parameters. 

Diagnostics 

1 The cell  line is supported by a sys temat ic  diagnostic e f fo r t ,  t o  determine the  allowable 
range of properties which still give good cel ls  and t o  t r ace  the  e f f e c t s  of variations 
(intentional or unplanned) in t h e  substrate or layer properties. 

Sample Results  

To i l lustrate the  present level of performance,  we present da ta  for six consecutive 
runs made in the  past m o n t p  These runs include several d i f ferent  subst ra tes  and di f ferent  
geometry cells  (2x2, 2x4cm ). The "bestff cells resulting from production runs have been 
steadily improving. 



CONCLUSIONS ORIGINAL PAZZ IS 
OF POOR QUALITY 

The projected promise of t h e  OMCVD approach,  t o  make  high ef f ic iency  GaAs space  
ce l l s  h a s  been demonstrated.  The propert ies  and cont ro l  of t h e  deposi ted GaAs and AlGaAs 
layers  and  t h e  uniformity of t he  post layer  processink have  been mos t  sat isfactory.  In 
part icular  t he  cont ro l  of t h e  c r i t ica l  thin layers  (p-GaAs, p-AICaAs) h a s  been impressive. 

Experience h a s  also been gained in rout ine a reas ,  connec ted  with continuous opera t ion  
a t  high capaci ty.  

There a r e  stil l  a f ew  a r e a s  for  improvement ,  t o  fu r the r  increase  capac i ty ,  and  t o  
an t i c ipa t e  and prevent  mechanical  equipment  problems. 

'n CONTACT 

FIGURE 1: AIGaAs/GaAs HETEROFACE SOLAR CELL 
STRUCTURE 



FIGURE 2: HISTOGRAM O F  A M 0  EFFICIENCY F O R  
LOT 233 

EFFICIENCY, % 

FIGURE 3: HISTOGRAM O F  A M 0  EFFICIENCY FOR 
LOT 692 



OPEN CIRCUIT VOLTAGE, V 

FIGURE 4: HISTOGRAM OF OPEN CIRCUIT VOLTAGE 
FOR LOT 692 
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SHORT CIRCUIT CURRENT, mA 

FIGURE 5: HISTOGRAM OF SHORT CIRCUIT CURRENT 
FOR LOT 692 



CONSECUTIVE R U N S  

FIGURE 6: HISTOGRAM O F  YIELD IN SIX CONSECUTIVE 
R U N S  F O R  A M 0  EFFICIENCY G R E A T E R  O R  
EQUAL T O  16% 

CONSECUTIVE R U N S  

F I G U R E  7: HISTOGRAM O F  YIELD IN SIX CONSECUTIVE 
R U N S  F O R  A M 0  EFFICIENCY 16% AVERAGE 
O R  G R E A T E R  AND 15% MINIMUM 
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Voc = 1.004 V 

Isc = 121.6 mA 

FF = 0.801 

EFF = 18.1% 
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FIGURE 8: LIGHT I-V CHARACTERISTICS OF AN 
AJCaAs/CaAs SOLAR CELL 



BURST ANNEALING OF ELECTRON DAMAGE IN SILICON SOLAR CELLS 

A. C. Day, W. E. Horne, M. A. Thompson, and C. A. Lancaster 
Boeing Aerospace Company 

Seattle, Washington 

A study has been performed of burst annealing of electron damage in silicon 
solar cells. Three groups of cells consisting of 3 and 0.3 ohm-cm silicon were ex- 
posed to fluences of 2 x 1014, 4 x 1014, and 8 x 1014 1-MeV electrons/cm2 respectively 
They were subsequently subjected to 1-minute bursts of annealing at 500'~. The 
3 ohm-cm cells showed complete recovery from each fluence level. The 0.3 ohm-cm 
cells showed complete recovery from the 2 x 1014 e/cm2 fluence; however, some of the 
0.3 ohm-cm cells did not recover completely from the higher fluences. From an 
analysis of the results it is concluded that burst annealing of moderate to high 
resistivity silicon cell arrays in space is feasible and that with more complete 
understanding, even the potentially higher efficiency low resistivity cells may be 
usable in annealable arrays in space. 

INTRODUCTION 

Electron and proton damage presents a problem to space power system designers. 
Generally, in order to meet the requirements of a given mission, heavy shielding in 
the form of cover glasses and over sizing of the array have been the approaches taken 
to ensure adequate end-of-life performance. Depending on the mission, the radiation 
damage penalty can be 25 to 50 percent. Since the early 1960's researchers have 
investigated various techniques for reducing the extent of radiation damage in photo- 
voltaic cells in order to minimize the need for shielding and over design. Early 
attempts included a study of thermal annealing of arrays in space by periodically 
covering the array with a special cover so that it heated up by a "greenhouse" effect 
to anneal the radiation damage. However, certain components of the damage in silicon 
cells would not anneal completely at temperatures compatible with the cell structures 
and array materials available at that time. Considerable effort was also expended 
on the development of lithium doped silicon cells which tended to spontaneously anneal 
at relatively low temperatures. However, there were problems with inherent in- 
stabilities in the lithium cells and certain components of the radiation damage would 
not readily anneal. These problems limited the application of the lithium cells. 

Due to the factors mentioned above, the use of annealing of radiation damage has 
been limited to that of a research tool for better understanding the nature of radia- 
tion damage. In the course of these research studies, two methods of annealing have 
been employed, isochronal and isothermal. In the isochronal studies, irradiated 
samples are soaked for specific intervals of time, usually 15 or 20 minutes at a 
series of increasing temperatures. The number and types of defects remaining are 
measured between each interval. For both electron and proton damage certain "parent- 
daughter" relationships have been observed in which some defects break up or anneal 
at a relatively low temperature; one or more of the constituents of that defect then 
combine with another site or impurity to form a new, more stable defect which can 
be annealed only at much higher temperatures. In isothermal studies the irradiated 
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samples a r e  soaked a t  a  s i n g l e  temperature and t h e i r  anneal ing progress  monitored. 
The r e s u l t s  of both types of experiments have ind ica t ed  c e r t a i n  anomalies. For - - 

example, c e l l s  annealed i so thermal ly  a t  high temperatures tend t o  anneal  more 
r ap id ly  and completely than  would be expected based on the  r e s u l t s  of lower tempera- 
t u r e  anneals  and on i sochronal  anneal ing s t u d i e s  ( r e f .  1 ) .  

1 The inference  from these  observa t ions  i s  t h a t  t h e  soak a t  r e l a t i v e l y  low tempera- 
I t u r e s  may c r e a t e  an  environment t h a t  induces the  formation of s t a b l e ,  annealing- 

r e s i s t a n t  defec ts .  This  observa t ion  i s  subs t an t i a t ed  by the  d a t a  i n  f i g u r e  1 which 
shows a  comparison between i soch rona l ly  annealed c e l l s  a t  d i f f e r e n t  soak times. The 
s h o r t e r  soak times r e s u l t  i n  more r ap id  and complete recovery. Based on t h i s  
hypothesis  and t h e  r ecen t  development of high-temperature s i l i c o n  c e l l s  a t  Boeing 
( r e f .  2 ) ,  t he  concept of "burst  annealing" was developed. I n  b u r s t  anneal ing,  t he  
i r r a d i a t e d  c e l l s  a r e  ramped very  r a p i d l y  t o  high temperatures (5000C o r  more i n  < 10 
seconds) and allowed t o  soak f o r  t imes on t h e  order  of one minute. 

An e a r l i e r  s tudy of b u r s t  anneal ing on proton i r r a d i a t e d  s i l i c o n  c e l l s  ( r e f .  1 )  
showed t h a t  a  25 percent  degradat ion i n  s h o r t  c i r c u i t  cu r r en t  could be recovered 
completely by a  b u r s t  anneal  a t  500°C f o r  one minute o r  l e s s .  Therefore t h i s  paper 
r e p o r t s  t h e  r e s u l t s  of a  r ecen t  b u r s t  anneal ing s tudy on 1-MeV e l e c t r o n  damaged c e l l s .  
Data i n  t h e  l i t e r a t u r e  i n d i c a t e s  t h a t  e l ec t ron  damage can r e q u i r e  h igher  anneal ing 
temperatures than proton damage s i l i c o n  c e l l s  ( r e f .  3 ) .  

EXPERIMENTAL 

The samples were crucible-grown boron doped, 3 0-cm o r  . 3  R-cm s i l i c o n  c e l l s  
wi th  s p e c i a l  high-temperature m e t a l l i z a t i o n s  developed a t  Boeing. A d e t a i l e d  de- 
s c r i p t i o n  of t h e  f a b r i c a t i o n  techniques and performance c h a r a c t e r i s t i c s  of t h e  c e l l s  
has been presented i n  an e a r l i e r  publ ica t ion .  I n  t h i s  e a r l i e r  work t h e  
c e l l s  were found t o  be s t a b l e  i n  t h e i r  e l e c t r i c a l  ou tput  a f t e r  thermal soaks of up t o  
20 minutes a t  7 0 0 ' ~  i n  vacuum. Therefore,  t h e  s h o r t  b u r s t  annea ls  of one minute a t  
5 0 0 ' ~  p re sen t  no s t a b i l i t y  problems f o r  t h e  c - J s .  

Three groups of f o u r  c e l l s  AL.,  re s e l e c t e d  f o r  t h e  s tudy.  Each group con- 
ta ined  c e l l s  from t h r e e  d i f f e r e n t  process  batches.  Two of t h e  process  batches used 
0.3 ohm-cm s i l i c o n  and one used 3.0 ohm-cm s i l i c o n .  Three groups of c e l l s  were ex- 
posed t o  f l uences  of approximately 2 x 1014, 4 x  and 8 x 1014 1-MeV e l e c t r o n s /  
cm2 re spec t ive ly .  The i r r a d i a t i o n s  were performed i n  vacuum a t  room temperature 
us ing  t h e  Boeing Dynamitron. Dosimetry w a s  performed using a  sh ie lded  Faraday cup. 
I-V c h a r a c t e r i s t i c s  were taken a t  250C under s imulated AM0 sun l igh t  (Spectrolab X25L) 
a t  one-sun i n t e n s i t y .  

The b u r s t  anneal ing was performed i n  vacuum using a  thermally i s o l a t e d  mount 
f o r  t h e  c e l l s  and a  s h u t t e r e d  concentrated incandescent l i g h t  beam d i r e c t e d  through 
a  qua r t z  window onto t h e  f r o n t  of t he  c e l l  i n  t he  vacuum chamber f o r  hea t ing .  This 
arrangement allowed t h e  c e l l s  t o  be r a i s e d  t o  temperatures a s  h igh  a s  7000C i n  time 
i n t e r v a l s  on t h e  order  of a  few seconds. F igure  2 shows a  t y p i c a l  thermal cyc l e  
c h a r a c t e r i s t i c  a s  a  func t ion  of time. This  f a s t  ramp t o  high temperature g ives  r i s e  
t o  t h e  term b u r s t  annealing. The c e l l s  were removed from t h e  vacuum chamber f o l -  
lowing each b u r s t  anneal  and t h e i r  I-V curves measured a s  descr ibed e a r l i e r .  



DISCUSSION OF DAMAGE AND ANNEALING 

Protons and e l e c t r o n s  a r e  t h e  major components of  t h e  space r a d i a t i o n  environ- 
ment. Cover g l a s s e s  can p a r t i a l l y  s h i e l d  t h e  c e l l s  from pro ton  damage; however, 
e l e c t r o n s  of 1-MeV energy and h ighe r  p e n e t r a t e  throughout t h e  c e l l l a r r a y  s t ack .  The 
r e s u l t  i s  a  nea r ly  homogeneous product ion of i s o l a t e d  po in t  d e f e c t s  throughout t h e  
c e l l  base.  The p o i n t d e f e c t s ,  vacanc ies  and i n t e r s t i t i a l  atoms i n  t h e  c r y s t a l l i n e  
l a t t i c e ,  a r e  h igh ly  mobile and tend t o  p a i r  wi th  o t h e r  vacanc ies  o r  wi th  o the r  i m -  
p u r i t y  atoms wi th in  t h e  c r y s t a l .  The r e s u l t i n g  d e f e c t s  a r e  ve ry  s t a b l e  and i soch rona l  
anneal ing s t u d i e s  have shown t h a t  temperatures  i n  excess  of 500°c a r e  sometimes re- 
qui red  i n  order  t o  annea l  them a s  i l l u s t r a t e d  i n  f i g u r e  3. Thus, t h e  b u r s t  annea l ing  
approach i s  being s tud i ed  i n  o rde r  t o  determine i f  i t  can s u c c e s s f u l l y  i n h i b i t  t h e  
formation of such high-temperature s t a b l e  de fec t s .  

The number of i n i t i a l  d e f e c t s  formed i n  t h e  s i l i c o n  i s  g e n e r a l l y  t r e a t e d  as 
being d i r e c t l y  p ropor t i ona l  t o  t h e  e l e c t r o n  f luence .  

Immediately fo l lowing  e l e c t r o n  bombardment wi th  e n e r g e t i c  p a r t i c l e s ,  t h e  newly 
formed d e f e c t s  d i scussed  above w i l l  c o n s i s t  almost e n t i r e l y  of s i n g l e  i n t e r s t i t i a l s  
and s i n g l e  o r  m u l t i p l e  vacanc ies  wi th  s i n g l e  vacanc ies  predominating. The vacanc ies  
and i n t e r s t i t i a l s  a r e  h igh ly  mobile a t  room temperature  i n  s i l i c o n ,  r e s u l t i n g  i n  
i n t e r a c t i o n  of t h e  vacanc ies  and i n t e r s t i t i a l s  wi th  each o t h e r  o r  wi th  i m p u r i t i e s  
w i th in  t h e  s i l i c o n .  These i n t e r a c t i o n s  w i t h  i m p u r i t i e s  u s u a l l y  r e s u l t  i n  more s t a b l e  
d e f e c t s  t h a t  p e r s i s t  a t  h igher  temperatures .  

A s  d i scussed  e a r l i e r ,  i t  appears  t h a t  t h e  formation of more s t a b l e  de fec t -  
impuri ty  complexes can be minimized by r a p i d l y  ramping t h e  c e l l s  t o  h igh  temperature.  
However, even i n  t h e  b u r s t  annea l ing  s i t u a t i o n  i f  e i t h e r  t h e  d e f e c t  d e n s i t y  o r  t h e  
impuri ty  d e n s i t y  is  h igh  enough, then t h e r e  i s  increased  p r o b a b i l i t y  of some of t h e  
d e f e c t s  encounter ing and p a i r i n g  wi th  impur i t i e s .  I n  o rde r  t o  s tudy  t h i s  e f f e c t  t h e  
t h r e e  groups of c e l l s  were exposed t o  t h r e e  f l uences  o r  d e f e c t  d e n s i t i e s  and w i t h i n  
each group t h e r e  were c e l l s  made from 0 .3  ohm-cm (high dopant impuri ty  con ten t )  and 
3.0 ohm-cm s i l i c o n  ma te r i a l .  

F igures  4 ,  5 ,  and 6 shows t h e  degrada t ion  and recovery curves  t y p i c a l  of t h e  
3-ohm-cm s i l i c o n  c e l l s  a f t e r  b u r s t  annea l ing  from t h e  t h r e e  d i f f e r e n t  damage l e v e l s .  
Within t h e  accuracy of  t h e  measurements t h e  recovery i n  t he se  c e l l s  i s  complete a t  
a l l  t h r e e  f l uence  l e v e l s .  A t  t h e  impuri ty  d e n s i t y  l e v e l  of 3 ohm-cm s i l i c o n  t h e  
b u r s t  annea l ing  i s  succes s fu l  a t  i n h i b i t i n g  t h e  formation o f  secondary, more s t a b l e  
de fec t s .  This  observa t ion  i s  supported by t h e  r e s u l t s  i n  t h e  0 . 3  ohm-cm c e l l s .  
Figure 7 shows the  worst  c a se  f o r  one of t h e s e  c e l l s .  A s  can be seen  t h e  c e l l  shows 
cons iderab ly  more e l e c t r i c a l  degrada t ion  f o r  t h e  same i n i t i a l  f l u e n c e  than  t h e  
3  ohm-cm c e l l s  i n d i c a t i n g  t h a t  s i g n i f i c a n t  p a i r i n g  of d e f e c t s  w i th  dopant i m p u r i t i e s  
has  a l r eady  occurred.  A s  can be seen  from t h e  recovery curve t h e  h igh  temperature  
s t a b l e  d e f e c t s  a r e  a l ready  formed and no s i g n i f i c a n t  recovery i s  achieved u n t i l  a f t e r  
t h e  t h i r d  anneal  a t tempt  of f i v e  minutes a t  500°C. However, t h e r e  was cons iderab le  
s c a t t e r  i n  t he  recovery c h a r a c t e r i s t i c s  of t h e  low r e s i s t i v i t y  c e l l s  a s  i nd i ca t ed  
by f i g u r e s  8 and 9.  The almost complete recovery of t h e  l o w - r e s i s t i v i t y  c e l l  /I207 
shown i n  f i g u r e  9 sugges ts  t h a t  i f  the  annea l ing  phenomena were b e t t e r  understood 
then the  recovery of b u r s t  annea l ing  could pos s ib ly  be achieved f o r  low r e s i s t i v i t y  
c e l l s  a l s o .  The ex t en t  of recovery i n  t h e  low r e s i s t i v i t y  c e l l s  was a l s o  a  func t ion  
of de fec t  dens i ty  a s  i l l u s t r a t e d  by t h e  curves i n  f i g u r e s  10 and 11. A t  t h e  lower 
f l uences  o r  d e f e c t  d e n s i t i e s  t h e  low r e s i s t i v i t y  c e l l s  could be b u r s t  annealed 
e f f e c t i v e l y .  



Thus, from these  d a t a  i t  is  concluded t h a t  b u r s t  anneal ing can be an e f f e c t i v e  
t o o l  f o r  anneal ing c e l l s  i n  space. The degree of recovery i s  a func t ion  of i n i t i a l  
de fec t  dens i ty  w i t h r e s p e c t  t o  t h e  e x i s t i n g  impurity dens i ty ,  however, f o r  c e l l s  of 
3 ohm-cm o r  h igher  m a t e r i a l  ( t y p i c a l  of most cur ren t  space c e l l s )  t he  recovery from 
even heavy degradat ion i s  complete f o r  p r a c t i c a l  purposes. Thus, i t  i s  concluded 
t h a t  b u r s t  anneal ing of e l e c t r o n  damage i n  s i l i c o n  c e l l s  i s  f e a s i b l e  f o r  moderate 
r e s i s t i v i t y  c e l l s  and t h a t  a b e t t e r  understanding of t h e  phenomena might make i t  
f e a s i b l e  t o  use  very low r e s i s t i v i t y  c e l l s  i n  space which would y i e l d  h igher  be- 
ginning of l i f e  e f f i c i e n c i e s .  

ANNEALING OF ARRAYS I N  SPACE 

From t h e  above d a t a ,  c e r t a i n  observa t ions  can be made about t h e  optimum con- 
d i t i o n s  f o r  anneal ing r a d i a t i o n  damage i n  space. F i r s t ,  a temperature range f o r  
annea l ing  of about 5000C + 500C has  been found t o  be adequate. Second, the  b e s t  way 
t o  accomplish t h e  anneal  i s  a s i n g l e  b u r s t  t o  high temperature,  s tepping  t h e  c e l l  t o  
t h e  anneal ing temperature (5000C) i n  a s  s h o r t  a time a s  is p r a c t i c a l .  The p re sen t  
d a t a  i n d i c a t e  t h a t  a b u r s t  of 60 seconds a t  500°c with a ramp time of 0 t o  10 seconds 
is s u f f i c i e n t  t o  anneal  g r e a t e r  than  99 percent .of  t he  e l e c t r i c a l  degradat ion ou t  of 
t h e  c e l l s .  A f t e r  t h e  damage i s  annealed t h e  slower r e t u r n  t o  normal temperature 
n e c e s s i t a t e d  by thermal r a d i a t i o n  t o  space does not  matter .  

A suggested approach f o r  accomplishing t h e  b u r s t  anneal  cyc l e s  i s  t h e  use  of 
t h i n  f i l m  r e s i s t o r s  depos i ted  on t h e  s u b s t r a t e  of each c e l l  s t r i n g  i n  t h e  a r r ay .  

1 The c e l l s  s t r i n g s  could then  be p e r i o d i c a l l y  switched onto t h e  a r r a y  bus l i n e  by 
an autonomous power management system. The subsequent j o u l e  hea t ing  would accomplish 
t h e  anneal  consuming n e g l i g i b l e  power from the  a r r a y  dur ing  the  one minute anneal.  
When t h e  c e l l  s t r i n g  has  cooled and r e tu rned  t o  power product ion another  s t r i n g  
would be annealed. 

Such an annea lab le  a r r a y  could reduce t h e  s i z e  of a r r a y  r equ i r ed  f o r  a 
p a r t i c u l a r  mission by a s  much a s  50 percent .  

CONCLUSIONS 

Based on t h e  r e s u l t s  d i scussed  i n  t h i s  paper and i n  r e f e rences  1 and 2, i t  i s  
concluded t h a t :  

1. S i l i c o n  c e l l s  can be  produced which a r e  s t a b l e  under m u l t i p l e  cyc l e s  t o  
500°C temperatures  requi red  f o r  b u r s t  anneal ing.  

2 .  Burst annea l ing  can y i e l d  e s s e n t i a l l y  complete recovery of 3 ohm-cm n/p 
s i l i c o n  s o l a r  c e l l s  i n  very  s h o r t  t imes;  hence, w i th  l e s s  energy than 
previous ly  thought poss ib le .  

3. High e f f i c i e n c y  low r e s i s t i v i t y  c e l l s  a l s o  show promise of being f u l l y  
annealable .  

1 The ques t ions  remaining regard ing  t h e  f e a s i b i l i t y  of b u r s t  anneal ing i s  t h e  
r e p e a t a b i l i t y  of t h e  recovery cyc le  a f t e r  m u l t i p l e  annea ls  and t h e  e f f e c t i v e n e s s  of 
t h e  anneal ing i n  c e l l s  exposed t o  s imultaneously combined environments of protons and 
e l ec t rons .  
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High e f f i c i e n c y  sur face passivated Nt-P j u n c t i o n  s o l a r  c e l l s  show d e t e r i o r a t i o n  
i n  pho tovo l ta i c  performance when subjected t o  1  MeV e lec t ron  i r r a d i a t i o n .  This 
change could be a t t r i b u t e d  t o  an increase i n  the  dark s a t u r a t i o n  cu r ren t  a f t e r  ir- 
r a d i a t i o n .  A d e t a i l e d  ana lys is  o f  the  excess cu r ren t  us ing a  thermal spectroscopic 
method reveals t h a t  t he  recombinat ion mechanisms responsib le f o r  t h i s  e f f e c t  can be 
i d e n t i f i e d  as bu l k  recombinat ion and space charge recombinat ion through shal low 
t raps .  The former of these two mechanisms has a  more severe e f fec t  and should be 
taken i n t o  account i n  the  design. 

I NTRODUCTION 

High e f f i c i e n c y  s i l i c o n  s o l a r  c e l l s  a re  w ide ly  used f o r  space appl i c a t i o n s .  
Present ly ,  s i l i c o n  s o l a r  c e l l s  w i t h  e f f i c i e n c y  ~ 1 6 %  can be obtained r o u t i n e l y  
and f i n e l y  tuned designs can y i e l d  even h igher  e f f i c i e n c i e s  ( r e f .  1,Z). From 
t ime t o  t ime, var ious  studies,  bo th  i n - f l i g h t  and on ground, a re  conducted t o  
evaluate t h e  s t a b i l i t y  o f  s o l a r  c e l l s  i n  a  space environment. As a  r e s u l t  o f  exten- 
s i v e  research i t  i s  now understood t h a t  d e t e r i o r a t i o n  i n  pho tovo l ta i c  performance 
i s  caused by a  d r a s t i c  increase i n  dark sa tu ra t i on  cu r ren t  ( r e f .  3,4) which i s  
ev ident  from the  fo l low ing r e l a t i o n s h i p ,  

where Voc i s  t h e  open c i r c u i t  vol tage, Jsc i s  the  sho r t  c i r c u i t  cu r ren t  densi ty ,  Jo 

i s  t he  dark sa tu ra t i on  cu r ren t  densi ty ,  n  i s  the diode i d e a l i t y  f a c t o r  o f  the  s o l a r  
c e l l ,  and o the r  symbols have t h e i r  usual meanings. Fol lowing t h i s  lead, much 
research i s  being addressed towards understandin the  mechanisms causing enhancement 
i n  J, values i n  c r y s t a l l i n e  s i l i c o n  s o l a r  c e l l s  9 r e f .  3 ) .  

It i s  we l l  accepted t h a t  t he  cur ren t -vo l tage c h a r a c t e r i s t i c s  of a  s o l a r  c e l l  
can be i n  general expressed as a  double exponential  behavior g iven by the  simple 
r e l a t i o n s h i p  ( r e f .  3) 

where symbols have t h e i r  usual meanings. The f i r s t  term on the  r i g h t  i s  t he  d i f -  
fus ion c u r r e n t  according t o  the  theory developed by Shockley ( re f .  5) and the  second 
term on the  r i g h t  i s  t he  space charge recombination cu r ren t  g iven by Sah, e t .  a l .  
( r e f .  6 ) .  Equation (2 )  can be e a s i l y  mod i f ied  t o  incorpora te  the  e f f e c t  of se r i es  
res i s tance  (RS) and shunt re i s tance  (Rsh) o f  the  s o l a r  c e l l .  Results from d i f f e r e n t  

experiments ( r e f .  4) on N*/P-P (passivated n+-p j u n c t i o n )  s i l i c o n  so la r  c e l l s  i n -  
d i c a t e  t h a t  i t  i s  t he  f i r s t  term i n  eq. ( 2 )  which i s  changed a f t e r  t he  c e l l s  were 
subjected t o  1  MeV e- i r r a d i a t i o n s  a t  room temperature. 



I * +  I 0 .  -+, C 1 - * f  :' 
! 

.-To investigate t h i s  effect  fur ther ,  dark and illuminated current-voltaqe char- 
ac ter i s t ics  of the aforementioned solar ce l l s  were studied as a function of-temper- 
ature from 100 O K  - 375 O K  for  which a marked increase in dark current was observed 
a f t e r  the ce l l s  were irradiated. Activation energy plots indicate that  under-illum- 
ination, diffusion current i s  the dominant component over much of the temperature 
range whereas under dark there i s  an excess current component besides the diffusion 
current. A simple analysis described elsewhere ( r e f .  7) was performed to extract 
t h i s  excess current component and the resul ts  will be discussed herein. 

EXPERIMENTAL CONS1 DERATIONS 

Device Structure 

Devices studied here have been supplied by Dr. Mark Spitzer of Spire Corp., 
Boston, and are  fabricated on 0.3 Q-cm boron doped s i l icon obtained from Wacker 
Chemtronics (standard WASO-grade). An n+-p junction has been formed by 5 keV 

2 3 1 ~ +  ion-implantation w i t h  an average dose of ?. 2.5 x ions/cm resulting in a - - 

junction depth 0.5 pm and emitter surface concentration ?. loz0 ~ m - ~ .  The ent i re  
processing sequence and a schematic of the finished device are  shown in reference 8. 

I Measurement Techniques 
I Solar ce l l s  were i n i t i a l l y  evaluated for their  photovoltaic performance by 

measuring V o c ,  Jsc,  f i l l - f ac to r  ( F F )  and efficiency ( n )  a t  AM1 and AM0 intensity.  
However, only AM0 intensity parameters have been rnoni tored a f t e r  successive i r radi  - 
ation steps. Other measurements that  were used to assess the ce l l s  include 
spectral response and diffusion 1 ength fol lohing the method developed by Stokes, 
e t .  a l .  ( r e f .  9 ) .  

Current-vol tage character is t ics  have been measured in dark and under i 11 umina- 

I tion as a function of temperature from 100 O K  - 375 O K .  Shunt resistance (Rsh) has 
been obtained from the slope of Voc-ISc measurements with very low illumination 
( r e f .  10) performed a t  different  temperatures in the aforementioned range. The 
ser ies  resistance Rs values a t  different  temperatures have been obtained from the 
dark J-V character is t ics  using conventional techniques. The resul ts  obtained were 
quite consistent for  different  ce l l s .  

Irradiation Technique I 
I After an i n i t i a l  assessment of the devices, some were subjected to  1 MeV e- 

irradiation using a Van de Graff type electron accelerator. Devices were placed on 
a water-cooled sample holder to  avoid any heating during i r radiat ion.  The electron 
beam was rastered across the en t i re  sample holder in order to ensure a uniform 

irradiation. Irradiation dose was varied from 1 x 1014 e-/cm2 - 1 x 1016 e-/cm2 
increased by an order each time. All the devices here tested for the i r  photovoltaic 
performance a f t e r  successive irradiations.  



DATA ANALY S I S 

The p h o t o v o l t a i c  measurements a r e  used as a performance check a t  d i f f e r e n t  
stages o f  i r r a d i a t i o n .  The major  emphasis i s  on t h e  cu r ren t - vo l t age  charac te r -  
i s t i c s  i n  dark  and under i l l u m i n a t i o n  f o r  which a s imp le  method o f  a n a l y s i s  w i l l  
be descr ibed.  From t h e  dark  and i l l u m i n a t e d  cu r ren t - vo l  tage  c h a r a c t e r i s t i c s ,  dark  
and 1 i g h t  i d e a l i t y  f a c t o r s  (nd and nQ, r e s p e c t i v e l y )  and s a t u r a t i o n  c u r r e n t  den- 

s i t i e s  (Jdo and JQo, r e s p e c t i v e l y )  have been e x t r a c t e d  us ing  t h e  s t r a i g h t  l i n e  

p o r t i o n s  o f  t h e  curves a t  a b i a s  vo l t age  approx imate ly  equal t o  t h e  Voc a t  each 

temperature. Using Jdo and JQo values a t  d i f f e r e n t  temperatures, Arrhenius p l o t s  

were made t o  o b t a i n  t h e  a c t i v a t i o n  energy. 

The a n a l y s i s  o f  exper imental  cu r ren t - vo l t age  behavior  i s  based on a model 
which can be expressed as ( r e f .  7 ) ,  

where J ~ o t a l  i s  t h e  t o t a l  measured d iode c u r r e n t  dens i t y ,  Jod i s  t h e  s a t u r a t i o n  

c u r r e n t  d e n s i t y  f o r  t h e  d i f f u s i o n  component, Vd i s  t h e  d iode b i a s  vo l tage,  nD i s  

t h e  i d e a l  i ty f a c t o r  f o r  d i f f u s i o n  mechanism, and JExcess i s  t h e  excess c u r r e n t  com- 

ponent responsibe f o r  enhancement o f  JTotal f rom i t s  i d e a l  value. The o n l y  assump- 

t i o n  made here, t o  be j u s t i f i e d  l a t e r ,  i s  t h a t  i d e a l l y  t h e  t o t a l  c u r r e n t  should 
have o n l y  a  d i f f u s i o n  component. Furthermore, JExcess i s  n o t  g iven  any f u n c t i o n a l  

form as i n  some e a r l  i e r  works ( r e f s .  3,11) . Vol tage and temperature dependences 

Of J ~ x c e s s  have been s tud ied  t o  o b t a i n  t h e  na tu re  o f  JExcess. 

To e x t r a c t  JExcess f rom t h e  exper imental  data eq. ( 3 )  i s  mod i f i ed  t o  incorpo-  

r a t e  t h e  e f f e c t  o f  RS and RSK Thus, 

- R 1 q (v - l~o ta l  s  + v- l~ota l  R s  
'Tota l  - 'od nDkT + 'Excess Rsh ( 4 )  

where V i s  t h e  t e rm ina l  vo l t age  and 

V = V  + I  R d  To ta l  s  (5) 

To c a l c u l a t e  IExcess from t h e  exper imental  data, Iod and n,, i n  eq. ( 4 )  were r e -  

p laced by Jto x  A and nt, r e s p e c t i v e l y ,  where A i s  t h e  area of t h e  c e l l .  The reason 

f o r  t h i s  change w i l l  become aparent  i n  t h e  nex t  sec t i on .  F i n a l l y ,  JExcess i s  c a l -  

c u l a t e d  as IExcess The J ~ x c e s s  thus  ob ta ined  i s  p l o t t e d  as a f u n c t i o n  of  v o l t -  

age w i t h  temperature as a parameter. The r e s u l t s  o f  t h i s  a n a l y s i s  w i l l  be discussed 
i n  t h e  n e x t  sec t ion .  



RESULTS AND DISCUSSION 

Typical current-vol tage characteristics ( in  dark) for  N+-P/P s i  1 icon solar 
ce l l s  before and a f t e r  e- irradiation are  shown i n  Figures 1 and 2 ,  respectively. 
I t  i s  clear from the graphs that  the total  current density i s  higher in the l a t t e r  
case. Also, the shape of the curve for  low temperatures and intermediate voltage 
range i s  different in the two cases due to the fact  that  in th is  particular voltage 
regime, shunt current given by the l a s t  term i n  eq. (4)  i s  the dominant component 
of the total  current especially a t  the lower temperatures. Therefore, the remaining 
two terms are  masked by th i s  effect .  However, a f t e r  the ce l l s  were irradiated by 

2 1 MeV e- to  a dose of 1 x 1016 e-/cm , this  particular component i s  n o t  affected as 
much as  the other two terms i . e . ,  the diffusion and the excess current, hence the 
slope of the Rn J vs V i s  s l ight ly  higher than those in Figure 1 for  the same volt- 
age regime. As the temperature i s  raised, the f i r s t  two terms in eq. ( 4 )  become 
larger than the shunt resistance current and the f l a t  region in the Rn  J vs V 
curves disappear. The s t raight  l ine  region of these curves near the Yo, values 
a t  each temperature i s  used to  extract the Jdo and nd values. The nd values ob- 

tained vary typically between 1.27 - 1.43 and 1.21 - 2.08 before and a f t e r  irradia- 
t ion, respectively, indicating the presence of a mechanism(s) other than diffusion. 
The Jdo values obtained from the dark J-V characteristics before and a f t e r  i r radia-  
tion show a two orders difference due to a change expected in the diffusion length 
values. Independent measurements of diffusion length and spectral response support 
t h i s  resul t .  Using the Jdo values, Arrhenius plots were drawn as shown in Figures * 
3 and 4 from which activation energies were typically 0.95 eV and 0.85 eV, respec- 
t ively.  This further suggests tha t  there i s  a deviation from a purely diffusion 
mechanism, where activation energy should equal 1.12 eV, which i s  larger a f t e r  
irradiation. 

A similar analysis for  the illuminated current-vol tage (JSc - V )  character- 
i s t i c s  w i t h  a typical plot shown in Figure 5, gives nQ values of 1.04 - 1.10 and 
1.04 - 1.12 before and a f t e r  i r radiat ion,  respectively. However a two orders of 
magnitude difference in JRo values were also observed in th i s  case. Following 

the same arguments as  in the case of Jdo, i t  i s  suggested that  a bulk recombination 
current component i s  responsible for  the enhancement of Jdo and JJo values a f t e r  e- 
i r radiat ion.  Arrhenius plots using JRo values shown in Figures 3 and 4 yield 

activation energies of 1.18 eV and 1.14 eV before and a f t e r  i r radiat ion,  respective- 
ly ,  suggesting tha t  a diffusion current i s  the dominant component. I t  should be 
noticed that  i n  the l a t t e r  case th i s  diffusion current i s  a combination of ideal 
diode current and the bulk recombination current which has a same temperature and  
bandgap energy (E,) dependence as the ideal diode current (ref.  3 ) .  Furthermore, 

i t  can be infer re i  tha t  under illumination these solar ce l l s  show a near ideal diode 
behavior due to  the fac t  that  photo-carriers f i l l  the traps responsible for  space 
charge recombination mechanism(s), however, i t  i s  not possible to identify these 
mechanisms a t  t h i s  stage of analysis. 

* Values obtained are  not corrected for the temperature dependence of bandgap 
energy (Eg) 



Figures 6  and 7  show t y p i c a l  excess-current Ln Je vs V c h a r a c t e r i s t i c s  before 
l 

and a f t e r  i r r a d i a t i o n ,  respect ive ly ,  where excess cu r ren t  components were obtained 
from eq. ( 4 ) ,  and represent  recombination cu r ren t  components. From Figure 6  i t  i s  
obvious t h a t  t he re  a re  two regions w i t h  d i f f e r e n t  slopes f o r  each temperature whereas 
i n  t he  case o f  t he  c e l l s  a f t e r  i r r a d i a t i o n  (F igure  7) t he re  a r e  two d i f f e r e n t  tem- 
perature regions f o r  which the  slopes are  e n t i r e l y  d i f f e r e n t .  I n  the  former case 
the  i d e a l i t y  f a c t o r s  i n  the  low slope reg ion  are  ca lcu la ted  t o  be c lose r  t o  2 w h i l e  
t he  i d e a l i t y  f a c t o r s  a re  ca l cu la ted  t o  be c lose r  t o  1  f o r  the  h igher  slope region.  
Furthermore, t he  i d e a l  i t y  f a c t o r s  increase w i t h  decrease i n  temperature. The Jeo 

(excess sa tu ra t i on  cu r ren t  dens i t y )  obta ined f o r  the  d i f f e r e n t  regions were used t o  
make Arrhenius p l o t s  shown i n  F igure  8. The lower slope reg ion  g ives an a c t i v a t i o n  
energy o f  0.565 eV i n d i c a t i n g  a  recombinat ion through deep t raps  ( r e f .  6), whereas 
the  upper s lope reg ion  y i e l d s  an a c t i v a t i o n  energy of 0.763 eV i n d i c a t i n g  a  recom- 
b i n a t i o n  mechanism through shal low t raps  i n  the  space charge reg ion  which corresponds 
t o  a  t r a p  l e v e l  approximately equal t o  0.706 eV ( r e f .  3) a f t e r  co r rec t i ng  f o r  t h e  
temperature e f f e c t  o f  Eq and the  energy d i f f e r e n c e  between EQ/2 and i n t r i n s i c  l e v e l  

E.. This  behavior d i f f e r s  from what has been observed i n  t he  previous work ( r e f .  3)  
d i n g  d i f f u s e d  j unc t i ons  and can be a t t r i b u t e d  t o  incomplete anneal ing o f  ion-im- 
p l a n t a t i o n  damage. 

A  t y p i c a l  Arrhenius p l o t  fo r  the  c e l l s  a f t e r  i r r a d i a t i o n  i s  a l so  shown i n  
F igure  8. Un l ike  i n  t h e  previous case, t he re  a re  two d i s t i n c t  slopes i n  d i f f e r e n t  
temperature regions. I n  t he  h igher  temperature region, 250 OK - 375 O K ,  an ac t i va -  
t i o n  energy o f  0.763 eV has been obtained, fo l low ing the  prev ious procedure, which 
correspond t o  a  t r a p  l e v e l  o f  0.706 eV. A  very low a c t i v a t i o n  energy o f  0.124 eV 
i s  obta ined between 110 - 280 OK. The i d e a l i t y  f a c t o r s  obta ined from the  Ln 
Je vs V p l o t s  i n  t h i s  case i s  c lose r  t o  1  a t  h igher  temperatures and Increases t o  

more than 2  as t h e  temperature i s  decreased. V a r i a t i o n  of i d e a l i t y  f a c t o r  i n  

N+-P j u n c t i o n  s o l a r  c e l l s  can be explained by a  d i s t r i b u t i o n  o f  t raps  i n  t he  space 
charge reg ion  r a t h e r  than a  s i n g l e  t r a p  l e v e l  ( r e f .  11,6). The reoccurrance of t h e  
0.706 eV 1 eve1 as the  dominant shal low t r a p  fu r the r  makes one be1 i e v e  t h a t  t h i s  i s  
inherent  t o  t h e  implantat ion.  I t  i s  poss ib le  t h a t  there  a re  o the r  shal low t raps  
developed a f t e r  i r r a d i a t i o n ,  however, i f  t h e  t rap - leve l s  a re  very c l o s e l y  spaced, 
i t  i s  d i f f i c u l t  t o  i d e n t i f y  each o f  those us ing such a  simple approach. 

CONCLUSION 

A d e t a i l e d  ana lys is  o f  cur ren t -vo l  tage c h a r a c t e r i s t i c s  o f  N+-P/P s o l a r  c e l l  s  
i n d i c a t e  t h a t  t he re  i s  a  combination o f  d i f f e r e n t  mechanisms which r e s u l t s  i n  an 
enhancement i n  t he  dark cu r ren t  and i n  t u r n  de te r i o ra tes  the  photovo l ta ic  p e r f o r -  
mance o f  t he  s o l a r  c e l l s  a f t e r  1  MeV e- i r r a d i a t i o n .  The increase i n  t he  dark 
cu r ren t  i s  due t o  th ree  e f f e c t s  i .e., bu lk  recombination, space charge recombina- 
t i o n  by deep t raps  and space charge recombinat ion through shal low t raps.  It i s  
shown t h a t  t he  increase i n  bu lk  recombinat ion cu r ren t  i s  about 2 - 3 orders o f  
magnitude whereas space charge recombinat ion cu r ren t  due t o  shal low t raps  increases 
on l y  by an order  o r  so and no space charge recombinat ion through deep t raps  was 
observed a f t e r  i r r a d i a t i o n .  Thus, i n  o rder  t o  improve the  r a d i a t i o n  hardness o f  
these devices, bul  k p rope r t i es  should be preserved. 
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(INTELSAT) . Any views expressed a r e  not neces sa r i l y  those  o f  INTELSAT. 
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Figure 8. Arrhenius plots for saturation value of Excess-Current Density (Jeo) . 



INFLUENCE OF D E S I G N  VARIABLES ON RADIATION HARDNESS OF SILICON 

MINP SOLAR CELLS* 

W .  A. Anderson, S. Solaun, B. B. Rao, and S. Banerjee 
Sta te  U n i v e r s i t y  of New York a t  B u f f a l o  

Buffalo, New York 

Metal - insulator-NIP s i l i c o n  (MINP) s o l a r  c e l l  s  were f a b r i c a t e d  us ing d i f f e r e n t  
subs t ra te  r e s i s t i v i t y  values, d i f f e r e n t  N-layer designs, and d i f f e r e n t  I - l a y e r  de- 
signs. A shal low j u n c t i o n  i n t o  an 0.3 Q-cm subst ra te  gave bes t  e f f i c i e n c y  whereas 
a  deeper j u n c t i o n  i n t o  a  1-4 Q-cm substrate gave improved r a d i a t i o n  hardness. I- 
l a y e r  design v a r i a t i o n  d i d  l i t t l e  t o  i n f l uence  r a d i a t i o n  hardness. 

INTRODUCTION 

Recent t rends i n  s i l i c o n  s o l a r  c e l l  research p o i n t  towards increased e f f i c i e n c y .  
Shallow j u n c t i o n  NIP s o l a r  c e l l s  have been repor ted  w i t h  e f f i c i e n c y  i n  t h e  16 - 18% 
range ( r e f .  1,2). The MINP s o l a r  c e l l  was in t roduced by M. A. Green because of t h e  
h igh  open c i r c u i t  vo l tage.  This  type o f  c e l l  u t i l i z e s  an i n s u l a t o r  l a y e r  over t h e  

shal low N+ reg ion  fo l lowed by a  low work func t i on  metal g r i d .  This  combination r e -  
duces sur face recombinat ion and dark cur ren t ,  w h i l e  p rov id ing  an e l e c t r i c  f i e l d  t o  
increase u l t r a v i o l e t  response and e f f i c i e n c y .  

So lar  c e l l s  f o r  e x t r a t e r r e s t r i a l  app l i ca t i ons  must w i ths tand e lec t ron ,  proton, 
and U.V. r a d i a t i o n  w h i l e  being designed f o r  h igh  e f f i c i e n c y  and l i g h t  weight.  Many 
aspects of  space r a d i a t i o n  e f f e c t s  and so la r  c e l l  performance a re  discussed i n  the  
Solar  Ce l l  Rad ia t ion  Handbook pub1 ished by J e t  Propuls ion Laboratory and NASA ( r e f .  
3) .  A  p re l im ina ry  r e p o r t  on MINP s o l a r  c e l l s  was publ ished i n  IEEE Transact ions on 
e l e c t r o n  Devices ( r e f .  4 ) .  The work repor ted  here in  i s  an extension o f  t h e  pre l im-  
i n a r y  work i n  consider ing d i f f e r e n t  MINP s o l a r  c e l l  designs and t h e  r e s u l t a n t  i n -  
f luence o f  1.0 MeV e l e c t r o n  i r r a d i a t i o n .  

THEORETICAL CONSIDERATIONS 

On a  t h e o r e t i c a l  basis, h igh  e f f i c i e n c y  c e l l s  shou,ld have a  shal low j u n c t i o n  
depth ( x  . )  t o  minimize recombinat ion o f  photo-generated c a r r i e r s ,  h igh  e m i t t e r  doping 

J 
(ND) t o  g i ve  a  favorab le  e l e c t r i c  f i e l d  p r o f i l e ,  and base doping (NA) o f  about 

17 3 7  x 10 /cm t o  g i ve  a  low value o f  reverse sa tu ra t i on  c u r r e n t  (Job) w h i l e  perserv- 

i n g  a  l a r g e  d i f f u s i o n  l eng th  (L,). These requirements a r e  i l l u s t r a t e d  by us ing  

several r a t h e r  fundamental equations. The .basic dark c u r r e n t  dens i ty  equat ion i s  

* The work described i n  t h i s  paper was performed i n  p a r t  under t h e  sponsorship and 
techn ica l  d i r e c t i o n  o f  I n t e r n a t i o n a l  Telecommunications Sate1 1  i t e  Organizat ion 
(INTELSAT). Any views expressed a re  no t  necessar i l y  those of INTELSAT. 

WECEDING PAW B W H  NOT FlLMED 



2 
qni Dn 

where Job = 
N~ Ln 

In these equations Job = base current contribution, Joe = emitter current contri- 

bution, Jor = space charge layer recombination current contribution, NA = substrate 

doping density, Ln = diffusion length in the substrate, S = surface recombination 
P I 

velocity, ND = doping in the emitter assuming a uniform doping profile, x = space 
charge layer width, and ro = carrier lifetime. The other terms have their usual 
meaning. Open circuit voltage may also be calculated using 

If Job ' Joe for substrate control, then 

and with Joe > Job for emitter control, 

Equations 3 and 7 clearly show the importance of low surface recombination velocity 

~ (Sp) which is achieved in MINP and MNP-P cells by oxide passivation. 

I EXPERIMENTAL METHODS 

15 The ion-implanted cells were fabricated by implanting 3 1 ~  at 5 KeV, 2.5 x 10 / 
cmL onto 0.3 R-cm P-type sil icon substrates. The sam~les-were annealed at 850 OC 
(30 minutes, Np flow)~followed by 550 OC for 1 hour to remove the implantation 
damage. The back ohmic contact was formed by thermally evaporating A1 which was 
sintered at 500 - 600 "C during which time a thin oxide layer was allowed to grow 
over the entire n-surface for the fabrication of MINP solar cells. Ytterbium, a 
low work function metal, followed by Cr and Al, was used for the.grid contact. 



Thermal ly  evaporated SiOx served as t h e  a n t i r e f l e c t i o n  coa t i ng .  I n  t h e  case of  
0 

t h e  MNP-P s o l a r  c e l l ,  a  t h i c k  ( =  300 A) Si02 l a y e r  was grown over  t h e  e n t i r e  n- 

su r face .  Photoli!-.hography techniques were used t o  remove t h e  o x i d e  i n  r eg ions  
where t h e  g r i d  con tac t  was t o  be formed. Examples o f  these c e l l s  a r e  g i ven  i n  
F igure  1 . 

Several va lues of i m p l a n t a t i o n  energy and subs t ra te  r e s i s t i v i t y  were chosen 
t o  examine t h e  t h e o r e t i c a l  p r e d i c t i o n s  and eva lua te  r a d i a t i o n  e f f e c t s  as w e l l  which 
may n o t  have an obvious r e s u l t .  Thus, imp lan t  energ ies o f  5 ,  10 and 30 kV were used 
w i t h  s!.!bstrate r e s i s t i v i t i e s  o f  0.1-0.3, 0.3 and 1-4 $2-cm as shown i n  Table I. 
Also, some MNP-P c e l l s  were f a b r i c a t e d  by bubb l ing  O2 through t r i c h l o r o e t h y l e n e  

(TCE) ( r e f .  5)  which produces a C1-containing ox ide  f o r  improved sur face  pass i va t i on .  
Th is  should reduce S t o  improve p h o t o v o l t a i c  response as p r e d i c t e d  by equat ions 
3 and 7. P 

Completed c e l l s  were t e s t e d  f o r  p h o t o v o l t a i c  performance and spec t ra l  response 
a f t e r  edge i s o l a t i o n  by a diamond saw. An ELH qua r t z  halogen lamp was c a l i b r a t e d  
f o r  AM0 i l l u m i n a t i o n  by a p/n j u n c t i o n  c e l l  p r e v i o u s l y  t e s t e d  a t  t h e  NASA-Lewis 
Research Center. Spec t ra l  response was measured us ing  a Schoef fe l  GM-100 monochro- 
mator from 0.4 pm - 1.0 pm. Samples were i r r a d i a t e d  a t  1.0 MeV us ing  a Model GS 
High Vol tage Engineer ing Van de Gra f f  acce le ra to r  w i t h  a  water  cooled s tage t o  p re -  
ven t  thermal damage d u r i n g  i r r a d i a t i o n .  Samples were i r r a d i a t e d  a t  f l uence  l e v e l s  

14 2 -  15 2 16 2 o f  1.0 x  10 /cm , 1.0 x  10 /cm and 1.0 x  10 /cm a f t e r  which t h e  p r e v i o u s l y  
mentioned measurements were conducted. 

EXPERIMENTAL DATA 

R e s i s t i v i t y  and Imp lan t  Energy 

Two MINP s o l a r  c e l l s  were f a b r i c a t e d  f rom each o f  f o u r  p a i r s  o f  t h e  des ign v a r i -  
ab l  es, subs t ra te  r e s i s t i v i t y  ( ps )  and imp lan t  energy (E)  . These f o u r  c o n d i t i o n s  a r e  

c l e a r l y  l i s t e d  i n  Tables I and 11. Table I considers  d iode  f a c t o r  and reve rse  
s a t u r a t i o n  c u r r e n t  d e n s i t y  from dark and ill uminated I - V  curves.  Lower n-va l  ues and 
Jo-values a r e  seen when us ing  lower  values o f  ps as p r e d i c t e d  by eq. ( 2 ) .  A l ower  

imp lan t  energy i s  a l s o  advantageous s i n c e  l a t t i c e  damage i s  reduced and a sharper 
e l e c t r i c  f i e l d  p ro f  il e e x i s t s  t o  reduce c a r r i e r  recombinat ion. Spec t ra l  response a t  
X = 0.4 pm i s  improved f o r  sha l low j u n c t i o n s  s i nce  c o l l e c t i o n  o f  U.V. photons would 
be more e f f i c i e n t .  

R a d i a t i o n  e f f e c t s  on t h e  s u b j e c t  samples a r e  l i s t e d  i n  Table I1 i n d i c a t i n g  a 
g r e a t e r  s t a b i l i t y  f o r  h i ghe r  pS. Th is  i s  n o t  s u r p r i s i n g  s i nce  l e s s  dopant reduces 

r a d i a t i o n  i n t e r a c t i o n  w i t h  t h e  dopant atom t o  c r e a t e  fewer recombinat ion cen te rs .  

MINP vs  MNP-P-0 vs MNP-P-T 
0 

C e l l s  w i t h  a  - 22 A I - l a y e r  over  t h e  e n t i r e  su r f ace  (MINP) were compared w i t h  
0 

those hav ing a = 150 A s tandard S i02  I - l a y e r  between g r i d  1 i nes  (MNP-P-0) o r  those  
0 

having a - 150 A C1-containing S i02  I - l a y e r  between g r i d  l i n e s  (MNP-P-T). Tab le  1 
i n d i c a t e s  reduced values o f  n - f a c t o r  and Jo f o r  t h e  MNP-P v a r i e t y  s i n c e  t u n n e l i n g  



through t h e  t h i n  I - l a y e r  i s  e l  iminated.  A  s t a t i s t i c a l  comparison o f  photovol  t a i c  
(PV) da ta  f o r  t he  t h r e e  k inds  o f  c e l l s ,  i n  Table 111, i n d i c a t e s  t h e  MINP c e l l  t o  
be more e f f i c i e n t  due t o  increased Jsc and Voc. Th is  i s  a t t r i b u t e d  t o  perhaps l e s s  

o p t i c a l  abso rp t i on  i n  t h e  I - l a y e r  and t o  reduced recombinat ion under t h e  g r i d  l i n e s  
i n  MINP c e l l s .  The MNP-P-T c e l l s  a r e  s l i g h t l y  more e f f i c i e n t  than t he  MNP-P-0 
v a r i e t y  which we a t t r i b u t e  t o  reduced sur face  recombinat ion f rom C1 i n  t h e  ox ide .  

Spec t ra l  response da ta  o f  F i gu re  2  i n d i c a t e  t h e  r e l a t i v e  o rde r  o f  s u p e r i o r i t y  
f rom M I N P  t o  MNP-P-T t o  MNP-P-O which agrees w i t h  data i n  Table 111. E f f e c t s  o f  
1.0 MeV i r r a d i a t i o n ,  shown i n  Table I V ,  do n o t  i n d i c a t e  a  s i g n i f i c a n t  d i f f e r e n c e  
on r a d i a t i o n  hardness between these 3 k inds  o f  c e l l s .  Th i s  p o i n t s  t o  t h e  subs t ra te  
as t h e  main p o i n t  o f  degrada t ion  whereas t h e  su r f ace  damage i s  min imal .  

1 Ef fects of  i r r a d i a t i o n  on dark  I - V  data f o r  MINP compared t o  MNP-P-T c e l l s  i s  
g i ven  i n  F igures  3 and 4. A t  low vo l tages ,  MINP c e l l s  e x h i b i t  an increased c u r r e n t  
component, which may be due t o  t u n n e l i n g  and which i s  q u i t e  i n s e n s i t i v e  t o  i r r a d i a -  
t i o n .  The MNP-P-T c e l l  c u r r e n t  was s e n s i t i v e  t o  r a d i a t i o n  a t  low vo l tages  and more 
s e n s i t i v e  a t  h i ghe r  vo l t ages  than  was t h e  MINP c e l l .  I r r a d i a t i o n  e f f e c t s  on s p e c t r a l  
response were q u i t e  s i m i l a r  f o r  a l l  3 designs w i t h  an example g iven  f o r  t h e  MNP-P-T 
c e l l  i n  F i s u r e  5. A1 1  c e l l s  e x h i b i t e d  a  t r e n d  towards increased U.V. response a f t e r  - 

16 2  10 e-/cm i r r a d i a t i o n  which a t  t h i s  t ime  i s  unexplained. The t r e n d  was most p re -  
v a l e n t  f o r  t h e  p i c t u r e d  MNP-P-T v a r i e t y .  

DISCUSSION 
I 

MINP-type c e l l s  a r e  q u i t e  i n s e n s i t i v e  t o  1.0 MeV e- i r r a d i a t i o n  i n  t h e  U.V. r e -  
sponse meaning t h a t  t h e  su r f ace  damage i s  minimal.  Most r e d u c t i o n  i n  performance 
i s  due t o  b u l k  damage as evidenced by spec t ra l  response data,  increased Jo, decreased 

1 c 

and decreased J,,. D i f f u s i o n  l e n g t h  t y p i c a l l y  decreases t o  8-10 pm a t  10" voc' 
e-/cm rega rd less  o f  t h e  s t a r t i n g  va lue.  There i s  a  t r e n d  i n  c e l l  e f f i c i e n c y  t o  
decrease t o  a  c e r t a i n  va lue  even though o r i g i n a l  e f f i c i e n c y  va lues may vary .  The 
measured va lue  o f  Ln i n  equa t ion  ( 2 )  a c c u r a t e l y  p r e d i c t s  t h e  increased Job which 

accu ra te l y  p r e d i c t s  t h e  reduced Voc us i ng  equat ion  ( 5 ) .  For example, equa t ion  (2 )  
I 2  

p r e d i c t s  Job = 3 x  A/cm be fo re  i r r a d i a t i o n  w i t h  Ln = 250 pm and 1.2 x  lo- ' '  
c, 

~ / c m ~  a f t e r  i r r a d i a t i o n  w i t h  Ln = 6  um. Th is  corresponds t o  a  change i n  Voc f rom 

669 mV t o  554 mV which i s  115 mV o r  17% whereas expe r imen ta l l y  we observed an 
average change o f  about 105 mV which i s  17%. The good agreement between exper iment 
and t heo ry  i s  evidence t h a t  b u l k  damage and n o t  su r f ace  damage i s  t h e  c o n t r o l l i n g  

I f a c t o r  i n  degradat ion.  MINP c e l l  e f f i c i e n c y  i s  maximized f o r  pS = 0.3 R-cm whereas 

I t h e  r a d i a t i o n  t o l e r a n c e  i s  improved f o r  pS > 1.0 a-cm. A  des ign  t rade-of f  i s  thus 

suggested t o  o b t a i n  bo th  h i g h  e f f i c i e n c y  and r a d i a t i o n  hardness. F i gu re  6 g i ves  a  
comparison o f  Voc and e f f i c i e n c y  l o s s  due t o  i r r a d i a t i o n  f o r  t h e  MINP c e l l ,  con- 

ven t i ona l ,  and advanced N/P S i  c e l l s .  The MINP i s  c l e a r l y  s u p e r i o r  i n  Yo, 
1 I- 

and i n  e f f i c i e n c y  f o r  e l e c t r o n  f luence < l o ' =  e-/cmL. The proposed new goa ls  f o r  
su r f ace  pass ivated c e l l s  would p r e d i c t  a  performance supe r i o r  t o  e x i s t i n g  s i l i c o n  
c e l l s .  Use o f  Ga-doped S i  ( r e f .  6 )  o r  L i  counterdoping ( r e f .  7 )  may g i v e  an MINP 
c e l l  w i t h  even b e t t e r  performance a t  h i g h  f l  uence l e v e l s .  
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TABLE I 

INFLUENCE OF FABRICATION CONDITION ON COMPONENTS OF I - V  EQUATION 

Reverse Sa tu ra t i on  
Diode Factor  Current Densi ty  Spectra1 

Substrate Implant Dark L i g h t  Jod Response 
R e s i s t i v i t y  n Jo !L @ 0.4 um 

(Q-cm) - - a ( m ~ /  cm2) ( m ~ /  cm2 ) (mA/mW ) 

* MNP-P-0 

** MNP-P-T 



TABLE I 1  

EFFECT OF 1.0 MeV e- RADIATION UPON AVERAGE PHOTOVOLTAIC OUTPUT OF 
MINP CELLS HAVING DIFFERENT SUBSTRATE RESISTIVITY AND IMPLANTATION ENERGY* 

OPEN CIRCUIT VOLTAGE, V 

Substrate Implant I n i t i a l  16 - 
Cel l  R e s i s t i v i t y  Energy Value A f t e r  1 0 ~ ~ e - / c m ~  A f t e r  10 e /cm2 

Numbers (Q-cm) (kV) (V) (V) ( %  dec.) (V) ( %  dec.) 

SHORT CIRCUIT CURRENT DENSITY, J 

Substrate Implant I n i t i a l  16 - 
Cel l  R e s i s t i v i t y  Energy Value A f t e r  1 0 ~ ~ e - / c r n ~  A f t e r  10 e /cm2 

Numbers (Q-cm) ( k )  ( m ~ l c r n ~ )  (tnA/cm2) (% dec.) (mA/cm2) (% dec.) 

EFFICIENCY, q 

Substrate Implant I n i t i a l  16 - 
Ce l l  R e s i s t i v i t y  Energy Value A f t e r  10' 5e-/cn2 A f t e r  10 e /cm2 

Numbers (Q-cm) (kV) (%) (%) ( %  dec.) (%)  1% dec.) 

694, 697 1 - 4 3 0 13.5 9.3 30.9 7.1 47.6 

714, 716 0.1 - 0.3 3 0 12.5 8.2 34.2 5.2 57.6 

745, 746 0.3 10 14.2 9.4 34.2 5.0 64.3 

776, 784 0.3 5 15.6 9.9 36.6 4.8 69.2 

* Simulated AM0 i l l u m i n a t i o n .  A l l  Js, and n-values a re  based on a c t i v e  area. 
Tota l  area i s  about 10% more. 



TABLE I 1 1  

STATISTICAL DATA FOR PHOTOVOLTAIC PERFORMANCE OF 

MINP, MNP-P-o AND MNP-P-T SOLAR CELLS* 

voc JsC 
Ce l l  # (mV) (mA/cm FF ( %  Type o f  Ce l l  

0.70 15.5 M I  NP 

0.72 16.4 MINP 

0.80 18.5 MINP 

0.80 17.5 MINP 

0.72 16.2 M I  NP 

0.77 16.6 MINP 

Average 

Standard 
Dev ia t ion  

Average 

Standard 
Dev ia t ion  

MNP-P-T 

Average 

Standard 
Deviat ion 

* Tested w i t h  s imulated AM1 i l l u m i n a t i o n  
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: Diagram o f  LA] M INP and [B] MNP-P ce l l s .  

Figure 2: Spectral response o f  MINP,  MNP-P-0, and MNP-P-T ce l l s .  
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Figure 5: Spec t ra l  response o f  a  MNP-P-T c e l l  a s  a  func t ion  of e- i r r a d i a t i o n .  

Figure 6: 
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1.0 HEY ELECTRON FLUENCE 

Photovol t a i c  d a t a  v a r i a t i o n  with e- f l  uence f o r  severa l  c e l l  s. 



RADIATION DAMAGE I N  HIGH-RESISTIVITY SILICON SOLAR CELLS 

I. Weinberg, C.K.  Swartz, and C.  Goradla* 
NASA Lewis Research Center 

Cleveland, Ohio 

H i g h - r e s i s t i v i t y  s i l i c o n  s o l a r  c e l l s  e x h i b i t  reduced r a d i a t i o n  damage when 
l i g h t  i s  i n c i d e n t  on t he  g r idded  back sur face .  Under back i l l u m i n a t i o n ,  r a d i a t i o n  
damage decreases as c e l l  r e s i s t i v i t y  increases;  under f r o n t  i l l u m i n a t i o n ,  r a d i a t i o n  
damage increases as c e l l  r e s i s t i v i t y  increases.  Th in  ( 50  pm) back - - i l l um ina ted  c e l l s  
ou tper fo rm conven t iona l  10-R-cm 50 and 200 pm c e l l s  a t  low 1-MeV e l e c t r o n  f luences .  
However, a t  h i ghe r  f luences,  t h e  conven t iona l  c e l l s  e x h i b i t  supe r i o r  r a d i a t i o n  
r es i s t ance .  Th is  i s  a t t r i b u t e d  t o  t h e  low 8OL d i f f u s i o n  leng ths  observed i n  t he  
t h i n ,  back - i l l um ina ted  c e l l .  These r e s u l t s  a re  d iscussed i n  terms o f  i n j e c t e d  
charge d i s t r i b u t i o n s ,  e l e c t r i c  f i e l d s  I n  t he  c e l l  base, and t he  e f f e c t s  o f  a  domi- 
nant  boron-oxygen d e f e c t .  

INTRODUCTION 

The m o t i v a t i o n  f o r  i n v e s t i g a t i n g  radiat ion-damage e f f e c t s  i n  h i g h - r e s i s t i v i t y  
s i l i c o n  c e l l s  stems f rom t h e  f a c t  t h a t ,  a t  low r e s i s t l v l t l e s  ( p  < 20 Q-cm), rad-  
i a t i o n  damage decreases as c e l l  r e s i s t i v i t y  Increases.  Thus, i t  was our i n i t i a l  
expec ta t i on  t h a t  t h e  e f f e c t s  o f  r a d i a t i o n  cou ld  be decreased by i nc reas ing  t he  
p-base r e s i s t i v i t y  o f  ntppt s l l  i c o n  s o l a r  c e l l s .  Un fo r t una te l y ,  when, a f t e r  
e l e c t r o n  i r r a d i a t i o n ,  t h e  c e l l s  were i l l u m l n a t e d  I n  t h e  conven t iona l  way ( l l g h t  
i n c i d e n t  on t h e  nt  s ide,  o r  f r o n t  i l l u m l n a t e d ) ,  t h e  oppos i te  e f f e c t  occurred 
( f i g .  1 ) .  Since t h e  c e l l s  were p rov ided  w i t h  g r idded  m e t a l l i c  con tac ts  on bo th  t h e  
n+ and p+ faces, l i g h t  cou ld  be I n c i d e n t  on e i t h e r  t h e  f r o n t  o r  back. I n  t h i s  
respect ,  f o r  h i g h  enough c e l l  r e s i s t i v i t i e s ,  r a d i a t i o n  damage decreased when t h e  
c e l l  was back i l l u m i n a t e d  ( r e f .  1).  Th i s  e f f e c t  was demonstrated p r e v i o u s l y  f o r  a  
1250-Q-cm c e l l  ( r e f .  1 ) .  I n  t h e  present  study, these r e s u l t s  a re  extended t o  
800- and 8000-Q-cm, 250-pm t h i c k  c e l l s ,  and performance da ta  a re  presented f o r  a  
back- i l l umina ted ,  8000-$2-cm, 50-pm-thick c e l l .  The mechanisms responsible f o r  
t h e  observed e f f e c t s  a re  discussed. 

EXPERIMENTAL RESULTS 

A l l  c e l l s  were ntppt w i t h  g r ldded  f r o n t  and back con tac ts  and p- base r e s i s -  
t i v i t i e s  o f  84, 800, 1250, and 8000 Q-cm, r e s p e c t i v e l y .  D e t a i l s  o f  c e l l  f a b r i c a -  
t i o n  a r e  conta ined i n  re fe rence  1 .  The behav ior  o f  Pmax a f t e r  i r r a d i a t l o n  by 
1-MeV e l e c t r o n s  I s  seen i n  f i g u r e  2  f o r  t h e  84- and 8000-Q-cm c e l l s .  When t he  
d i f f e r e n c e  between f r o n t  and back i l l u m i n a t i o n  i s  cons idered,  t h e  84-Q-cm c e l l  i s  
l e s s  degraded when i t  i s  f r o n t  i l l u m l n a t e d .  However, f o r  t h e  8000-a-cm c e l l ,  t he  
degrada t ion  i s  l ess  under back I l l u m i n a t i o n .  The da ta  f o r  a l l  c e l l  r e s i s t i v i t i e s ,  
i n c l u d i n g  a  10-R-cm conven t iona l  c e l l ,  a r e  summarized i n  f i g u r e  3. I n  genera l ,  
f o r  f r o n t - i l l u m i n a t e d  c e l l s  i n  t h e  r e s i s t i v i t y  range shown, t h e  r a d l a t i o n - i n d u c e d  
degrada t ion  increases w i t h  c e l l  r e s l s t i v l t y .  However, f o r  c e l l s  w i t h  r e s i s t i v i t i e s  

*Department o f  Electrical Engineer ing,  Cleveland S t a t e  U n i v e r s i t y  



above severa l  hundred a-cm, t h e  degrada t lon  decreases w l t h  I nc reas ing  r e s i s t i v i t y  
when t h e  c e l l s  a re  back l l l u m l n a t e d .  

DISCUSSION 

I n  o rder  t o  understand these e f f e c t s ,  we f i r s t  examined t he  I n j e c t e d  m i n o r i t y  
c a r r l e r  charge d l s t r l b u t l o n  I n  t h e  c e l l  base. F l gu re  4  shows t he  c a l c u l a t e d  
i n j e c t e d  charge d l s t r l b u t l o n  f o r  a  1250-a-cm c e l l .  The charge d l s t r l b u t l o n s  show 
t h a t  t h e  t o t a l  I n j e c t e d  m l n o r l t y  c a r r l e r  charge i s  g r e a t e r  when t he  c e l l  I s  back 
l l l u m l n a t e d .  For t h e  p resen t  c e l l s ,  t h e  Inc rease  I n  c a r r l e r  concen t ra t l on  v a r i e s  
as much as an o rde r  o f  magnltude. Th ls  Imp l i es  t h a t  t h e  c e l l  base r e s l s t l v l t y  and 
t h e r e f o r e  t h e  ohmlc vo l t age  drops a re  l ess  when t h e  c e l l  I s  back l l l u m l n a t e d ,  a  f a c t  
whlch I s  conf i rmed by d e t a l l e d  c a l c u l a t l o n s  ( r e f .  1 ) .  The lncreased charge concen- 
t r a t i o n  r e s u l t s  e s s e n t l a l l y  f rom an Inc rease  I n  charge a t  t h e  ppt j u n c t l o n .  
Schwartz ( r e f .  2)  has shown t h a t  an e l e c t r l c  f l e l d  I n  t h e  c e l l  base tends t o  draw 
m i n o r l t y  c a r r i e r s  away f rom t h e  ppt j u n c t l o n .  We have c a l c u l a t e d  t h e  e l e c t r i c  
f i e l d  us l ng  t h e  express ion  

where J I s  t o t a l  c e l l  c u r r e n t ,  vn and pp t h e  e l e c t r o n  and h o l e  m o b l l l t l e s ,  
n  and p  t h e  c a r r l e r  concen t ra t ions  i n  t h e  c e l l s  p-base, and An t h e  i n j e c t e d  
m i n o r i t y  c a r r l e r  concen t ra t l on  I n  t h e  p r eg ion .  S ince dAn/dx changes s ign ,  i t  
i s  obvlous t h a t  t h e  second te rm I n  b racke ts  w l l l  have oppos i te  s igns  under f r o n t  and 
back I l l u m l n a t l o n .  F i gu re  5 shows t h e  r e s u l t s  o f  a  c a l c u l a t l o n  o f  E us i ng  t h e  
da ta  o f  f l g u r e  4  I n  equa t lon  ( 1 ) .  The f i e l d  I s  cons lderab ly  decreased i n  t h e  back- 
l l l u m l n a t e d  c o n d i t l o n .  Th ls  r e s u l t s  I n  a  decreased tendency f o r  t h e  f i e l d  t o  draw 
charge away f rom t h e  ppt j u n c t l o n .  The n e t  r e s u l t  I s  an increased i n j e c t e d  
charge I n  t h e  p  r e g i o n  and, consequent ly,  a  decreased ohmic d rop  I n  t h e  c e l l  base 
under back l l l u m i n a t i o n .  

As shown I n  f i g u r e  3, t h e  ohmic d rop  i s  t h e  dominant l o s s  mechanism f o r  a l l  bu t  
t h e  10- and 84-Q-cm c e l l s .  A l though ohmic e f f e c t s  a r e  n o n t r i v i a l  i n  t h e  84-Q-cm 
c e l l ,  l o s s  i n  c o l l e c t i o n  e f f i c i e n c y  i s  t h e  domlnant c e l l - d e g r a d a t i o n  mechanism. 
Hence, t h i s  c e l l  per forms b e t t e r  under f r o n t  i l l u m l n a t l o n .  For t h e  h l ghe r -  
r e s l s t l v l t y  c e l l s ,  t h e  ohmic v o l t a g e  drop i n  t h e  p-base, whlch i s  t h e  dominant l o s s  
mechanism, decreases under back l l l u m i n a t i o n ,  and l e s s  degrada t lon  occurs than  when 
t h e  c e l l  i s  f r o n t  i l l u m l n a t e d .  On t h e  o the r  hand, under f r o n t  illumination, t h e  
decrease i n  c e l l  ou tpu t  w l t h  lnc reased  r e s i s t i v i t y  I s  due t o  t h e  increased ohmic 
drop. 

The decreased degradat lon,  w l t h  lncreased r e s i s t i v i t y ,  observed under back 
l l l u m i n a t i o n  i s  due t o  t h e  decreas lng boron concen t ra t l on  I n  t h e  c e l l  as r e s i s t l v l t y  
Increases.  Prev ious r e s u l t s  have shown t h a t  a  r ad ia t i on - I nduced  boron-oxygen d e f e c t  
I s  t h e  p r l n c l p a l  cause o f  c e l l  degrada t lon  ( r e f .  3 )  and t h a t  t h e  concen t ra t l on  o f  
t h i s  d e f e c t  decreases w l t h  decreas ing  boron concen t ra t l on  ( r e f .  4) .  S lnce ohmic 
drops a r e  l e s s  s i g n i f i c a n t  under back l l l u m i n a t i o n ,  t h e  e f f e c t s  o f  decreas lng boron 
concen t ra t l on  r e s u l t  I n  decreased degrada t lon  as r e s l s t i v l t y  increases.  F l gu re  3  
shows t h a t  t h i s  e f f e c t  beg lns t o  s a t u r a t e  a t  t h e  h l ghes t  r e s l s t l v l t i e s .  Thus, I t  
appears u n l i k e l y  t h a t  t h e  degrada t ion  w l l l  decrease s l g n l f l c a n t l y  above 8000 a-cm. 
Obvlously,  however, f o r  t h e  p resen t  c e l l s ,  as r e s i s t l v l t y  increases,  r a d i a t i o n  
r e s i s t a n c e  increases under back l l l u m l n a t l o n .  



To opt imize t h i s  l a t t e r  e f f e c t ,  we have u t i l i z e d  t h l n ,  h i g h - r e s i s t i v i t y ,  back- 
i l l u m i n a t e d  c e l l s .  The r e s u l t s  f o r  an 8000-a-cm, 50-pm-thick, back- i l luminated 
c e l l  a re  presented i n  f i g u r e  6. This f i g u r e  a l s o  shows, f o r  comparison, performanc 
data f o r  convent ional,  f r on t - i l l um ina ted ,  t h i n  and r e l a t i v e l y  t h i c k  10-a-cm c e l l s  
( r e f .  5 ) .  A t  the  lower f luences, the  t h i n ,  back- i l luminated c e l l  shows improved 
performance over the  convent lonal c e l l s .  A t  t he  h igher  f luences, however, t he  bas€ 
d l f f u s l o n  length  becomes comparable t o  c e l l  thickness and degradat ion occurs. I t  
i s  noted here t h a t  the  BOL d i f f u s i o n  l eng th  i n  the  t h l n ,  8000-a-cm, back- 
I l l um ina ted  c e l l  was 120 pm. This l eng th  i s  much lower than the  d i f f u s i o n  length  
(450 pm) we observed a t  BOL f o r  the  t h i c k e r  h i g h - r e s i s t i v i t y  c e l l s .  Hence, 
increases i n  d i f f u s i o n  l eng th  f o r  the  t h i n  h i g h - r e s i s t i v i t y  c e l l  should r e s u l t  i n  
super ior  performance over a greater  p o r t i o n  o f  t he  f luence range than t h a t  shown i n  
f l g u r e  6. 

CONCLUSIONS 

By consider ing the  e f f e c t s  o f  e l e c t r i c  f i e l d s  i n  t he  c e l l  base, and t h e i r  
e f f e c t  on t h e  ohmic vol tage drop, we have cont r ibu ted  t o  an understanding o f  t he  
decreased degradat ion encountered by back- i l luminated,  h i g h - r e s i s t i v i t y  c e l l s .  Thl 
e f f e c t  occurs f o r  c e l l  resistivities above several hundred a-cm. Below t h l s  
r e s i s t i v i t y  range, loss  I n  c o l l e c t i o n  e f f i c i e n c y  begins t o  dominate and the  back 
l l l u m l n a t e d  c e l l s  show more degradation. The increased degradat ion f o r  f r o n t  I l l u -  
minat ion, w i t h  increas ing  c e l l  r e s i s t i v i t y ,  i s  a t t r i b u t a b l e  t o  the  ohmic vol tage 
drop i n  t he  c e l l  base. For the  back-I l luminated, h i g h - r e s i s t i v i t y  c e l l s ,  t he  
decreased degradat ion w i t h  increas ing  r e s i s t i v i t y  i s  a t t r i b u t e d  t o  the  decreasing 
importance o f  the  ohmic drop and the  decreasing boron content.  

From these resu l t s ,  i t  appears u n l i k e l y  t h a t  one can increase i n d e f i n i t e l y  the  
r a d i a t i o n  res is tance o f  t h i c k  s i l i c o n  so la r  c e l l s  by increas ing  the  base r e s i s t i v l t  
above 8000 a-cm. However, t he  present r e s u l t s  f o r  the  t h i n ,  8000-a-cm, back- 
I l l um ina ted  c e l l  i n d i c a t e  t h a t ,  w i t h  improved processing, t h i s  c e l l  should outper- 
form the  convent ional c e l l s  a t  h igher  f luences. 
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PROTW RADlATlaU EFFECTS CN CdS/CulnSe2 W I N  FILM YXPR CELLS 

H. Dursch ,  W. Chen,  and  D. R u s s e l l  
Boeing  Aerospace  Carpany 

S e a t t l e ,  Washington  

Previous s tudies  have  shown t h a t  CdS/CuInSe2 solar  ce l l s  have  a n  inherent  
to lerance  t o  i rradiat ion by 1 MeV e lec t rons  up t o  a t  l ea s t  2 x 1016 electrons/cm2. 
Because o f  t h e  unknown to lerance  o f  CuInSe2 ce l l s  t o  proton irradiat ion,  t h e  
following test was  per formed a t  Roeing Radiat ion E f f e c t s  Laboratory.  

Eleven, unencapsulated,  I c m 2  ce l l s  deposi ted on alumina subs t r a t e s  were  
i r rad ia ted  with I MeV protons a t  normal incidence. The  ce l l s  were  exposed t o  six 
f luences  ranging from 2.5 x 101° protons/cm2 to 5.0 x 1013 protons/cm2. Af t e r  
e a c h  in terva l  of exposure, t h e  ce l l s  were  removed f rom t h e  radiat ion chamber  t o  
undergo current /vol tage  (I-V) charac ter iza t ion .  Resul t s  show t h a t  none of t h e  
cel ls '  e l ec t r i ca l  cha rac t e r i s t i c s  exhibi ted any degradat ion  up t o  and  including a 
f luence of 1 x 1011 protons/cm2. A t  f luences  g r e a t e r  than  this, t h e  damage  t o  t h e  
CuInSe2 cel ls '  Voc and fill f a c t o r  (FF) was  more  severe  than t h a t  exhibi ted by t h e  
Isc. The CuInSe2 ce l l s  proved t o  be  approximately a f a c t o r  of 50 more  res is tan t  t o  
I MeV proton irradiat ion than  silicon o r  gallium arsenide  ce l l s  previously repor ted  
( r e fe rence  I). Annealing o f  a CulnSe2 ce l l  a t  2250C for  six minutes  res tored  i t  t o  
within 95% of i t s  ini t ial  eff iciency.  

INTRODUCTION 

Polycrystal l ine thin film CdS/CuInSe2 solar  ce l l s  have  been  undergoing 
development  in our laboratory since 1976. Air mass-1 (AM 1) photovoltaic  
conversion e f f i c i enc ie s  of 11% have  been  achieved on 1 c m 2  ce l l s  with an t i -  
re f lec t ion  coat ing.  Monolithic modules of 20 c m 2  a r e a  compr ised  of  two  se r i e s  
connec ted  ce l l s  a n d  91  c m 2  a r e a  comprised of four s e r i e s  connec ted  cells have  
exhib i ted  A M  1 ef f ic ienc ies  o f  8.0% and 6.1% respect ively wi thout  an t i - re f lec t ion  
coat ing.  The  20 c m 2  modules have  been encapsula ted  with e thy lene  vinyl acetate 
(EVA) a ~ d  glass, and  ef f ic ienc ies  of  9.2% have  been achieved.  These ce l l s  require 
such sma l l  a m o u n t s  of  ma te r i a l  t h a t  with the  use of  l ightweight  subs t r a t e s  a n d  
supers t ra tes ,  power-to-weight ra t ios  of ove r  350 W/kg c a n  b e  achieved.  

Because of t h e  potent ia l  for  space  power applicat ion,  s tudies  t o  c h a r a c t e r i z e  t h e  
CuInSe2 c e l l  in t h e  space  envi ronment  were  performed.  Cel l s  were  i r rad ia ted  by I 
MeV e l ec t rons  up t o  a f luence of  2 x 1016 e l ec t rons / cm2  with no  loss of eff iciency.  
R e f e r e n c e  2 descr ibes  the  resu l t s  of a similar  e f f o r t  conducted  a t  JPL on CuInSe2 
ce l l s  with t h e  s a m e  results. To fu r the r  c h a r a c t e r i z e  t h e  CuInSe2 cells,  I MeV 
proton radiat ion tes t ing  was  per formed in our  laboratories. This paper descr ibes  
t h e  resu l t s  of t h a t  test. 
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EXPERIMENTAL 

Cell  Descript ion - Figure  1 shows a schemat i c  cross-sect ion of t he  comple t ed  
CuInSe:, c e l l  s t ruc ture .  The  a lumina  subs t r a t e  i s  me ta l i zed  with a molybdenum 
conduc;or film. A CuInSe2 film of 3-4 p r n  is deposi ted by simultaneous e i emen ta l  
evapora t ion  on to  t h e  subs t r a t e  which is hea t ed  t o  3500C and  4500C. Following the  
selenide deposition, a 3 p m  film of CdS is evapora ted  on to  t h e  subs t r a t e  which is 
hea t ed  t o  2000C. The semiconductor  f i lms a r e  then pa t t e rned  and a n  aluminum 
grid deposi ted t o  c o m p l e t e  t h e  ce l l  s t ruc ture .  The de t a i l s  of t h e  film proper t ies  
and  deposition processes  have  been  discussed in g r e a t e r  de t a i l  e l sewhere  
( r e fe rence  3). 

To provide a good s t a t i s t i ca l  sampling, e leven  1 c m 2  ce l l s  with e f f i c i ences  ranging 
be tween  7.7-9.6% (AM 1) were  i rradiated.  Two o t h e r  ce l l s  with equiva lent  
e f f i c i enc ie s  were  used as con t ro l  cells.  One c e l l  was  k e p t  in t h e  laboratory and the  
o t h e r  c e l l  w a s  placed in t h e  radiat ion chamber ,  bu t  shielded from t h e  proton beam. 
These  t w o  ce l l s  were  used t o  d e t e r m i n e  if t h e r e  were  e f f e c t s  o t h e r  t han  proton 
irradiat ion caus ing  changes  in c e l l  performance.  Both ce l l s  were  cha rac t e r i zed  a t  
t h e  s a m e  in terva ls  as t h e  o t h e r  eleven. These two  ce l l s  re ta ined  the i r  ini t ial  I-V 
cha rac t e r i s t i c s  throughout  t h e  durat ion of  t h e  pro ton test .  

Pro ton  Irradiat ion Techniques - The proton radiat ion tes t ing  was  per formed using a 
Dynamitron a c c e l e r a t o r  a s  t h e  source  of  1 MeV Drotons. The  proton beam is  
d i e c t e d  in to  t h e  vacuum c h a m b e r  by a beam handling sys tem th'at includes 900 
momentum analys is  and  quadrupole beam focusing. The  proton beam passes 
through a high puri ty aluminum foil a f t e r  en t e r ing  t h e  vacuum chamber .  The  
sca t t e r ing  by th i s  foil  improves  t h e  beam uniformity and provides t h e  desired beam 
profi le  at  t h e  sample  plane. 

The  beam uniformity i s  de t e rmined  by ro t a t ing  a Fa raday  c u p  a c r o s s  t he  sample  
plane and  recording- the  o u t p u t  vs. position (f igure 2). The  var ia t ion  o f  proton flux 
a c r o s s  t h e  mounted ce l l s  was  less t han  4%. The  required c u r r e n t  f rom t h e  
a c c e l e r a t o r  i s  cont ro l led  by a second Faraday c u p  mounted  in the  sample  plane. 

The  ce l l s  were  exposed t o  1 MeV proton f luences  of  2.5 x 10l0 ,  1.0 x 1011, 
1.0 x 1012, 5.0 x 1012, 1.0 x 1013 and 5.0 x 1913 protons/cm2. All ce l l s  were  
i r rad ia ted  a t  normal  incidence. Af t e r  e a c h  in terva l  of exposure  t h e  ce l l s  were  
removed f rom t h e  vacuum c h a m b e r  t o  undergo I-V cha rac t e r i za t ion .  All 
cha rac t e r i za t ion  tests were  per formed within t h r e e  hours  of  i rradiat ion.  

RESULTS AND DISCUSSION 

Figure  3 shows t h e  e f f e c t s  of  1 MeV proton radiat ion ave raged  o v e r  t h e  e leven  
CuInSe2 cells.  Also shown a r e  silicon a n d  gallium arsenide  c e l l s  t h a t  were  
previously repor ted  ( r e fe rence  I). The  silicon ce l l s  were  10 ohm-cm, 200 microns  
thick with dual  an t i - re f lec t ion  coa t ings  and  aluminum back-surface ref lec tors .  The 
GaAs ce l l s  were  m a d e  with t h e  liquid phase epi taxy  process incorporat ing G a A l A s  
windows. F rom f igure  3 i t  i s  de t e rmined  t h a t  CuInSe2 ce l l s  a r e  approximate ly  a 
f a c t o r  o f  50  m o r e  res is tan t  t o  1 MeV protons than  GaAs and  Si cells.  

Figure 4 s h o v ~ s  t h e  I-V cha rac t e r i s t i c s  of a n  individual c e l l  be fo re  and  a f t e r  
i rradiat ion a t  f luences  of  1.0 x 1013 and 5.0 x 1013 protons/cm2. F igure  5 shows 
t h e  a v e r a g e  degradat ion  o f  t h e  lsc, Voc and  F F  for  t h e  e leven  ce l l s  vs. increasing 
proton fluence. The  main c a u s e  of  t h e  cel ls '  degradat ion  w a s  decreas ing  Voc and 



FF. This  i n d i c a t e s  t h a t  t h e  d a m a g e  t o  CuInSe2  c e l l s  o c c u r s  n e a r  t h e  junct ion of 
t h e  cell a n d ,  t h e r e f o r e ,  r a i s e s  t h e  d a r k  c u r r e n t  which l o w e r s  t h e  Voc a n d  FF. In 
c o n t r a s t ,  t h e  m a i n  c a u s e  of d e g r a d a t i o n  of  t h e  Si a n d  G a  As c e l l s  is t h e  d e c r e a s i n g  
Isc which t e n d s  t o  b e  a bulk m a t e r i a l  problem.  

Ini t ia l  s p e c t r a l  r esponse  m e a s u r e r n e n t s  w e r e  t a k e n ,  h u t  d u e  t o  negl igible  
d e g r a d a t i o n  o f  t h e  Isc, n o  follow u p  m e a s u r e m e n t s  w e r e  t a k e n .  Anneal ing 
e x p e r i m e n t s  w e r e  per for rned  a t  2250C. A f t e r  a s h o r t  d u r a t i o n  of 6 minu tes ,  c e l l  
e f f i c i e n c y  was r e s t o r e d  f r o m  13% to 9 5 %  of i t s  in i t i a l  va lue .  No a t t e m p t  w a s  
m a d e  t o  o p t i m i z e  t h e  a n n e a l i n g  p a r a ~ n e t e r s .  

CONCLUSIONS 

T h e  CuInSe2 c e l l  proved t o  b e  a p p r o x i m a t e l y  a f a c t o r  o f  5 0  m o r e  r e s i s t a n t  t o  1 
MeV p r o t o n s  t h a n  Si o r  C a A s  ce l l s .  T h e  c e l l  h a d  previously b e e n  roven  t o  b e  
i n h e r e n t l y  s t a b l e  t o  1 MeV e l e c t r o n s  up t o  a f l u e n c e  o f  2 x 1 0 1 6 e 1 c m f  C o m b i n e d  
w i t h  p o t e n t i a l  of high s p e c i f i c  power ,  CuInSe2  c e l l s  show a n  e x c e l l e n t  p o t e n t i a l  f o r  
g e n e r a t i n g  e l e c t r i c  power  in s p a c e  app l ica t ions .  

D e t a i l e d  c h a r a c t e r i z a t i o n  of t h e  p ro ton  d a m a g e  a s  a func t ion  o f  p r o t o n  e n e r g y  a n d  
f l u e n c e  i s  n e e d e d  t o  d e t e r m i n e  t h e  d a m a g e  m e c h a n i s m .  B e c a u s e  t h e  d a m a g e  
a p p e a r s  t o  t a k e  p l a c e  a t  t h e  junct ion,  redes ign ing  t h e  c e l l  window l a y e r  by 
c h a n g i n g  t h i c k n e s s  o r  m a t e r i a l  cou ld  l ead  to f u r t h e r  e n h a n c e m e n t  o f  t h e  c e l l  
r a d i a t i o n  hardness .  
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DLTS AKALYSIS OF RADIATION-INDUCED DEFECTS I N  ONE-MEV ELECTRON 
IRRADIATED GERMANIUM AND ALO. 17GA0. 83AS SOLAR CELLS* 
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The p u r p o s e  o f  t h i s  p a p e r  is t o  i n v e s t i g a t e  t h e  r a d i a t i o n - i n d u c e d  deep-  
l e v e l  d e f e c t s  i n  one-MeV e l e c t r o n - i r r a d i a t e d  germanium and  AlxGal-xAs ( w i t h  x = 
0.05 and 0.17) s o l a r  cell m a t e r i a l s  u s i n g  t h e  Deep-level  T r a n s i e n t  Spectroscopy 
(DLTS) and C-V techniques .  Defect  and recombina t ion  p a r a m e t e r s  such  as  d e f e c t  
d e n s i t y  a n d  e n e r g y  l e v e l s ,  c a p t u r e  c r o s s  s e c t i o n s  a n d  l i f e t i m e s  f o r  b o t h  
e l e c t r o n  and  h o l e  t r a p s  were de te rmined  from t h e s e  measurements. I n  t h i s  s tudy ,  
b o t h  t h e  ge rmanium a n d  AlGaAs /n j u l ~ t i o n  cel s w e r e  ' r r a d i a t e d  by one-MeV 
e l e c t r o n s  w i t h  f l u e n c e s  o f  lBq4, 10 a n d  e/cmt. DLTSt I -V ,  a n d  C-Y 
measurements were then performed on t h e s e  cells. The r e s u l t s  are summarized as 
fo l lows :  (1) For  t h e  i r r a d i a t e d  germanium samples ,  t h e  d o  ' n a n t  e l e c t r o n  t r a p  
was due t o  t h e  Ec - 0.24 e V  l e v e l  w i t h  d e n s i t y  around 4x10" ~ m - ~ ,  independent  
o f  e l e c t r o n  f  l u e n c e ;  its o r i g i n  w a s  a t t r i b u t e d  t o  t h e  vacancy-donor  c o m p l e x  
d e f e c t  formed d u r i n g  t h e  e l e c t r o n  i r r a d i a t i o n .  I n  a d d i t i o n  two  new h o l e  t r a p s  
w i t h  a c t i v a t i o n  e n e r g i e s  o f  Ev + 0.10 a n d  0.16 e V  w e r e  o b s e r v e d  i n  t h e  
i r r a d i a t e d  samples ;  t h e s e  two ho le  t r a p s  were a t t r i b u t e d  t o  t e divacancy-donor 
complex d e f e c t s  w i t h  d e n s i t i e s  va ry ing  f rom 1.5 to 4 x 1 8 ~ ~  cm9. (2 )  As 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  AlO. 7Ga0 ,83~  sample ,  two dominant e l e c t r o n  t r a p s  
w i t h  e n e r g i e s  o f  E -0.19 a n d  4 . 2 9  e V  w e r e  o b s e r v e d :  t h e  d e n s i t y  f o r  b o t h  
e l e c t r o n  t r a p s  was a t s o  found to remain n e a r l y  c o n s t a n t ,  independent  o f  e l e c t r o n  
f l u e n c e .  The r e s u l t s  o f  t h i s  s t u d y  show t h a t  one-MeV e l e c t r o n  i r r a d i a t i o n  
creates v e r y  f e w  or no new d e e p l e v e l  traps i n  both t h e  germanium and  A1,Ga 
ce l l s ,  a n d  a s  s u c h  t h e y  are s u i t a b l e  f o r  f a b r i c a t i n g  t h e  r a d i a t i o n - h a r d  
e f f i c i e n c y  m u l t i j u n c t i o n  solar cells f o r  s p a c e  a p p l i c a t i o n s .  

INTRODUCTION 

Cons iderab le  i n t e r e s t s  i n  developing h i g h  e f f i c i e n c y  cascade  j u n c t i o n  solar 
cell u s i n g  materials such  as AI.,Gal_,As, @AS, and  germanium or In,Gal-$As have 
been r e p o r t e d  r e c e n t l y  [l-51. The cascade j u n c t i o n  s o l a r  cell  is p a r t i c u l a r l y  
a t t r a c t i v e  f o r  s p a c e  p o w e r  g e n e r a t i o n  s i n c e  i t  h a s  p o t e n t i a l  t o  a c h i e v e  A M 0  
e f f i c i e n c y  o f  30 % o r  h i g h e r  by u s i n g  a t r i p l e  j u n c t i o n  s t r u c t u r e .  To d e s i g n  a 
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* .a ' B 
r a d i a t ? & - i i h a r d  t r i p l e  ' j u n c t i o n  s o l a r  c e l l  f o r  s p a c e  p o w e r  g e n e r a t i o n ,  t h e  
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  materials  t o  b e  u s e d  f o r  t h e  c a s c a d e  s o l a r  c e l l  
f a b r i c a t i o n  s h o u l d  b e  s t u d i e d .  A l t h o u g h  e x t e n s i v e  s t u d i e s  o f  t h e  r a d i a t i o n  
damage i n  & A s  i r r a d i a t e d  by one-MeV e l e c t r o n s  and  low energy  p r o t o n s  have been 
r e p o r t e d  i n  t h e l i t e r a t u r e  [6-101, o n l y  l i m i t e d  i n f o r m a t i o n  c o n c e r n i n g  t h e  
r a d i a t i o n  induced d e f e c t s  i n  AlxGal-xAs, Inx& A s  and  germanium is a v a i l a b l e  L-x a t  p r e s e n t  [ l l - 1 6 1 .  I n  o r d e r  to  o b t a i n  a d e t a i l e d  i n f o r m a t i o n  c o n c e r n i n g  t h e  
r a d i a t i o n  induced d e f e c t s  i n  germanium and A1xGal-xAs f o r  cascade  junc t ion  s o l a r  
cell a p p l i c a t i o n s ,  a s y s t e m a t i c  s t u d y  o f  t h e  deep- level  d e f e c t s  v s  e l e c t r o n  o r  
p r o t o n  f l u e n c e  m u s t  b e  c o n d u c t e d .  I n  t h i s  p a p e r  we r e p o r t  t h e  r e s u l t s  o f  o u r  
DLTS a n a l y s i s  o f  t h e  one-MeV e l e c t r o n  i r r a d i a t i o n  induced deep- level  traps i n  
germanium and A10.17Ga0 83&3 p n  j u n c t i o n  cells f o r  d i f f e r e n t  e l e c t r o n  f luences .  
In a d d i t i o n  t h e  I-V and  C-V measurements were  a l s o  performed t o  de te rmine  t h e  
recombina t ion  mechanisms 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  samples.  From t h e  r e s u l t s  
o f  o u r  C-V a n d  DLTS a n a l y s i s  a n d  t h o s e  r e p o r t e d  i n  t h e  l i t e r a t u r e ,  t h e  
p o s s i b l e  p h y s i c a l  o r i g i n s  f o r  t h e  o b s e r v e d  e l e c t r o n  a n d  h o l e  t r a p s  i n  b o t h  
germanium and  A10 17Ga0 8 3 A ~  materials are d i scussed .  . 

EXPERIMENTAL 

The AlXGal-,As p n  j u n c t i o n  solar cells used i n  t h i s  s t u d y  were  f a b r i c a t e d  
by u s i n g  i n f i n i t e  s o l u t i o n  melt l i q u i d  phase  e p i t a x i a l  (LPE) t echn ique  f o r  two 
d i f f e r e n t  a l u m i n u m  c o m p o s i t i o n s  ( x  = 0.05 a n d  0.17), w h i l e  t h e  g e r m a n i u m  p-n 
j u n c t i o n  cells were fabricated by us ing  a1 o i n g  rocess. The backg o d d pant 

'ycm-3 f o r  d e n s i t y  f o r  t h e  AlGaAs ce l l s  is a r o u n d  1 0 " ~ m - ~ ,  a n d  is  a b o u t  10 
t h e  germanium cells. The 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 a t  room 
t e m p e r a t u r e  on t h e s e  cells u s i n g  t h r e e  d i f f e r e n t  e l e c t r o n  f luences .  The I-V, C- 
V, and  DLTS measurements  were  performed on bo th  germanium and  AlGaAs samples  
b e f o r e  a n d  a f  ter e l e c t r o n  i r r a d i a t i o n ,  a n d  t h e  r e s u l t s  a re  p r e s e n t e d  n e x t .  

RESULTS AND DISCUSSION 

The arsenic-doped germani  m p n  'unc t ion  cells were  i r r a d i a t e d  by one-MeV 
e l e c t r o n s  w i t h  f l u e n c e s  o f  1 0 ' ~ ~  10'' a n d  1016 c m - 2  i n  t h e  room t e m p e r a t u r e .  
DLTS a n d  C-V m e a s u r e m e n t s  w e r e  made on  t h e s e  s a m p l e s  t o  d e t e r m i n e  t h e  d e f e c t  
parameters s u c h  as a c t i v a t i o n  energy,  d e f e c t  d e n s i t y ,  c a p t u r e  c r o s s  s e c t i o n s  and 
t h e  l i f e t i m e s  f o r  b o t h  t h e  e l e c t r o n  and  h o l e  t r a p s .  The r e s u l t s  are summarized 
i n  t a b l e  1. Fig.  1 a n d  Fig .  2  s h o w  r e s p e c t i v e l y  t h e  DLTS s c a n s  o f  e l e c t r o n  a n d  
ho le  t r a p  i n  t h e  u n i r r a d i a t e d  germanium cells. The Ec - 0.26 e V  e l e c t r o n  t r a p  
a n d  t h e  Ev + 0.33 e V  h o l e  t r a p  o b s e r v e d  i n  t h e  u n i r r a d i a t e d  ce l l s  w e r e  
a t t r i b u t e d  t o  t h e  copper  i m p u r i t y  rela e d  d e  ect [15], and  t h e  d e n s i t y  f o r  b o t h  
t r a p  l e v e l s  is n e a r l y  i d e n t i c a l  ( 3 . 8 ~ 1 0 ' ~  cm-') Fig. 3 shows t h e  DLTS scan o f  
t h e  Ev + 0.26 e V  h o l e  t r a p  o b s e r v e d  i n  t h e  ld5 e/cm2 i r r a d i a t e d  s a m p l e .  The 
a n n e a l i n g  e x p e r i m e n t s  were  performed on t h e s e  germanium samples ,  and t h e  r e s u l t s  
are shown i n  Fig. 4  th rough  Fig. 6. Fig.4 shows t h e  e f e c t  o f  t h e r m a l  a n n e a l i n g  
on t h e  Ec - 0.27 e V  e l e c t r o n  t r a p  observed i n  t h e  1 0 l f  e l e c t r o n  i r r a d i a t e d  
cell. I n  t h i s  sample ,  t h e  t h e r m a l  a n n e a l i n g  was c a r r i e d  o u t  by r e p e a t i n g  t h e  
DLTS s c a n s  b e t w e e n  77  a n d  4 3 5  K. S i g n i f i c a n t  r e d u c t i o n  i n  d e f e c t  d e n s i t y  w a s  
observed i n  t h e  f i r s t  t h r e e  a n n e a l i n g  c y c l e s ,  and  showed l i t t l e  o r  no  r e d u c t i o n  
i n  d e f e c t  d e n s i t y  a f t e r  t h e  f i f t h  a n n e a l i n g  cycle .  Fig. 5 shows t h e  DLTS s c a n s  
o f  Ec - 0.26 e V  e l e c t r o n  t r a p  o b s e r v e d  i n  t h e  u n i r r a d i a t e d  g e r m a n i u m  s a m p l e .  
The e f f e c t  o f  t h e r m a l  a n n e a l i n g  ( annea led  a t  162 OC f o r  1 2  hours )  is n e g l i g i b l y  



small i n  t h i s  case, i n d i c a t i n g  t h a t  t h i s  e l e c t r o n  t r a p  is indeed t h e  impur i ty  
(cu*) r e l a t e d  defect .  F i  .6 shows the e f f e c t  of thermal  annea l ing  on t h e  hole 
t r a p s  o b s e r v e d  i n  t h e  1gY4 cm-3  e l e c t r o n  i r r a d i a t e d  sample .  The E + 0.10 e V  
h o l e  t r a p  l e v e l  w a s  d i s a p p e a r e d  a f t e r  4 5  min. o f  a n n e a l i n g  a t  1 6 3  OC. The 
r e s u l t s  of  our  DLTS measurements on t h e  i r r a d i a t e d  germanium samples c l e a r l y  
show t h a t  one-MeV e l e c t r o n  i r r a d i a t i o n  i n d u c e d  d e f e c t s  can  be r educed  
d r a s t i c a l l y  v i a  l ow t e m p e r a t u r e  (less t h a n  200 O) t h e r m a l  a n n e a l i n g  process .  
The r e s u l t s  show that germanium possesses  good r a d i a t i o n  r e s i s t ance ;  t h i s  is 
c o n s i s t e n t  w i t h  o u r  I -V d a t a  and  t h o s e  r e p o r t e d  by o t h e r s  i n  t h e  l i t e r a t u r e .  
Fig. 7 shows the  current-vol tage r e l a t i o n s h i p  under t h e  forward b i a s  conditon 
f o r  four  germanium cells i r r a d i a t e d  by d i f f e r e n t  e l e c t r o n  fluences.  The r e s u l t s  
show l i t t l e  o r  no c o r r e l a t i o n  between t h e  dark forward c u r r e n t  and the  e l ec t ron  
f luence i n  t hese  i r r a d i a t e d  germanium samples. 

The DLTS a n a l y s i s  of d e e p l e v e l  d e f e c t s  i n  one-MeV e l e c t r o n  i r r a d i a t e d  Al, 
GalYxAs w i t h  x=0.05 and 0.17 was a l s o  c a r r i e d  o u t  i n  t h i s  study. Fig.8 shows a 
t y p i c a l  DLTS scan of  e l e c t r o n  t r a p s  observed i n  the  one-MeV e l e c t r o n  i r r a d i a t e d  
AlGaAs cell. Defect parameters  deduced from our  C-V and DLTS meas ments f 
the  l0 7Ga0.83As samples i r r a d i a t e d  by one-MeV e l e c t r o n s  w i t h  17' a n d  1 0  YE 
e/cm4 d u e n c e s  are summarized i n  t a b l e  2. No deep-level d e f e c t s  were de tec ted  
by ou r  DLTS measurements i n  the A l a 0 f 3  95As sample, whi le  two e l e c t r o n  t r a p s  
w i t h  e n e r g i e s  o f  Ec-0.19 e V  a n d  Ec- .2&eV were o b s e r v e d  i n  t h e  A l O .  7Ga0 
samples .  I t  is i n t e r e s t i n g  t o  n o t e  t h a t  b o t h  e l e c t r o n  t r a p s  o b s e r v e &  i n  ~f le  
one-MeV e l e c t r o n  i r r a d i a t e d  Rlg.i7Ga0.83AS sample have a l s o  been observed i n  t he  
un i r r ad ia t ed  AlGaAs specimen w i t  x > 0.15. Th i s  r e s u l t  c l e a r l y  i n d i c a t e s  that 
no new d e f e c t  l e v e l s  were introduced i n  t h e  AlxGal-,As specimen by the  one-MeV 
e l e c t r o n  i r r a d i a t i o n .  

I n  summary, t h e  r e s u l t s  o f  o u r  DLTS a n d  C-V a n a l y s i s  on t h e  one-MeV 
e l e c t r o n  i r r a d i a t i o n  induced d e f e c t s  i n  germanium and A 1  17Ga0 materials 
c l e a r l y  show t h a t  both of  t hese  two materials possess g d r a d i a k r o n  r e s i s t a n c e  
c h a r a c t e r i s t i c s ,  a n d  may be  s u i t a b l e  f o r  u s e  a s  t h e  t o p  a n d  bo t tom cel l  
materials i n  a t r i p l e  junct ion s t r u c t u r e  w i t h  GaAs as t h e  middle cell material. 
The p o s s i b l e  phys i ca l  o r i g i n s  f o r  the  observed d e e p l e v e l  t r a p s  i n  t he  germanium 
samples  a r e  a l s o  l i s t e d  i n  table.1. 
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Table 1. Defect parameters i n  one-MeV electron irradiated germanium. 

&mples &(e/cm2) eT(ev) N , , ( c ~ - ~ )  ~ ~ ( c m - ~ )  d,,(cm2) dp(cm2) In 
rp Defect origin 

GE-B e E c 4 .  26 1x1015 3 . 7 3 ~ 1 0 ~ ~  4.23~10-l6 6 . 3 3 ~ 1 8 ~  CU* 
A=2.65x18 an2 qM.33 3. 89x1d4 8 .52~18~ '  3 . 0 2 ~ 1 6  Cu2' 

GE13 1814 E C 4 .  24 7.45x18l4 3. 5 5 x 1 ~ ~ ~  5.55x1816 5. ~ x l 8 ~  VD Canplex 
qM.10 3.51x18l4 3.6x1817 7.91~186 WD Conplex 
%+0.17 1. 33x1d4 1. 22x1816 6.16~186 WD Canplex 

a 1 2  ld5 Ec-O. 27 8.9x1014 4. 51x1014 4.47x1815 4.96~188 VD Canplex 
%+0.26 2 . 9 2 ~ 1 8 ~ ~  4.24~10-l4 8 . 0 8 ~ 1 8 ~  WD Complex 

GE11 1016 Ec-O. 24 7.46x18l4 3 . 5 4 ~ 1 0 ~ ~  5. 55x1816 5 . 8 9 ~ 1 8 ~  VD Cunplex 
%+0. 10 2.69x1d4 3 . 6 8 ~ 1 8 ~ ~  1 . 0 3 ~ 1 8 ~  WD Canplex 
%+0.17 1. 72x1d4 1. 22x1816 4 . ~ 1 ~ 1 8 6  WD ~omplex 

Table 2. One-MeV Electron I r r a d i a t i o n  Induced Defects 
i n  A10 17Ga0 83A5 Materials .  

2 Electron Fluence (e/cm ) Nd (an-3) 4 ( e V )  Np dn 
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DEPLETION LAYER RECOMBINATION EFFECTS ON THE RADIATION 
DAMAGE HARDNESS OF GALLIUM ARSENIDE CELLS 

G. F. J. Garlick 
Spectrolab, Inc. 
Sylmar, California 

In 1973 Hovel (ref. 1) demonstrated the significant effect of junction 
depletion layer recombination on the efficiency of 'windowed' GaAs cells. 
The effect becomes more pronounced as radiation damage occurs and is included 
in the anal-yses of later workers. In this paper it is more explicitly con- 
sidered for 1 MeV electron fluences up to 1016 e/cm2. The cell modeling 
separates damage in emitter and base or buffer layers using different damage 
coefficients recently reported by Yamaguchi et a1 (refs. 2 and 3). The lower 
coefficient for the emitter predicts less loss of performance at fluences greater 
than 1015 e/cm2. A method for obtaining information on junction recombination 
effects as damage proceeds is described; this enables a more complete diagnosis 
of damage to be made. 

INTRODUCTION 

In 1973 Hovel (ref. 1) analyzed the effect of junction depletion layer 
recombination in AlGaAs windowed GaAs cells showing that it could account for 
a few percent loss of cell efficiency (AMO). Later Loo et a1 (ref. 2) and 
Knechtli et a1 (ref. 3) carried out analyses of electron radiation damage in 
this type of cell using models which included the junction effects. Their 
models, which are similar to those of Hovel and Woodall (ref. 4), have been the 
basis of our analysis. In addition we have looked at the effects of different 
damage coefficients for the emitter and buffer (or base) regions. We have used 
the information on these given in the work of Yamaguchi et a1 (refs. 5 and 6). 
Compared with the assumption of equal damage coefficients in emitter and buffer 
(about 1nq7/e) the emitter damage coefficient is 3.5*10-~ for a P doping of 
1018/cm2 and the buffer damage coefficient is l.8*10-~ for N doping of 2*loi7/ 
cm3. IJsing the separate values shows significant differences in cell damage 
from that using equal damage coefficients. 

It is clear that in order to use the modeling for damage in gallium arsen- 
ide to explain experimental data, measurements have to be sufficiently compre- 
hensive at each fluence level to give information on the junction depletion 
region. One can include a complete dark current characteristic measurement at 
each fliience but we describe below a simple way to obtain sufficient informa- 
tion by using the variation of Voc and Isc with solar flux. 

Our modeling uses a computer code developed here for the HP/3000 'in house' 
computer. Short circuit current (Isc) is obtained by using the solar AM0 spec- 
trum and the absorption data for the cell window and for the underlying GaAs. 
Open circuit voltage (Voc), power maximum, efficiency (n), etc. are obtained as 
in previous models using of course the derived Is, values. The junction effects 
are found by using the relations of Sah, Noyce and Shockley (ref. 7 as modified 
by Choo (ref.8)). 

181 
PRECEDING PAGE BLANK NOT h L m  



Cell paxameters~su&h as thickness of the various layers, doping concen- 
+$agioh$. 'surface and interface recombination velocities, diffusion lengths 
and coefficients etc. are taken for typical production cells from Hughes 
Research Laboratories made by the LPE method. 

DAMAGE ANALYSIS MODELING 

It is assumed that diffusion lengths decrease with fluence of electrons 
in the following way: 

2 where 0 is the fluence (e/cm ) ,  Lo is the BOL (beginning of life) value and 
L the diffusion length value at 0, K being the damage coefficient (usually 
quoted for L values in cm). 

The analytical relations for Isc, Voc, etc. will not he requoted here 
but it is useful to note that Is, will depend on L values and on absorption 
spectra for the cell layers as well as on the layer thicknesses, etc. 

The open circuit voltage depends on the above factors, including Is, but 
is also strongly dependent on the resulting saturation currents for the NP 
GaAs diode system. The so called first diode saturation current 101 is the 
sum of the components due to the emitter and the buffer (101, and Iolb) while 
1 0 2  is the saturation current for the 'second diode1 arising from the deple- 
tion layer recombination. The relation determining their effect on Voc is: 

q being the electronic charge, k B61tzmann1s constant and T the absolute 
temperature. This relation forms the basis for analyzing experimental 
data on cell damage. It is not usual to include the junction term when cal- 
culating Voc but as gallium arsenide cell modelers show it is too significant 
to be neglected. However, past experimental data for high fluences cannot 
be analyzed properly because measurements of a kind giving 102 are missing. 
We show how this can be remedied below. 

I We now look at results of modeling with respect to saturation currents. 
Figure 1 gives the saturation currents for a cell as functions of 1 MeV elec- 
tron fluence for a typical cell specification, which is: 

1 Window and emitter thickness = .5 micron. Buffer thickness 10 micron. 
Window is A1(86%)Ga(14%)-As, buffer and base are GaAs. 
Window diffusion length .2 micron, emitter diffusion length 5 micron, buffer 
diffusion length 2 micron. 
Window diffusion coefficient .7, emitter value 90, buffer value 5 each in 
cm2/s. 
Window surface recombination velocity lo6, emitter interface recombination 
velocity lo4 cm/s respectively; buffer assumed 'thick1 in cell theory. 
Window and emitter doping concentrations 1018/cm3 and buffer doping concen- 
tration 2.101'/cm3. Emitter damage coefficient is 3.5.10-~/e, buffer damage 
coefficient is 1.8.10-~. 



(It should be remembered that the formula for 102 contains a Voc 
dependent term in equation (2) and this makes the equation transcendental. 
However, it is easily solved by a Newton Raphson method.) 

Figure 1 shows that the dominating influence in 101 for moderate 
fluences is that of the buffer component. However, at fluences of 1015 
e/cm2 or more the emitter contribution becomes significant and at 1016 e/crn2 
overtakes that of the buffer. In addition the effect of 102 which is almost 
constant up to 1015 e/cm2 becomes an important factor at higher fluences. The 
combined effect of these three saturation currents makes the change of cell 
parameters with damage rather different from that predicted from 'base only' 
damage (see e.g. JPL Radiation Damage Handbook, ref. 9) usually assumed for 
silicon cells. 

Figure 2 shows the effect of the saturation current behavior on the open 
circuit voltage, Voc. Curve A is when no effect of 102 is included while 
Curve B shows the effect of its inclusion. The broken curve, C, is for equal 
damage coefficients in emitter and base of 10-~/e. The X changes for the 
effect are listed in Table 1 below. 

Figure 3 shows the effect of the 102 component on the cell maximum power 
fall off with fluence. Curve A is when no 102 term is present, Curve B that 
when it is there; as in Figure 1, curve C shows the case of equal damage 
coefficients in emitter and base (10-~/e). Again, X changes are given in 
Table 1. 

It is well established by previous workers that there is a great advantage 
in making cells with thinner window and emitter layers. We have not given the 
plots for a 'thin' cell but have included a summary of our modeling in Table 1 
for a cell with .2 micron window and .2 micron emitter but keeping all other 
specifications the same. The improvement in Is,, Voc and maximum power and 
efficiency is evident. The difference in efficiency at end of life (1016 
e/cm2) is -6% when the damage coefficients are assumed different in the emitter 
and buffer. However, the effect of the 102 component of saturation currents 
is still similar to that for equal damage coefficients. 

ANALYSIS OF EXPERIMENTAL DATA 

We have already shown that diagnosis of damage in gallium arsenide cells 
needs a knowledge of the second diode (10~) behavior as electron fluence is 
increased. We have developed a simple measurement for the same purpose in 
looking at silicon cells. In addition to the usual measurements of spectral 
response, Vo,, Isc and maximum power (from current voltage load curves) we 
take an extra pair of readings of Isc and Voc at an illumination less than 
that at AM0 (about 3 times less). Then using the AM0 values and these new 
values we can apply Equation 2 to get 101 and 102 values. As a simple example 
for an undamaged cell we give measurements of 101 and 102 for a cell of 
efficiency 17.5% at AM0 flux from a production run (HRL). 

Isc voc 
101 ( ~ / c m ~ )  I02 ( ~ / c m ~ )  m ~ /  cm2 - mV Effy X 



It is thus possible to obtain quantitative measurements of first and second 
diode saturation currents 101 (total) and 102 for gallium arsenide cells and 
to compare them with theoretical curves like those in Figure 1 to test the 
efficacy of the modeling. It is also possible to introduce a constant con- 
tribution to 102 arising from junction contamination levels into the model. 

CONCLUSIONS 

(a) The significant effects of junction depletion layer recombination on the 
radiation hardness of 'windowed' gallium arsenide cells have been expli- 
citly demonstrated. They represent a basic limit to cell hardness 
especially at high fluence levels. It would appear that improvement in 
hardness will have to come from an 'offsetting' of damage processes in 
cell emitter and buffer layers. This might be helped by a greater funda- 
mental understanding of the nature of recombination centers induced by 
the high energy radiation. 

(b) The advantages of thinner window and emitter layers are obvious but 
they do not alleviate the second diode effects. 

(c) It is possible to estimate the second diode effects experimentally 
at various stages of damage by adding a simple Is,-Voc test at lower 
light flux levels. Of course more detailed information can be included 
if dark current voltage measurements are also made at each stage of 
damage. 

(d) In the course of similar modeling for silicon cells we have found that the 
second diode effects are not insignificant at the high fluence levels. In 
this case we have considerable experimental evidence from damaged cells. 
Similar experimental evidence will be obtained for gallium arsenide when 
damaged samples are available. 
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PERFORMANCE OF HUGHES GaAs CONCENTRATOR CELLS 

UNDER 1-MeV ELECTRON IRRADIATION 

Henry B. C u r t i s  and C l i f f o r d  K. Swartz 
NASA Lewis Research Center 

Cleveland. Ohio 

Several Hughes g a l l i u m  arsenide (GaAs) concentrator  c e l l s  were exposed t o  l-MeV 
e lec t rons  a t  f luences up t o  1x1015 electrons/cm2. Performance data were taken 
a f t e r  several f luences, a t  two temperatures (25 and 80 "C), and a t  concentrat ion 
l e v e l s  from 1 t o  -150x AMO. Data a t  1 sun and 25 "C were taken w i t h  an X-25 
xenon-lamp so la r  s imulator .  Data a t  concentrat ion were taken us ing a pulsed so la r  
s imulator  w i t h  the  assumption o f  a l i n e a r  r e l a t i o n s h i p  between s h o r t - c i r c u i t  cu r ren t  
and i r rad iance.  The c e l l s  a re  5 by 5 mm w i t h  a 4-mm-diameter i l l u m i n a t e d  area. 

INTRODUCTION 

The use o f  concentrat ing o p t i c s  f o r  space photovo l ta ic  power generat ion has been 
under cons idera t ion  f o r  some t ime. The p o t e n t i a l  advantages o f  concentrators 
inc lude h igher  c e l l  e f f i c i e n c y ,  b e t t e r  r a d i a t i o n  res is tance,  and lower cost .  One 
poss ib le  o p t i c a l  design out o f  several i s  t he  m in ia tu re  Cassegrainian concept 
developed by TRW ( r e f .  1 ) .  This design involves small GaAs c e l l s  operat ing a t  a 
concentrat ion l e v e l  o f  100 t o  130x AMO. The c e l l s  a re  5 by 5 n w i t h  a 4-mn- 
diameter i l l u m i n a t e d  area which leaves about h a l f  t he  c e l l  area covered w i t h  ou ter  
bus-bar . 

One o f  t he  unanswered quest ions i n v o l v i n g  concentrator  c e l l s  i s  t h e i r  perform- 
ance degradat ion a t  concentrated l i g h t  l e v e l s  a f t e r  e lec t ron  i r r a d i a t i o n .  As p a r t  
o f  an ongoing concent ra tor -ce l l  program a t  NASA Lewis, several Hughes concentrator  
GaAs c e l l s  were i r r a d i a t e d  w i t h  1-MeV e lec t rons .  The data presented here are  
intended t o  be a f i rs t  look a t  the  performance o f  concentrator  c e l l s  a f t e r  e lec t ron  
bombardment. 

EXPERIMENTAL DESCRIPTION 

F ive  Hughes GaAs small-area concentrator  c e l l s  were i n d i v i d u a l l y  mounted i n  
separate c e l l  holders. The holders cons i s t  o f  a small bottom metal base and a 
washer l ike metal t op  w i t h  a beveled ho le  s l i g h t l y  l a r g e r  than t h e  i l l u m i n a t e d  area 
o f  t he  c e l l .  These two pieces supply both a permanent support f o r  t he  c e l l  and an 
area f o r  t he  four-wire e l e c t r i c a l  attachment. The c e l l s  remained i n  t h e i r  holders 
throughout a l l  e lec t ron  I r r a d i a t i o n s  and performance measurements. There were no 
cover glasses attached t o  the  c e l l s  nor was the re  any sh ie ld ing  by o p t i c a l  elements 
du r ing  the  i r r a d i a t i o n s .  

E lec t ron  l r r a d i a t i o n s  us ing 1-MeV e lec t rons  were performed a t  t he  NASA Lewis 
dynamitron and a t  the  Naval Research Laboratory Van de Gra f f  generator.  (The e lec-  
t r o n  i r r a d i a t i o n  facilities a t  NRL were made a v a i l a b l e  through t h e  cooperat ion of 
Richard S t a t l e r  and Robert Farr.)  The c e l l s  were i r r a d i a t e d  t o  a t o t a l  f luence of 
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lk1015 electrons/cm2; w i t h  performance measurements made a t  several in termediate 
f luence l eve l s .  The performance measurements consisted o f  the fo l l ow ing :  

(1 )  I - V  data a t  25 O C  and 1  AM0 using an X-25 xenon so la r  s imulator  and a  
reference c e l l  

(2 )  I - V  data a t  25 O C  a t  several concentrat ions up t o  100 times AM0 and above 
us ing a  pulsed xenon so la r  s imulator  and the  l i n e a r  assumption between 
i r rad iance  and s h o r t - c i r c u l t  cu r ren t  

(3)  S h o r t - c i r c u i t  cu r ren t  data a t  one f i x e d  concentrat ion a t  both 25 and 80 O C  
I i n  order t o  se t  t he  cu r ren t  scale a t  the  elevated temperature 

( 4 )  I - V  data a t  80 O C  a t  several concentrat ions as i n  step (2 )  

During I - V  measurements the  c e l l s  i n  t h e i r  holders a re  mounted t o  a  temperature- 
c o n t r o l l e d  b lock.  The concentrat ion l e v e l  on the  c e l l  i s  var ied  by a  combination 
o f  changing the  d is tance from t h e  l i g h t  source and us ing  and not  us ing a  f resne l  
lens. Since the  du ra t i on  o f  t he  l i g h t  pulse from the  f l a s h  s imulator  i s  j u s t  
2  msec, there  i s  no heat ing  e f f e c t  from the  concentrated l i g h t .  The elapsed t ime 
a t  80 "C was about 90 min f o r  each c e l l .  Several repeat measurements were made a t  
1  sun and 25 O C  a f t e r  the  e levated temperature measurements i n  order t o  determine 
i f  any anneal ing had taken place. 

1 %  RESULTS AND DISCUSSIONS 

1 The data presented i n  the  tab les  and f i g u r e s  a re  the  average o f  t he  f i v e  c e l l s  
which were c a r r i e d  throughout t he  e l e c t r o n  i r r a d i a t i o n s .  Table I shows t h e  i n i t i a l  
I - V  parameters be fore  i r r a d i a t i o n .  One c e l l  was somewhat lower i n  cu r ren t  and 
e f f i c i e n c y  than the  others and the re fo re  lowered the  averages. Two c e l l s  had an 
e f f i c i e n c y  o f  19 percent a t  lOOx AM0 and 80 "C .  

I F igure 1 I s  a  p l o t  o f  c e l l  e f f i c i e n c y  versus concentrat ion l e v e l  f o r  t he  u n i r -  
rad ia ted  case and two i r r a d i a t e d  cases f o r  data taken a t  25 O C .  One common f a c t o r  
among t h e  th ree  curves i s  t h a t  they ge t  f l a t t e r  w i t h  increas ing  e l e c t r o n  f luence. 
This i nd i ca tes  t h a t  there  i s  more power l oss  due t o  e l e c t r o n  i r r a d i a t i o n  a t  concen- 
t r a t e d  l e v e l s  than a t  1  sun. This can be seen more c l e a r l y  i n  f i g u r e  2, which shows 
t h e  r a t l o  o f  maximum power Pmax a f t e r  i r r a d i a t i o n  t o  the  i n i t i a l  value as a  
f u n c t i o n  o f  e lec t ron  f luence f o r  both AM0 and lOOx a t  25 O C .  

Table I 1  shows the  r a t i o s  o f  s h o r t - c i r c u i t  cu r ren t  Is,, open-c i rcu i t  vo l tage 
Voc, f i l l  f a c t o r ,  and Pmax a f t e r  i r r a d i a t i o n  t o  the  un i r rad ia ted  values f o r  
several f luence l e v e l s  a t  25 O C  and a t  1  and lOOx AMO. A t  1  sun the  power 
degrades t o  78.9 percent  o f  the  u n i r r a d i a t e d  value w h i l e  i t  drops t o  74.1 percent 
a t  lOOx AMO. Both the  vo l tage and f i l l - f a c t o r  changes c o n t r i b u t e  t o  the  greater  
power l oss  a f t e r  i r r a d i a t i o n  a t  concentrat ion.  Note t h a t  t he  f i l l  f a c t o r  increases 
by 3  percent a t  1  sun a f t e r  i r r a d i a t i o n  w h i l e  i t  decreases by 1.6 percent a t  lOOx 
AMO. The r a t i o s  f o r  s h o r t - c i r c u i t  cu r ren t  a re  the  same f o r  both so la r  i r r a d i a t i o n  
l e v e l s  due t o  the  l i n e a r  cu r ren t - i r rad iance  assumption. 

There i s  somewhat more Voc degradat ion a t  lOOx AM0 than a t  1  sun (0.91 
versus 0.925). This i nd i ca tes  t h a t  even though the  un i r rad ia ted  Voc i s  l a rge r  
a t  lOOx AM0 than a t  1 sun, i t  i s  s t i l l  t a k i n g  a  l a r g e r  percentage drop a f t e r  



l r r a d l a t l o n .  Th is  can be seen more c l e a r l y  I n  t a b l e  111, which l i s t s  t h e  d i f f e r -  
ences I n  Voc between lOOx AM0 and 1 sun measured a f t e r  d i f f e r e n t  f l uence  
l e v e l s .  The i n i t i a l  Voc d i f f e r e n c e  o f  180 mV drops t o  about 150 mV a f t e r  
i r r a d l a t l o n  t o  1x1014 electrons/cm2 and then remains f a i r l y  cons tan t  f o r  t h e  
f i n a l  two e l e c t r o n  f luences .  

The decrease i n  t h e  Voc d l f f e r e n c e  i n d i c a t e s  t h a t  t h e  c e l l  i s  becornlng more 
d l f f u s l o n  c u r r e n t  dominated and l ess  space-charge recomblnat lon c u r r e n t  dominated, 
as t h e  e l e c t r o n  f l uence  Increases.  A d l f f e r e n c e  o f  about 120 mV (60  mV/decade f o r  
2 decades) would be expected f o r  a  c e l l  w i t h  an n va lue  o f  1. A t  p resent ,  we havc 
no good exp lana t i on  f o r  t h e  change I n  Voc d i f f e r e n c e s .  

F l gu re  3  shows t h e  degrada t ion  i n  Pmax a t  lOOx AM0 f o r  bo th  25 and 80 "C. 
The curves a re  n e a r l y  l d e n t l c a l  i n d i c a t i n g  t h a t  t h e  e f f e c t s  on c e l l  performance due 
t o  e l e c t r o n  l r r a d i a t l o n  a re  e s s e n t l a l l y  t h e  same a t  t h e  two temperatures.  

Performance da ta  were a l s o  taken a t  25 "C a f t e r  t h e  60 t o  90 mln spent a t  80 " C  
f o r  measurement purposes i n  o rder  t o  determine I f  t h e r e  were any annea l lng  e f f e c t s .  
I n  a l l  cases, t h e r e  was no annea l lng  due t o  t h e  t ime  spent a t  80 "C. 

CONCLUDING REMARKS 

F i v e  smal l  Hughes GaAs concen t ra to r  c e l l s  were 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  
t o  a  t o t a l  f luence o f  1 x 1 0 ~  electrons/cm2. A f t e r  severa l  d i f f e r e n t  i n t e rmed l -  
a t e  f luences,  performance measurements were made a t  b o t h  25 and 80 "C a t  d i f f e r e n t  
l r r a d l a n c e  l e v e l s .  The major conc lus lons  a r e  as f o l l o w s :  

1. The drop I n  Pma, a f t e r  l r r a d l a t l o n  was l a r g e r  a t  lOOx AM0 than  a t  
1 sun. 

2. There was no s l g n l f l c a n t  d l f f e r e n c e  i n  t h e  degrada t ion  o f  c e l l  performance 
when measured a t  25 o r  80 O C .  

3. There was no annea l lng  due t o  about 90 mln spent a t  80 " C  f o r  measurements. 
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TABLE I. - I - V  PARAMETERS 

FOR UNIRRADIATED CELLS 

TABLE 11. - RATIOS OF IRRADIATED TO IN IT IAL  

VALUES FOR SEVERAL FLUENCES 
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Concentration 

Temperature, " C  

S h o r t - c l  r c u i  t 
c u r r e n t ,  
I,,, mA 

Open-cl r c u l  t 
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0.982 

.954 

.908 

.866 

.789 

1.010 

1.007 

1.019 

1.024 

1 .030 
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TABLE 111. - DIFFERENCES I N  

CURRENT Voc BETWEEN 

l O O x  AM0 AND 1 SUN 

Electron fluencelcm2 

Uni rradiated 
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Figure 2. - Pma, ratio versus electron fluence for 1 sun and . 
lOOX AM0 at 25 OC. 
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F u t u r e  U.S. i n t e r p l a n e t a r y  m i s s i o n s  w i l l  be less c o m p l e x  and  c o s t l y  t h a n  p a s t  
m i s s i o n s  such  a s  Voyager and t h e  soon t o  be  l aunched ,  G a l i l e o .  T h i s  w i l l  b e  r e q u i r e d  
i n  o r d e r  t o  a c h i e v e  a  ba l anced  e x p l o r a t i o n  program t h a t  can b e  s u s t a i n e d  w i t h i n  t h e  
c o n t e x t  o f  a  l i m i t e d  budget .  

R a d i o i s o t o p e  T h e r  m o e l e c t r i c  G e n e r a t o r s  (RTGs) have  s e r v e d  as t h e  power s o u r c e  
f o r  m i s s i o n s  beyond  t h e  o r b i t  o f  Mars.  R e c e n t  g o v e r n m e n t  c o s t i n g  p r a c t i c e s  h a v e  
i n d i c a t e d  t h a t  t h e  c o s t  t o  t h e  u s e r  o f  t h e s e  p o w e r  s o u r c e s  w i l l  s i g n i f i c a n t l y  
i n c r e a s e .  S o l a r  a r r a y s  can  p r o v i d e  a  low c o s t  a l t e r n a t i v e  f o r  a number o f  mi s s ions .  
P o t e n t i a l  m i s s i o n s  a r e  i d e n t i f i e d  a l o n g  w i t h  c o n c e r n s  f o r  i m p l e m e n t a t i o n ,  and some 
a r r a y  c o n f i g u r a t i o n s  unde r  p r e s e n t  i n v e s t i g a t i o n  a r e  rev iewed.  

INTRODUCTION 

Dur ing  t h e  f i r s t  decade  o f  p l a n e t a r y  e x p l o r a t i o n ,  s p a c e c r a f t  were l aunched  a s  
o f t e n  a s  e v e r y  few months,  f irst  t o  t h e  moon, t h e n  t h e  n e a r b y  p l a n e t s ,  and f i n a l l y  t o  
t h e  o u t e r  p l a n e t s .  By t h e  e n d  o f  t h e  s e c o n d  d e c a d e  t h e  i n t e r v a l s  b e t w e e n  l a u n c h e s  
l e n g t h e n e d  t o  y e a r s  a s  a  r e s u l t  o f  b u d g e t a r y  c o n s t r a i n t s  a n d  i n c r e a s e d  m i s s i o n  
complex i ty .  T h i s  change  h a s  s t r a i n e d  t h e  n a t i o n ' s  a b i l i t y  t o  conduc t  an e f f e c t i v e  
i n t e r p l a n e t a r y  e x p l o r a t i o n  e f f o r t .  T e c h n o l o g i e s  a n d  t a l e n t s  r e q u i r e d  f o r  v a r i o u s  
a s p e c t s  o f  t h e  s p a c e c r a f t  were r e q u i r e d  o n l y  a t  s p o r a d i c  i n t e r v a l s  and as a r e s u l t  
m a i n t e n a n c e  o f  i n t e r p l a n e t a r y  s p a c e c r a f t  and  s c i e n t i f i c  c a p a b i l i t i e s  B a s  b e c o m e  
d i f f i c u l t .  

I n  1980 t h e  S o l a r  Sys t em E x p l o r a t i o n  Commit tee  (SSEC), an ad hoc  c o m m i t t e e  o f  
t h e  NASA A d v i s a r y  C o u n c i l ,  w a s  e s t a b l i s h e d  t o  e x a m i n e  a n d  r e v i e w  t h e  p l a n e t a r y  
e x p l o r a t i o n  p r o g r a m .  From this review, t h e  SSEC d e f i n e d  a n  o v e r a l l  p r o g r a m  t h a t  
p r e s e n t e d  a  n u m b e r  o f  f e a t u r e s  i n c l u d i n g  a b a l a n c e  o f  m i s s i o n s  b e t w e e n  n e a r  e a r t h  
p l a n e t s ,  sma l l  b o d i e s  ( a s t e r o i d s  and  c o m e t s )  a n d  t h e  o u t e r  p l a n e t s  ( r e f .  1). O f  
ma jo r  i m p o r t a n c e ,  t h e  program e s t a b l i s h e d  a c r i t i c a l  l e v e l  o f  a c t i v i t y  c o n s i s t e n t  
w i t h  a  r e a l i s t i c  s u s t a i n a b l e  budget ,  i n  o r d e r  t o  p r o v i d e  f o r  s t a b i l i t y .  I n  imp le -  
m e n t i n g  t h i s ,  t h e  approach  s p e c i f i e d  h i g h l y  f o c u s s e d ,  less complex  m i s s i o n  t h a t  c o u l d  
r e l y  h e a v i l y  o n  e x i s t i n g  t e c h n o l o g y  a n d  h a r d w a r e  i n h e r i t a n c e  t o  r e d u c e  c o s t s .  
W h e r e a s  t h e  c o s t  o f  s o m e  e a r l y  m i s s i o n s  s u c h  a s  V i k i n g  1 a n d  2 h a d  e x c e e d e d  t w o  
b i l l i o n  d o l l a r s  t o t a l ,  t h e  new p l a n  would be  based  on a  t o t a l  annua l  f u n d i n g  l e v e l  o f  
-$300 M (FY '84). O f  t h i s  t o t a l  a p p r o x i m a t e l y  $60 M/year would b e  a v a i l a b l e  f o r  t h e  
p l a n e t a r y  o b s e r v e r  program ( n e a r  e a r t h  m i s s i o n s ) ,  -$lo0 M/year f o r  Mar ine r  Mark I1 

*The r e s e a r c h  d e s c r i b e d  i n  t h i s  p a p e r  p r e s e n t s  t h e  r e s u l t s  o f  o n e  phase  o f  r e s e a r c h  
c a r r i e d  o u t  by t h e  Je t  P r o p u l s i o n  L a b o r a t o r y ,  C a l i f o r n i a  I n s t i t u t e  o f  T e c h n o l o g y ,  
unde r  c o n t r a c t  w i t h  t h e  N a t i o n a l  A e r o n a u t i c s  and Space  A d m i n i s t r a t i o n .  
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p r o g r a m  ( m i s s i o n s  beyond t h e  i n n e r  s o l a r  s y s t e m ) ,  and t h e  r e m a i n d e r  a v a i l a b l e  for  
m i s s i o n  o p e r a t i o n s  and s c i e n t i f i c  a n a l y s i s .  ( T h e s e  n u m b e r s  c a n  b e  compared  w i t h  
p r e v i o u s  y e a r s  fund ing  l e v e l s  f o r  i n t e r p l a n e t a r y  e x p l o r a t i o n .  For t h e  y e a r s  1964-66 
and 1972-74, a n n u a l  f u n d i n g  e x c e e d e d  $800 M i n  FY '84$. F o r  1978 ,  and 1981-84, 
funding f e l l  below $250 M i n  FY '84$.) 

A c r i t i c a l  i t e m  i n  any o f  t h e s e  m i s s i o n s  is t h e  power source .  For m i s s i o n s  such 
a s  t h e  p l a n e t a r y  o b s e r v e r s  (Venus Radar Mapper, Mars Observer ,  Mars Aeronomy O r b i t e r ,  
Venus A t m o s p h e r e  P r o b e ,  Mars  S u r f a c e  P r o b e ,  Lunar  G e o s c i e n c e  O r b i t e r )  p r e v i o u s  
p l a n e t a r y  e x p e r i e n c e  h a s  demons t ra ted  t h e  s u i t a b i l i t y  o f  p h o t o v o l t a i c s  a s  t h e  p r imary  
power source.  For m i s s i o n s  w i t h i n  t h e  Mariner Mark I1 program (Comet Rendezvous/- 
A s t e r o i d  Flyby, Comet Sample Return,  M u l t i p l e  Mainbel t  A s t e r o i d  Orb i t e r /F lyby ,  E a r t h  
Approaching A s t e r o i d  Rendezvous, S a t u r n  O r b i t e r ,  etc.)  p a s t  e x p e r i e n c e  would p o i n t  t o  
t h e  u s e  o f  RTGs. However, w i t h i n  t h e  p a s t  few y e a r s  t h e  c o s t  o f  RTGs h a s  come under  
e x a m i n a t i o n .  H i s t o r i c a l l y ,  t h e  c o s t  o f  t h e  f u e l  f o r  a n  RTG power  s o u r c e  h a s  been  
" subs id izedw by DOE, r e s u l t i n g  i n  a  r e l a t i v e l y  low RTG c o s t  t o  NASA. T h i s  p o l i c y  i s  

1 p r e s e n t l y  u n d e r  r e v i e w  and  n o t  y e t  r e s o l v e d .  E x i s t i n g  e s t i m a t e s  o f  t h e  RTG f u e l  
I c o s t s  r ange  up t o  ~ $ 3 5 0 0  p e r  t h e r m a l  watt .  If NASA is r e q u i r e d  t o  assume t h e s e  c o s t s  

or a  s i g n i f i c a n t  p o r t i o n  o f  t h e m ,  t h e  RTG c o s t  p e r  m i s s i o n  c o u l d  b e  p r o h i b i t i v e  
w i t h i n  t h e  c o n t e x t  o f  a  c o n s t r a i n e d  budget. T h i s  is e s p e c i a l l y  so when q u a l i f i c a t i o n  
and s p a r e  u n i t  a r t i c l e  c o s t s  a r e  i n c l u d e d .  F o r  t h i s  r e a s o n  a  number  o f  m i s s i o n s  
which normal ly  might  be RTG powered a r e  p o t e n t i a l l y  open t o  p h o t o v o l t a i c  power. A s  
shown i n  f i g u r e  1, t h e  s o l a r  a r r a y  c o s t  is a  f u n c t i o n  o f  t h e  s o l a r  d i s t a n c e  a t  which 
the power i s  r e q u i r e d .  A l l o w i n g  f o r  u n c e r t a i n t i e s  i n  RTG c o s t s ,  and a r r a y  
p e r f o r m a n c e ,  a r r a y  a p p l i c a t i o n s  o u t  t o  6 A U  c a n  be  c o n s i d e r e d  a s  c o s t  e f f e c t i v e .  

1 With t h i s  i n  mind Mar ine r  Mark I1 m i s s i o n s  can be examined f o r  s o l a r  s u i t a b i l i t y .  

1 MARINER MARK I1 

A number o f  t h e  Mariner  Mark I1 m i s s i o n s  p r e s e n t  c h a l l e n g i n g  o p p o r t u n i t i e s  f o r  
p h o t o v o l t a i c s .  A s  shown i n  f i g u r e  2 t h e  s o l a r  r ange  o f  t h e s e  m i s s i o n s  e x t e n d s  well 
beyond t h e  range  o f  p r e s e n t  s o l a r  a r r a y  exper ience .  I n  a d d i t i o n ,  a r r a y  o p e r a t i o n  is 
r e q u i r e d  o v e r  a  w i d e  v a r i a t i o n  o f  s o l a r  i n t e n s i t y  r e s u l t i n g  i n  a  c o r r e s p o n d i n g l y  
l a r g e  v a r i a t i o n  i n  a r r a y  o u t p u t .  A m a j o r  c o n c e r n  for p h o t o v o l t a i c s  u n d e r  t h e s e  
c i r c u m s t a n c e s  is t h a t  f o r  c o n d i t i o n s  o f  low i n t e n s i t y  low t e m p e r a t u r e  (LILT), v a r i o u s  
losses i n  c e l l  o u t p u t  can occur. These losses a r e  ve ry  i r r e g u l a r  and can l e a d  t o  an 
u n a c c e p t a b l e  degree  o f  n o n p r e d i c t a b i l i t y  i n  a r r a y  d e s i g n  and o p e r a t i o n .  Consequent- 
l y ,  when LILT l o s s e s  become a p p r e c i a b l e  t h e  u s e  o f  s o l a r  a r r a y s  may be i m p r a c t i c a l .  
A s  shown i n  f i g u r e  2 ,  t h e  o n s e t  of s u c h  c o n d i t i o n s  c a n  b e  moved t o  i n c r e a s i n g  
d i s t a n c e s  by m e a n s  o f  s o l a r  c o n c e n t r a t i o n ,  a l t h o u g h  a t  a n  i n c r e a s e  i n  s t r u c t u r a l  
complex i ty  and a r r a y  p o i n t i n g  requ i rements .  

Even w i t h o u t  t h e  LILT d e g r a d a t i o n  s o l a r  a r r a y s  p r e s e n t  a  number o f  d i f f i c u l t i e s  
f o r  i n t e r p l a n e t a r y  acceptance .  S i n c e  s o l a r  i n t e n s i t y  d rops  o f f  w i t h  t h e  s q u a r e  o f  
d i s t a n c e ,  a  r a p i d l y  i n c r e a s i n g  a r r a y  a r e a  i s  r e q u i r e d  t o  m e e t  power  n e e d s  a t  
i n c r e a s i n g  s o l a r  d i s t a n c e .  With t y p i c a l  i n t e r p l a n e t a r y  s p a c e c r a f t  power r e q u i r e m e n t s  
o f  a few h u n d r e d  w a t t s ,  many t e n s  o f  s q u a r e  meters o f  a r r a y  c a n  b e  r e q u i r e d .  T h i s  
l a r g e  a r e a  i m p a c t s  l a u n c h  p a c k a g i n g  and d e p l o y m e n t ,  and u l t i m a t e l y  l e a d s  t o  a  
r e q u i r e m e n t  f o r  low a r r a y  mass dens i ty .  A d d i t i o n a l l y ,  l a r g e  a r r a y s  w i l l  compete f o r  
l i m i t e d  a v a i l a b l e  s p a c e c r a f t  a r e a  w i t h  s c i e n t i f i c  e x p e r i m e n t s  and w i t h  r e q u i r e d  
f i e l d s  o f  view. C o n s i d e r a t i o n  must a l s o  be given t o  s p a c e c r a f t  maneuvering dur ing  



e n c o u n t e r s ,  t o  e n s u r e  s i m u l t a n e o u s  a r r a y  s u n  p o i n t i n g ,  a n t e n n a  e a r t h  p o i n t i n g ,  and 
e x p e r i m e n t  t a r g e t  viewing.  U n l i k e  t y p i c a l  e a r t h  o r b i t i n g  m i s s i o n s ,  t h e s e  maneuvers 
may i n v o l v e  v e r y  r a p i d  movements due t o  h i g h  approach  v e l o c i t i e s .  

S i n c e  a r r a y  a r e a  m u s t  b e  s i z e d  f o r  t h e  w o r s t  c a s e ,  t h e  v a r i a t i o n  i n  s o l a r  
d i s t a n c e  m e a n s  t h a t  a v a i l a b l e  p o w e r  n o t  o n l y  w i l l  v a r y  w i d e l y  b u t  f o r  much o f  t h e  
m i s s i o n  w i l l  g r e a t l y  exceed  t h e  r e q u i r e m e n t s .  Hand l ing  s u c h  a  power v a r i a t i o n ,  and 
y e t  m a i n t a i n i n g  t h e  h i g h e s t  e f f i c i e n c y  a t  c r i t i c a l  c o n d i t i o n s  w i l l  n o t  be a  t r i v i a l  
m a t t e r .  Remova l  o f  excess p o w e r ,  d u e  t o  w i d e l y  v a r y i n g  c i r c u i t  c u r r e n t s  a n d  
v o l t a g e s ,  n e e d s  t o  be  e f f e c t i v e l y  h a n d l e d  i n  t h e  d e s i g n  o f  t h e  s o l a r  a r r a y  p o w e r  
s y s t e m .  I n  s o m e  c a s e s  c o m b i n a t i o n s  o f  s e p a r a t e  a n d  d i s c r e t e  c i r c u i t s  m i g h t  b e  
u t i l i z e d  a t  v a r i o u s  s o l a r  d i s t a n c e s  and  i n  o t h e r  c a s e s  i t  may b e  m o r e  e f f e c t i v e  t o  
a l l o w  f o r  c i r c u i t  r e c o n f i g u r a t i o n  d u r i n g  f l i g h t  o r  t o  c o n s i d e r  t h e  u s e  o f  maximum 
power t r a c k i n g .  

The  f i r s t  p l a n n e d  u s e  o f  s o l a r  p o w e r  f o r  a  M a r i n e r  Mark I1 m i s s i o n  w i l l  b e  
u n i q u e  i n  t h a t  an  a r r a y  w i l l  b e  combined w i t h  an  RTG. A s  men t ioned  e a r l i e r  t h e  c o s t  
o f  an RTG is  q u i t e  high. A t  t h e  same time t h e  p r e s e n t  RTG power s u p p l y  p r o v i d e s  f o r  
a f i x e d  u n i t  o f  p o w e r ,  -250  W. - S c a l e a b l e  RTGs h a v e  b e e n  p r o p o s e d  b u t  are n o t  
p r e s e n t l y  a v a i l a b l e .  For t h e  Comet Rendezvous /Astero id  F lyby  (CRAF) m i s s i o n  p r e s e n t  
p l a n n i n g  i n d i c a t e s  t h a t  s l i g h t l y  more t h a n  250 W w i l l  b e  r e q u i r e d .  Fo r  t h i s  m i s s i o n ,  
a  s p a r e  RTG f rom t h e  G a l i l e o  program w i l l  be used. A c q u i r i n g  a  second RTG to  meet an  
a d d i t i o n a l  p o w e r  n e e d  c a n n o t  b e  j u s t i f i e d  o n  a  cost b a s i s .  Hence ,  t h e  i d e a  w a s  
proposed  o f  u s i n g  an add on s o l a r  a r r a y  t o  make up t h e  d i f f e r e n c e .  

Such an a r r a y  was i n i t i a l l y  e n v i s i o n e d  t o  b e  on t h e  o r d e r  of 6 m2, l o c a t e d  a t  a 
f i x e d  a n g l e  o n  t h e  s p a c e c r a f t  s i d e  ( f i g .  3) .  After a n a l y s i s  o f  t h e  a r r a y  p e r f o r -  
m a n c e ,  i n c l u d i n g  LILT e f f e c t s ,  p o s s i b l e  o f f  s u n  p o i n t i n g  ( u p  t o  4S0) and  p o t e n t i a l  
shadowing,  it was a p p a r e n t  t h a t  g r e a t e r  area was r e q u i r e d  to  meet t h e  m i s s i o n  power 
r e q u i r e m e n t s .  P a c k a g i n g  a  l a r g e r  a r r a y  on  t h e  c o n f i g u r a t i o n  w a s  d i f f i c u l t  b u t  
r e s o l v e d  by chang ing  t h e  a r r a y  shape  t o  t h a t  o f  a  washer  and l o c a t i n g  it c o l i n e a r l y  
w i t h  t h e  e a r t h  p o i n t i n g  h i g h  g a i n  antenna .  The maximum s ize  o f  t h e  a r r a y  was t h e n  
e s t a b l i s h e d  b y  t h e  s h u t t l e  bay. A s  s h o w n  i n  f i g u r e  4, a c o n s i d e r a b l e  i n c r e a s e  i n  
a r r a y  a r e a  w a s  a c h i e v e d ,  a l t h o u g h  t h e  w a s h e r  s h a p e  w i l l  r e d u c e  t h e  c e l l  p a c k i n g  
d e n s i t y .  A s  an a d d i t i o n a l  b e n e f i t  t h e  a r r a y  w i l l  m a i n t a i n  c l o s e  t o  n o r m a l  i n c i d e n c e  
s u n - p o i n t i n g ,  p a r t i c u l a r l y  a s  t h e  s o l a r  d i s t a n c e  is i n c r e a s e d .  T h i s  i s  d u e  t o  t h e  
n e a r  c o i n c i d e n c e  o f  s u n  and e a r t h  l o c a t i o n s  f o r  o u t b o u n d  v i e w i n g .  T h u s  a s  a r r a y  
o u t p u t  d e c r e a s e s  w i t h  i n c r e a s i n g  s o l a r  d i s t a n c e ,  any  o f f  a n g l e  p o i n t i n g  loses w i l l  
a l s o  be r educed ,  max imiz ing  o u t p u t  f o r  t h e  c r i t i c a l  power s i t u a t i o n s .  The array/RTG 
c o m b i n a t i o n  p r o v i d e s  an i n t e r e s t i n g  f u s i o n  o f  t e c h o l o g i e s  t h a t  c a n  meet t e c h n i c a l  and 
c o s t  r e q u i r e m e n t s .  The t i e  i n  o f  a n t e n n a  and a r r a y  f u n c t i o n s  a l s o  p r o v i d e s  a  way o f  
a v o i d i n g  t h e  c o m p l e x i t y  o f  a  s e p a r a t e  f u l l y  a r t i c u l a t e d  a r r a y  o r i e n t a t i o n  s y s t e m .  
Al though t h e  CRAF a r r a y  is o f  good s ize  by c o n v e n t i o n a l  a r r a y  s t a n d a r d s  (-10 m2), it 
is u s e f u l  t o  c o n s i d e r  w h a t  a f u l l y  p h o t o v o l t a i c  p o w e r e d  s p a c e c r a f t  m i g h t  r e q u i r e .  
F i g u r e  5 is a  s c h e m a t i c  f o r  s u c h  an  a r r a y .  The s p a c e c r a f t  is d w a r f e d  i n  comparison.  
Yet w i t h  t h e  t r e n d  t o  l a r g e r  a r e a  a r r a y s  f o r  p l a n e t a r y  s p a c e c r a f t  and t h e  NASA-OAST 
funded development  of l a r g e  a r e a  d e p l o y a b l e  a r r a y s  such  a  c o n f i g u r a t i o n  may n o t  seem 
u n u s u a l  w i t h i n  a  decade. 

A s  ment ioned e a r l i e r ,  o n e  problem f o r  t h e  CRAF m i s s i o n  (and o t h e r  M M I I  m i s s i o n s )  
t h a t  needed t o  b e  a d d r e s s e d  was t h e  LILT d e g r a d a t i o n .  The a r r a y  p e r f o r m a n c e  a n a l y s i s  
f o r  CRAF i n c l u d e d  a n  a m o u n t  o f  LILT l o s s .  However ,  a s  many h a v e  o b s e r v e d ,  t h e  
magn i tude  o f  LILT d e g r a d a t i o n  f o r  any  s i n g l e  ce l l  is q u i t e  u n s p e c i f i e d  and can  v a r y  



c o n s i d e r a b l y  from ce l l  t o  ce l l  o r  f o r  d i f f e r e n t  LILT c o n d i t i o n s  ( r e f .  2). P o s s i b l e  
m e c h a n i s m s  f o r  LILT l o s s e s  h a v e  b e e n  d i s c u s s e d .  Some c a u s e s ,  s u c h  a s  l o w  s h u n t  
r e s i s t a n c e ,  o r  non-ohmic c o n t a c t  b e h a v i o r  have  been c o n v i n c i n g l y  i d e n t i f i e d  and t h e i r  
i n c i d e n c e  c a n  b e  a v o i d e d .  O t h e r s ,  s u c h  a s  t h e  " b r o k e n  k n e e n  ( s o f t e n i n g  o f  k n e e  o f  
c e l l  I - V  c u r v e )  phenomenon  h a v e  n o t  b e e n  d e m o n s t r a b l y  c o r r e c t e d .  S i n c e  a  LILT 
d e g r a d a t i o n - f r e e  ce l l  d o e s  n o t  e x i s t ,  t h e  i n i t i a l  M M I I  app roach  t o  t h i s  p rob lem w i l l  
be  t o  s e l e c t  cel ls  based on bo th  a i r  mass z e r o  and LILT behavior .  Although r e q u i r e -  
men t s  have  n o t  been d e f i n e d ,  i t  is assumed t h a t  a  c e r t a i n  amount o f  LILT d e g r a d a t i o n  
w i l l  be t o l e r a t e d  and i n c l u d e d  i n  t h e  a r r a y  p e r f o r m a n c e  d e s i g n  a n a l y s i s .  Although 
e x c l u d i n g  ce l l s  w i t h  h i g h  LILT d e g r a d a t i o n  w i l l  r e d u c e  t h e  y i e l d  o f  a c c e p t a b l e  ce l l s  
i t  i s  p r e s e n t l y  a s s u m e d  t h a t  a  r e a s o n a b l e  y i e l d  c a n  b e  a c h i e v e d .  A t  p r e s e n t ,  
i n s u f f i c i e n t  d a t a  is  a v a i l a b l e  t o  d e t e r m i n e  t h e  a c c u r a c y  o f  t h i s  assumpt ion .  C l e a r l y  
f a i l u r e  t o  a c h i e v e  t h i s  w i l l  s i g n i f i c a n t l y  j e o p a r d i z e  u s e  o f  s o l a r  a r r a y s  f o r  M M I I  
t y p e  m i s s i o n s .  A f a r  b e t t e r  s o l u t i o n  w o u l d  b e  t o  correct  t h e  LILT d e g r a d a t i o n  
phenomenon  a t  t h e  c e l l  l e v e l .  U n t i l  t h a t  c a n  b e  d e m o n s t r a t e d ,  a  c e l l  s e l e c t i o n  
p r o c e s s  is fe l t  t o  o f f e r  t h e  b e s t  a l t e r n a t i v e .  

SOLAR ELECTRIC PROPULSION 

The u s e  o f  p h o t o v o l t a i c s  t o  power e l e c t r i c / m a g n e t i c  e n g i n e s  f o r  s p a c e c r a f t  h a s  
been  e v a l u a t e d  for many yea r s .  Recent  advances  i n  t h r u s t e r  t e c h n o l o g y  have  l e a d  t o  
p e r f o r m a n c e  improvemen t s  r e n e w i n g  i n t e r e s t  i n  o u t e r  p l a n e t a r y  m i s s i o n  a p p l i c a t i o n s .  
Advantages  o f  s o l a r  e lectr ic  p r o p u l s i o n  (SEP) s y s t e m s  i n c l u d e  t h o s e  o f  r educed  f l i g h t  
t ime a n d  e n h a n c e d  s p a c e c r a f t  mass a l l o w a n c e .  I n  o r d e r  t o  u s e  s o l a r  a r r a y s  f o r  
t h r u s t e r  power a  number o f  c o n c e r n s  must  be a d d r e s s e d ,  some o f  which  a r e  common t o  
a n y  d e e p  s p a c e  m i s s i o n .  F i r s t  is t h e  n e e d  f o r  l a r g e  a r e a  a r r a y s .  T y p i c a l  SEP 
a p p l i c a t i o n s  a r e  based  on t h e  a v a i l a b i l i t y  o f  m u l t i k i l o w a t t  power s o u r c e s ,  be tween 25 
a n d  30 kW a t  b e g i n n i n g  o f  l i f e .  RTGs a r e  n o t  c o m p e t i t i v e  a t  t h e s e  l e v e l s .  
Obv ious ly ,  h i g h  s p e c i f i c  power (W/kg) becomes i m p o r t a n t  f o r  t h e s e  power l e v e l s .  I n  
a d d i t i o n  because  of t h e  v e r y  l a r g e  s ize  o f  t h e s e  a r r a y s  me thods  f o r  a c h i e v i n g  l o w e r  
s p e c i f i c  c o s t  ( $ / w a t t )  w i l l  be  v e r y  i m p o r t a n t .  Although p r i m a r y  t h r u s t  p e r f o r m a n c e  
is a c h i e v e d  n e a r  e a r t h  it is advan tageous  t o  m a i n t a i n  a  h i g h  power o u t p u t  a s  l o n g  as 
p o s s i b l e .  Consequen t ly  m a i n t a i n i n g  maximum s o l a r  a r r a y  o u t p u t  r e q u i r e s  accommoda- 
t i o n s  o f  c e l l  v o l t a g e  v a r i a t i o n  w i t h  s o l a r  d i s t a n c e  a n d  a v o i d a n c e  of s e v e r e  LILT 
d e g r a d a t i o n .  

Al though a r r a y s  of t h i s  s ize  are n o t  s t a t e - o f - t h e - a r t ,  e x p e r i e n c e  g a i n e d  w i t h  
t h e  s h u t t l e  f l o w n  s o l a r  a r r a y  f l i g h t  e x p e r i m e n t  (SAFE), a n d  p r e s e n t  NASA-OAST 
p r o g r a m s  f o r  l a r g e  area h i g h  p e r f o r m a n c e  a r r a y s  development  are a l l  a p p l i c a b l e  t o  
SEP. 

1 CONCLUSION 

The need to  p r o v i d e  f o r  s t a b i l i t y  i n  t h e  U.S. p l a n e t a r y  e x p l o r a t i o n  program h a s  
b e e n  a d d r e s s e d  b y  NASA. T h e  m e a n s  f o r  a c h i e v i n g  t h i s  r e l i e s  o n  t h e  u s e  o f  less  
complex,  y e t  s c i e n t i f i c a l l y  h i g h  p r i o r i t y ,  low c o s t  mi s s ions .  The p o t e n t i a l l y  h i g h  
cost o f  RTG p o w e r  s o u r c e s  may j e o p a r d i z e  t h e  v i a b i l i t y  o f  t h i s  a p p r o a c h .  P h o t o -  
v o l t a i c  s o l a r  a r r a y s  o f f e r  a l o w  c o s t  s o l u t i o n  f o r  p o w e r i n g  a n u m b e r  of f a r  e a r t h  

I 

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



o b s t a c l e s .  Due t o  reduced s o l a r  i n t e n s i t y  l a r g e  a r e a  a r r a y s  w i l l  be r e q u i r e d ,  even 
f o r  m o d e s t  power  o u t p u t s .  T h e s e  l a r g e  s i z e s  w i l l  i n  t u r n  i m p a c t  a v a i l a b l e  mass  
a l l o w a n c e s  and s p a c e c r a f t  f i e l d s  o f  view. The v a r i a t i o n  i n  a r r a y  performance w i t h  
s o l a r  d i s t a n c e  must be accommodated i n  a  manner t h a t  e f f e c t i v e l y  meets t h e  s p a c e c r a f t  
power  n e e d s  u n d e r  a l l  c i r c u m s t a n c e s .  The d e g r a d a t i o n  i n  power  o u t p u t  d u e  t o  LILT 
c o n d i t i o n s  m u s t  be  h a n d l e d  i n  a  p r a c t i c a l  m a n n e r ,  i f  a n  o u t r i g h t  s o l u t i o n  is  n o t  
f e a s i b l e .  P r e d i c t a b l e  power o u t p u t  is a s  i m p o r t a n t  f o r  a  miss ion  a s  is  t h e  q u a n t i t y  
o f  t h a t  output .  Although none o f  t h e  above o b s t a c l e s  is c o n s i d e r e d  insurmountab le  it 
w i l l  be n e c e s s a r y  t o  a d d r e s s  them dur ing  t h e  nex t  few y e a r s  t o  e s t a b l i s h  technology 
r e a d i n e s s .  

A s  an i n i t i a l  s t e p  i n  u s i n g  s o l a r  a r r a y s  a t  f a r  AU c o n d i t i o n s ,  t h e  Mariner  Mark 
I1 Comet Rendezvous  m i s s i o n  is  e x a m i n i n g  t h e  combined  u s e  o f  a n  RTG and a  s o l a r  
a r r a y .  I n  t h i s  c a s e  t h e  a r r a y  i s  u s e d  t o  p r o v i d e  a  m o d e s t  a u g m e n t a t i o n  i n  p o w e r ,  
a v o i d i n g  t h e  c o s t l y  a d d i t i o n  o f  ano the r  comple te  RTG. 

A s  a  method o f  e l i m i n a t i n g  o r i e n t a t i o n  mechanisms and c o n t r o l s ,  t h e  a r r a y  w i l l  
b e  a  w a s h e r  s h a p e d  s t r u c t u r e  l o c a t e d  c o l i n e a r  w i t h  t h e  e a r t h  p o i n t i n g  h i g h  g a i n  
a n t e n n a .  Use o f  t h i s  c o n c e p t  is  d e p e n d e n t  on a  p r e d i c t a b l e  and m i n i m a l  LILT a r r a y  
power loss .  Its s u c c e s s  w i l l  p r o v i d e  a  d e m o n s t r a t i o n  o f  t h e  s u i t a b i l i t y  o f  photo- 
v o l t a i c  power s y s t e m s  f o r  o t h e r  i n t e r p l a n e t a r y  m i s s i o n s  beyond t h e  o r b i t  o f  Mars. 

REFERENCES 

1. P l a n e t a r y  E x p l o r a t i o n  T h r o u g h  Year 2000, p . a r t  o n e  o f  a  r e p o r t  by t h e  S o l a r  
E x p l o r a t i o n  Committee o f  t h e  NASA Advisory Council ,  U.S. Government P r i n t i n g  
O f f i c e ,  Washington, DC 1983. 

2. L u f t ,  W., " S i l i c o n  S o l a r  Cells a t  Low T e m p e r a t ~ r e , ~  P r o c e e d i n g s  o f  t h e  E i g h t h  
IEEE P h o t o v o l t a i c  S p e c i a l i s t s  Conference,  Aug., 1970, pp. 161-168. 



DISTANCE (AU) 

F I G U R E  1 .  SOLAR ARRAY COST vs SOLAR D I S T A N C E  



TITAN FLYBYIPROBE 
b 1 

URANUS FLY BYIPROBE 
I o n  
SATURN ORB ITERRITAN FLY BY 

- 

ASTER0 l D RENDEZVOUS 

COMET RENDEZVOUS . 
ARRAY EXPER IENCE - 
PLANAR FEASIBILITY 
I===,==, 

LOW CONCENTRATION ( - 2x1 
1 ------- ------- 

MODERATE CONCENTRAT ION ( - 10x1 
I -- - --- 

I I I I 1 1 I ) 

1 2 3 4 5 6 7 10 20 
w+ 

SOLAR RANGE (ASTRONOMICAL UN ITS) 

FIGURE 2. MARINER MARK 1.1 MISSIONS vs SOLAR DISTANCE 

RTG 

FIGURE 3. INITIAL MMII CRAF SPACECRAFT SOLAR ARRAY CONFIGURATION 



H I GH GA IN ANlENNA 

1 

FIGURE 4. ADVANCED CONCEPT SPACECRAFT SOLAR ARRAY CONFIGURATON 

FIGURE 5.  CONCEPTUAL MMII CRAF SPACECRAFT FULLY SOLAR POWERED 

202 



TWO YEARS OF ON-ORBIT GALLIUM ARSENIDE PERFORMANCE 
FROM THE LIPS SOLAR CELL PANEL EXPERIMENT 
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Washington, D.C. 

An analysis of the LIPS on-orbit performance of the gallium arsenide panel 
experiment is presented from flight operation telemetry data. Raw data, 
obtained from the NRL, was culled to preclude spurious results from large sun 
angles, shadowing, and measurements made on a cold array. Algorithms were 
developed by; and computerized at The Aerospace Corporation to calculate the 
daily maximum power and associated solar array parameters by two independent 
methods. The first technique utilizes a least mean square polynomial fit to 
the power curve obtained with intensity and temperature corrected currents and 
voltages; whereas, the second incorporates an empirical expression for fill 
factor based on an open circuit voltage and the calculated series resistance. 
Maximum power, fill factor, open circuit voltage, short circuit current and 
series resistance of the solar cell array are examined as a function of flight 
time. Trends are analyzed with respect to possible mechanisms which may 
affect successive periods of output power during two years of flight 
operation. Degradation factors responsible for the on-orbit performance 
characteristics of gallium arsenide are evaluated and discussed in relation to 
the calculated solar cell parameters. Performance trends and the potential 
degradation mechanisms are correlated with existing laboratory and flight data 
on both gallium arsenide and silicon solar cells for similar environments. 

INTRODUCTION 

The normally passive plume shield for a spacecraft upper stage rocket has 
been modified to incorporate an active payload by the Naval Research 
Laboratory. Partly in humor, the resulting satellite was named "Living Plume 
Shield," and the acronym "LIPS-11'' has been widely embraced. An artist's 
rendition of the satellite is shown in Figure 1. The outer diameter of the 
body is 188cm (74  in.), and the inner diameter 142cm (56 in.). Maximum body 
thickness is lOcm ( 4  in.) at the inner ring and tapering to 38mm (1.5 in.) at 
the outer edge. The three solar array panels have solar cells mounted on both 



sides and these provide the power generation capability to the spacecraft. 
One side of one panel contains 300 (2cm x 2cm) gallium arsenide (GaAs) solar 
cells while each of the other five sides contain 104 (2cm x 6cm) silicon (Si) 
solar cells. The U. S. Air Force developed GaAs cells were donated to the 
Navy in a cooperative program to build, test, qualify, and fly a GaAs solar 
pane 1. 

The solar panels are stowed on the same surface as the antenna and gravity 
gradient boom, (which are also stowed) during launch and upper stage hurn, and 
therefore protected from the rocket plume impingement. Shortly after the upper 
stage burn, LIPS-I1 is separated and is a free satellite in approximately 
circular orbit at 600nm with a 63' inclination. Antennas and solar panels are 

I deployed and the satellite is subsequently despun and gravity gradient 
stabilized. As shown in Figure 1, the antenna and gravity gradient boom are 
earth pointing, providing stability in pitch and roll, but allowing freedom in 
yaw, damped only by hysterisis rods, which couple to the earth's magnetic 
field. 

GaAs Panel Design 

The GaAs solar cells were designed and fabricated by the liquid phase 
epitaxy (LPE) process developed by Hughes Research Laboratory, Malibu, under 
contract to the Aero Propulsion Laboratory, Air Force Wright Aeronautical 
Laboratories. The cells were transferred form the Air Force and assembled 
into a flight panel by Spectrolab under contract to the Naval Research 
Laboratory. 

The orbit and experimental description is given in Table 1. Three 

I circuits in parallel each consists of 25 cells in series by four cells in 
parallel for a total of 100 cells per circuit. The total of 300 GaAs cells 
has less active area than one Si cell panel surface each consisting of 52 
cells in series by two cells in parallel. Both the GaAs and the Si cell 
panels were designed to produce similar voltages to power the LIPS-11. Figure 
2 is a pictoral diagram of the GaAs panel layout. 

A sun sensor is deployed diametrically opposite to the GaAs panel on the 
satellite. It is designed to quantify the deviation between the perpendicular 
to the GaAs panel and the sun line. This information is needed to accurately 
evaluate the panel output at other than nominal conditions. Additionally, a 
thermistor has been imbedded in the aluminum honeycomb panel substrate to 
sense the temperature of the back of a centrally located GaAs cell. Panel 
temperature, as indicted by this thermistor, together with the angle of solar 
incidence from the sun sensor, and intensity variations in the solar constant 
due to the earth orbit ecliptic are used to normalize GaAs panel data 
parameters. 

1 EXPERIMENT DESIGN 

An electronic experiment control package was designed and fabricated which 
allows the GaAs panel to contribute its power to the LIPS-I1 bus under normal 
conditions, and be commanded into an experiment mode to evaluate the GaAs 
performance. When activated, the entire 300 cell panel is disconnected from 



the bus and electrically cycled through a simulated load sequence. The dwell 
at each step is approximately one second, during which time, ten data samples 
are transmitted to the ground station. The first step is an open circuit 
voltage (Voc) measurement. The second step obtains short circuit current 
( I s c  In actuality, the value is slightly off true Isc due to diode and 
line voltage drops. The third returns to Voc. The fourth through seventh 
steps measure both current and actual voltage at approximately 22, 20, 18, and 
16 volts. These step points were chosen to permit close evaluation of the 
current-voltage curve from beginning to end of life and under varying 
intensity conditions where voltage variations are second order effects. The 
eighth and final step of the experiment, returns the panel to the bus. 

It is noted that the angle from the panel normal to the sun line and panel 
temperature are also in the telemetry with the panel electrical parameters. 

DATA ACQUISITION AND REDUCTION 

Once LIPS-I1 was in orbit, all telemetry and data are acquired in real 
time at NRL's Blossom Point Satellite Tracking and Command Station in 
Maryland. Typically the station "sees" LIPS-I1 for seven passes each day with 
varying pass duration up to about 20 minutes long. During those times, the 
sun angle is monitored, and if the sun line is within 45" of normal to the 
GaAs panel, the experiment is activated. Up to three activations of the 
experiment per pass are commanded if the sun conditions are acceptable. On 
many passes, no data at all is taken, since the satellite is free in yaw and 
its position relative to the sun cannot be controlled. Further, the ground 
station position relative to the satellite orbit may be unfavorable for an 
extended period, with passes occurring predominately at night when satellite 
eclipsing is likely. This condition may last for days until the satellite 
orbit precession and earth movement around the sun again produce favorable 
conditions for the experiment. Unfortunately, one of these extended data 
outages occurred for the first 30 days after launch, and beginning of life 
data was therefore lost. 

Once data is acquired by the tracking station, it is converted to report 
form by an off-line data reduction and correction program. Current, tempera- 
ture, and sun angle information are reported as received; voltages are 
corrected for diode and line drops and then reported as a raw value. A second 
data set is then generated by the Aerospace Computer Program, correcting the 
raw currents and voltages for intensity and temperature. The cosine of the 
angle to the sun and the solar constant correction as well as the appropriate 
temperature coefficient corrections are used to modify both current and 
voltage values. The temperature coefficients, a and $, used for current 

and voltage correction (Ref. 1) are 3.9 x lom5 AmpereIoC and -2.04 x 10'~ 
Volt/'C, respectively. Raw telemetry data is normalized to 28°C and a solar 

insolation of 135.3 x 10-3 ~attslcn? (AM@) normal to the panel surface. 

Algorithms and a computer program (~ef. 2 )  were developed to obtain the 
normalized daily maximum power by two independent techniques (~ef. 3). 
The computer program discriminates against telemetry requiring large 
corrections for data normalization. This minimizes mathematical error from 
raw telemetry requiring large extrapolation. Therefore, temperature 



correction is limited to between O0 and 50°C; sun angle between O0 and 25'; 
and percent allowable deviation from the ten previous calculated power data 
points to less than 15%. 

After the telemetry voltages and currents are normalized, the two 
algorithms separately calculate the maximum power output for each revolution 
which, in turn, are statistically averaged on a daily basis. The LMS-Method 
incorporates a fifth order polynomial to approximate the power curve which is 
then maximized as a function of voltage. The order of the polynomial is 
excessive, but was used to maintain small deviations in curve fitting. 

I 

The FF-Method is based on parametric equations developed from solar cell 
empirical characteristics (Ref. 4). The pertinent input parameters for this 
method are open circuit voltage, short circuit current, and the calculated 
series and shunt resistances. The general equation is, 

v = open circuit voltage (V ) divided by ( n k ~ / ~ )  OC - OC 

I r = shunt resistance (Rsh) divided by (V /Isc) SH - oc 

I r S 
Z series resistance (Rs) divided by (Voc/Isc) 

For the LIPS-I1 experiment, calculated panel shunt resistances range 
between 600-1200 ohms. Therefore, the second term in the above equation is 
negligible. The fill factor is affected more by the series resistance, 
however, whose panel values are between 2 and 3 ohms. The above equation for 

1 fill factor reduces to: 

This value combined with the corrected Is, and Voc allows the maximum 

I output power to be calculated. 

1 Results and Analysis 

Measurements taken at Spectrolab with an uncollimated xenon lamp prior to 
shipment of the LIPS-I1 GaAs solar cell panel gave 24.5 watts at 1 sun (AM@) 
intensity and values for I of 1.29A, Voc of 25.2V, and FF (fill factor) of s C 
0.76. This beginning-of-life (BOL) power equates to a 15.1% in panel cell 
efficiency. Figures 3 and 4 show on-orbit panel output power vs. time. BOL 



data was not available after panel deployment in orbit, since the ground 
station position relative to the satellite orbit was unfavorable and eclipsing 
occurred during satellite monitoring for the first 30 days after launch. On 
day 32 after launch the GaAs panel's measured power output degraded 6.9% from 
the value at Spectrolab's facility. Most of the power loss is a result of the 
Is, degrading by 6.2% (Fig. 5). Voc, FF, and Rs (Figs. 6 through 8) are 
relatively unchanged during the first 32 days in orbit. It is only conjecture 
as to the cause, since the actual loss mechanism has not been identified. 
From day 32 to 550 the power degrades an additional 12.2% and again there is 
good correlation with it being attributed to the loss in Is,. Again, there is 
little, if any, change in Voc, FF, and Rs. After day 550, the trend appears 
to plateau and the power output degrades less. Power has degraded only 0.2 
watts (0.8%) from a 2nd order smoothing curve through the daily averaged power 
measured up to 765 days after launch. Short circuit current has also degraded 
approximately the same amount with no change in the other parameters (Figs. 6 
through 8). Power performance data and the corresponding solar array parameter 
values for Is,! Voc, and FF are listed in Table 2 for the three successive 
time periods discussed. 

Data in Table 3 give the equivalent electron and proton 1-MeV electron 
fluences for both Si and GaAs solar cells (Ref. 5 )  in the 600 nmi/63" space 
radiation environment. The latter is based on damage coefficients obtained 
from JPL publication 84-61 (Ref. 6). The total 1-MeV electron fluences cal- 

13 culated for GaAs after 550 and 765 days are 1.82x1013 and 2.53~10 e*cm-2, 

respectively; whereas, for Si they are 5.48~1013 and 7.62~10~~e*crn-~, respec- 
tively. According to the "Solar Cell Radiation Handbook" (Ref. 7 1 ,  Si solar 
cells with both BSF and BSR will degrade 11-14% and those with only a BSR will 

13 -2 
degrade 2-42 after a total fluence of 5.48~10 e'cm (550 days) and a respective 

13-16% and 3-6% after a 1-MeV fluence of 7.62~10~~e*cm'~ (765 days). On the 
other hand, ~ / n  GaAs solar cells with an AlGaAs wiridow layer will degrade 2.0% 

13 -2 
after 1.82~10 e*cm (550 days) and 2.5% in power output after 

2.53~10 13e*cme2 (765 days). 

Due to the large discrepancy between the observed on-orbit and calculated 
irradiated GaAs power losses, anomalous power loss factors other than electron 
and proton radiation can account for such a discrepancy and still maintain a 
constant fill factor as shown in Fig. 7. These are listed in Table 4 with the 
observed degraded panel parameters that can account for each. The Air Force 
Wright Aeronautical Labs (AFwAL), Aero Propulsion Laboratory (APL), has 
undertaken the investigation of an equivalent GaAs solar cell panel, LIPS-I, 
that has not flown. The issues raised by the anomalous power loss mechanisms 
in Table 4 will be addressed as shown in Table 5 by mechanical and thermal 
stress testing the LIPS-1 panel and special irradiation tests on GaAs and Si 
solar cells. 

Referring back to Table 3, one sees that Si will degrade approximately 2% 

from day 550 to day 765 after launch (i.e., an incremental 2.14 x 10l~e*cm-~ 
at 1-MeV after 550 days of irradiation exposure in low earth orbit). GaAs, how- 



ever, will degrade only 0.5% after an additional increment of 7.10 x 1 0 ~ ~ e * c m - ~  
equivalent 1-MeV fluence after 550 days in orbit. This calculated power loss 
of 0.5% using the 1-MeV equivalent electron fluence model for GaAs incorporat- 
ing GaAs damage coefficients is very close to the observed 0.8% power loss 
(see Table 2) between day 550 and 765 after launch. Apparently the anomalous 
power loss factors contributing to the large loss in output power from the 
GaAs panel from launch up to around day 550 after launch have subsided and/or 
the re-connecting of electrical interconnects and/or thermal annealing of GaAs 
is starting to take place. 

The experimental results of the LIPS-I1 panel are beginning to look 
encouraging. Only more orbital telemetry after more exposure to the geo- 
magnetically trapped radiation of space will demonstrate and confirm the 
projected advantages of GaAs solar cells for primary power applications in a 
space environment. 

Summary and Conclusions 

The first two years of on-orbit telemetry from the LIPS I1 gallium 
arsenide solar cell panel experiment was evaluated to determine power output 
performance and degradation vs. time in orbit. The power loss associated with 
decreasing short circuit current but constant fill factor, open circuit 
voltage and series resistance during the first 550 days after launch is 
excessive. The loss is attributed to anomalous optical and/or mechanical 
panel degradation factors which overwhelm the power output loss due to the 
electron and proton omni-irradiation environment in free space. During the 
period following 550 days, a decreasing trend in the power loss rate is 
observed. This region of power output decay can be described by the 1-MeV 
equivalent electron fluence model with GaAs damage coefficients inputed for 
the Si damage coefficients. 

ACKNOWLEDGMENTS 

The authors wish to give special thanks to Dr. B. E. Anspaugh of the Jet 
Propulsion Laboratory for his helpful discussions and valuable technical 
input. In addition, much appreciation is extended to my colleague L.T. Bavaro 
for his guidance and consultation in the development and use of the computer 
so£ tware . 

References 

1. "A Method for Predicting Solar Cell Current-Voltage Curve Character- 
istics as a Function of Incident Solar Intensity and Cell Tempera- 
ture," by J. D. Sandstrom, JPL Technical Report 32-1142, July 15, 
1967. 

2. "LIPS Gallium Aresnide Solar Array," by M. P. Pennell, The Aerospace 
Corporation, ATM-83(3524-031-1, August 10, 1983. 

3. "On-Orbit Performance of LIPS Gallium Arsenide Solar Cell Experiment," 
by T. Bavaro, R. W. Francis, and M. Pennell, Proceedings of the Space 
Photovoltaic Research and Technology Conference, NASA Publication 
2314, pp. 81-89, 1983. 



4. "Solar Cell Fill Factors: General Graph and Empirical ~xpressions," by 
M. A. Green, Solid-State Electronics, Vol. 24, No. 8, pp. 788-789, 
1981. 

5. "Solar Cell Radiation Model Computer Program," Aerospace Corporation 
Power Sources Section, 1985. 

6. "Radiation Effects in Silicon and Gallium Arsenide Solar Cells Using 
Isotropic and Normally Incident Radiation," by B. E. Auspaugh and 
R. G. Downing, JPL Publication 84-61, September 1, 1984. 

7. "Solar Cell Radiation Handbook,'' by H. Y. Tada, J. R. Carter, B. E. 
Anspaugh, and R. G. Downing, JPL Publication 82-69, November 1, 1982. 

8. Private communication with B. E. Anspaugh, JPL, Pasadena, CA, July, 1984. 

LIPS II 

LAUNCH DATE: 10 FEB 83 

ORB IT: C IRCULAR 

ALTITUDE: 600 nmi 

INCLINATION: 63" 

ORBITAL PERIOD: 1.8 hr 
-- -- 

GaAs Experiment 
1-PANEL: 4 P  x 25s x 3 CKTS 

CELLS: 3.00 EACH (2 x 2 x 0.036 cm), 15.5% 

COVERGLASS: 0.03 cm (0.012 in. FSIUV-FI LTER 

POWER (BOL): 24.5W AT 30°C 

Table 1 



Observed GaAs Panel Power Loss 

Table 2 

Calculated Space Radiation Environment 

2 

FF 

0.76 - 0.78 

+2.5% 

0.78 - 0.78 

0.0% 

0.78 - 0.78 

0.0% 

t2.58 

VoC (V) 

25.2 - 24.7 

-2.0% 

24.7 - 24.1 

-2.4% 

24.1 - 24.1 

0.0% 

-4.4% 

DAYS FROM 
LAUNCH 

0 - 32 

32 - 550 

550 - 765 

TOTAL - 

Table  3 

b 

ELECTRONS 

PROTONS 

.- 

'MAX 

24.5 - 22.8 

-6.9% 

22.8 - 19.8 

-12.2% 

19.8 - 19.6 

-0.8% 

-19.9% 

I SC (A) 

1.29 - 1.21 

-6.2% 

1.21 - 1.07 

-10.8% 

1.07 - 1.06 

-0.8% 

-17.8% 

%PMAX 

AFTER 765 DAYS . 
Si 13 - 16% 

GaAs 2.5% 

b 

%PMAX 

AFTER 550 DAYS 

Si  11 - 14% 

GaAs 2.0% 

FLUENCE- Si 
2 (equiv 1-MeV e l cm 

11 7.57 x 10 l y r  

13 3.56 x 10 l y r  

FLUENCE-GaAs 
2 

(equiv I-MeV e l cm ) 

6.80 x 10" l y r  

13 1 . 1 4 ~ 1 0  l y r  



Anomalous Power Loss Factors 
which Maintain Constant Fill Factor 

I. SPECTRAL TRANSMISSION LOSS 

DECREAS ING I SC 

I I. FA I LED-OPEN CELL INTERCONNECTS CRACKED l BROKEN 
CELLS, LEAD TO REVERSE-B IASED PARALLEL CELLS 

PROM I N E M  I sc DECREASE (reverse ce l l  
character ist ics contro l  1 

SMALL VE LOSS 

Ill. LOW ENERGY PROTON OMNl IRRADIATION ON UNFILTERED 
GaAs CELL AREAS (bus edges and l i f ted metal contacts) - 

DECREASING I SC WlTH FLUENCE 

SMALL VOC LOSS WlTH FLUENCE 

Table 4 

LIPS-I Investigation 

ISSUES TO BE RESOLVED AT A M l A L l A P L  

MECHANICAL DEGRADATION STRESS FACTORS 

THER.ML CYCLING TO STIMULATE ORBITAL 
CONDITIONS 

. SPECIAL RAD IATION EDGE EFFECTS ON GaAs 
vs Si  SOLAR CELLS 
T 

Table 5 



LlPS II Living Plume Shield 

Figure 1 

LlPS II Gallium Arsenide Solar Panel Layout 

Figure 2 

21 2 
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Short Circuit Current vs Days from Launch 
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Figure 5 

Open Circuit Voltage vs Days from Launch 
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Fill Factor vs Days from Launch 
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PASP - A H I G H  VOLTAGE ARRAY EXPERIMENT 

John Scott-Monck 
J e t  Propuls ion Laboratory 

C a l i f o r n i a  I n s t i t u t e  of Technology 
Pasadena, C a l i f o r n i a  

Robert Morris 
A i r  Force Wright Aeronaut ical  Labora to r i e s  

Aero Propuls ion Laboratory 
Wright Pa t t e r son  AFB, Ohio 

I n  t h e  near  f u t u r e ,  Air Force mission payloads w i l l  r e q u i r e  s i g n i f i c a n t  
i nc reases  i n  power. Sophis t ica ted  sens ing  systems such a s  i n f r a r e d  f o c a l  plane 
d e t e c t o r  a r r a y s  and r ada r  w i l l  be employed by t h e  Air Force t o  f u l f i l l  i t s  s t r a -  
t e g i c  ob j ec t ives .  Such payloads w i l l  demand t h a t  t h e  power subsystem provide up 
t o  50 kW a t  t h e  end of mission l i f e ,  more than an o rde r  of magnitude g r e a t e r  
than i s  c u r r e n t l y  required.  Some of t he se  payloads must be flown i n  low-earth 
(<600 km) po la r  o r b i t s  i n  o rde r  t o  s a t i s f y  mission o b j e c t i v e s ,  thus  i t  i s  l i k e l y  
t h a t  l a r g e  (500-600 m2) s o l a r  photovol ta ic  a r r a y s  w i l l  have t o  ope ra t e  i n  t h e  low- 
e a r t h  po l a r  environment. 

The "s tandard" 28 v o l t  power subsystem i s  not  weight e f f i c i e n t  f o r  t h e  a r r a y  
power l e v e l s  ("-50 kW) being considered. Figure 1 i l l u s t r a t e s  t h e  impact of t h e  
s o l a r  a r r a y  ope ra t i ng  vo l t age  on t h e  t o t a l  weight of t h e  a r r a y  and the  subsystem 
power cond i t i on ing  and d i s t r i b u t i o n  components. Therefore ,  i n  t h e  i n t e r e s t  of 
reducing power subsystem weight,  h igher  a r r a y  ope ra t i ng  vo l t ages  must be con- 
s idered .  This ,  however, in t roduces  new problems f o r  t h e  a r r a y  des igne r ,  a s  w i l l  
be discussed.  

In o rde r  t o  provide a maximum r e t u r n  on t h e  tremendous investment of resources  
(many hundreds of m i l l i o n  d o l l a r s )  requi red  t o  develop and p l a c e  t h e s e  a s s e t s  i n  
o r b i t ,  they  must be designed t o  ope ra t e  e f f e c t i v e l y  f o r  extended per iods  of t i m e  
(up t o  10 years). To achieve  t h i s  c a p a b i l i t y ,  t h e  system must be a b l e  t o  func t ion  
i n  t h e  threat- induced and n a t u r a l  space environment. 

T r a d i t i o n a l l y ,  t h e  major n a t u r a l  t h r e a t  t o  Air Force a s s e t s  has been t h e  
r e l a t i v e l y  h igh  energy (>I00 keV) p o r t i o n  of t h e  space r a d i a t i o n  environment. A 
tremendous accumulation of f l i g h t  d a t a  p lus  c h a r a c t e r i z a t i o n  of t h e  r a d i a t i o n  
environment has  allowed ground test  methods t o  be developed t h a t  adequately s i m -  
u l a t e  t h e  e f f e c t  of t h i s  environment on t h e  performance of s o l a r  a r r ays .  

However, w i t h i n  less than a decade, a l a r g e  body of evidence has  been accu- 
mulated t h a t  powerfully argues t h a t  t h e  low-energy space plasma (<I00  keV) 
environment w i l l  be t h e  major n a t u r a l  t h r e a t  t o  t h e  next gene ra t i on  of Air Force 
systems, r ega rd l e s s  of o r b i t .  The SCATHA and PIX-1 f l i g h t  experiments  (Ref. 1, 2)  
have c l e a r l y  i n d i c a t e d  t h a t  plasma-induced events  a r e  capable  of producing ca ta -  
s t r o p h i c  e f f e c t s  on t h e  s p a c e c r a f t ' s  ope ra t i ona l  c a p a b i l i t i e s ,  i nc lud ing  f a i l u r e  
of t h e  spacec ra f t .  
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Although t h e  space  plasma environment has  been f a i r l y  w e l l  c h a r a c t e r i z e d ,  i t  
can  e a s i l y  be p e r t u r b e d  by n a t u r a l  changes i n  t h e  e a r t h ' s  magnetosphere o r  t h e  
p r e s e n c e  of a  r e l a t i v e l y  l a r g e  ( > l o 0  m2) s p a c e c r a f t  subsystem o r  payload such a s  
a  s o l a r  a r r a y  o r  r a d a r .  The i n t e r a c t i o n  of t h e  pe r tu rbed  plasma w i t h  such a  body 
can l e a d  t o  c o n d i t i o n s  t h a t  produce h igh  v o l t a g e  d i s c h a r g e s ,  c u r r e n t  l eakage  t o  t h e  
plasma, and e l e c t r o m a g n e t i c  i n t e r f e r e n c e .  Plasma-induced a r c i n g  can l e a d  t o  sudden 
s i g n i f i c a n t  l o s s e s  i n  a r r a y  power o r  i n  t h e  wors t  c a s e ,  t o t a l  l o s s  of power. Elec- 
t r o m a g n e t i c  i n t e r f e r e n c e  can compromise t h e  o p e r a t i o n s  of o t h e r  subsystems o r  t h e  
payload i n  a  comple te ly  random f a s h i o n .  Array c u r r e n t  d r a i n  t o  t h e  plasma is a 
s i t u a t i o n  t h a t  may prove t o  be a  t h r e a t  t o  t h e  performance of t h e  s o l a r  a r r a y .  

The PIX-1 exper iment  v e r i f i e d  l a b o r a t o r y  exper iments  conducted on small 
(-100 cm2) a r r a y  samples.  Also ,  t h e  PIX d a t a  confirmed t h e  o b s e r v a t i o n  t h a t  f o r  
p o s i t i v e  b i a s  v o l t a g e ,  t h e  plasma c o u p l i n g  c u r r e n t  changes from be ing  p r o p o r t i o n a l  
t o  t h e  amount of exposed a r r a y  i n t e r c o n n e c t  a r e a  a t  below 100 v o l t s  t o  be ing  pro- 
p o r t i o n a l  t o  t h e  t o t a l  a r r a y  a r e a  a t  above 250 v o l t s .  The magnitude of t h e  pos t  
t r a n s i t i o n  0 2 5 0  v o l t s )  p l a s m  c o u p l i n g  c u r r e n t  was a l s o  shown t o  be r e l a t e d  t o  
t h e  s p a c e  plasma d e n s i t y .  Of even g r e a t e r  s i g n i f i c a n c e ,  a r r a y  d i s c h a r g e  ( a r c i n g )  
was produced a t  n e g a t i v e  v o l t a g e  l e v e l s  which agreed  w i t h  ground-based exper iments .  

The p r e s e n t  view, based on t h e  PIX r e s u l t s  p l u s  NASCAP computer modeling 
s t u d i e s ,  is  t h a t  t h e  e f f e c t  of h i g h  p o s i t i v e  a r r a y  b i a s  v o l t a g e  i s  of minor concern  
compared t o  t h e  e f f e c t  of h igh  n e g a t i v e  v o l t a g e  which i s  more l i k e l y  t o  be pre- 
dominant over  most of t h e  a r e a  of l a r g e  s o l a r  a r r a y s  o p e r a t i n g  i n  t h e  s p a c e  plasma 
environment.  However, i t  s h o u l d  be p o i n t e d  o u t  t h a t  PIX-1 o n l y  conf i rmed t h e  
r e s u l t s  o b t a i n e d  i n  l a b o r a t o r y  t e s t s  of s m a l l  a r r a y  samples.  PIX-1 d i d  no t  u s e  
a n  a r r a y  t e s t  sample t h a t  was o p e r a t i n g  i n  s u n l i g h t ,  nor  was d a t a  o b t a i n e d  on 
p h o t o e l e c t r i c a l l y - g e n e r a t e d  plasma i n t e r a c t i o n s  t h a t  may occur  when t h e  a r r a y  
e n t e r s  s u n l i g h t  from o c c u l t a t i o n .  F i n a l l y ,  PIX-1 d i d  n o t  e x p e r i e n c e  t h e  e f f e c t s  
of a n  a u r o r a l  substorm-induced plasma environment.  The proposed P h o t o v o l t a i c  Array 
Space Power (PASP) exper iment  i s  aimed a t  p r o v i d i n g  t h i s  k ind of d a t a  a s  w e l l  a s  
a c t i n g  as a  check on t h e  PIX d a t a .  

The PASP exper iment ,  which i s  b e i n g  sponsored by t h e  A i r  Force  Wright Aero- 
n a u t i c a l  L a b o r a t o r i e s ,  Aero P r o p u l s i o n  Lab, (AFWALIAPL) has  been d e s i g n a t e d  t o  be 
one of  t h e  e lements  compr i s ing  t h e  I n t e r a c t i o n  Measurement Payload f o r  S h u t t l e  
(IMPS) mul t ip robe  exper iment  package schedu led  t o  be flown i n  l a t e  c a l e n d a r  y e a r  
87 o r  e a r l y  88. IMPS w i l l  be a  f r e e - f l i e r  exper iment ,  r e l e a s e d  from a Vandenburg 
launched S h u t t l e  and planned t o  f u n c t i o n  i n  a noonlmidnight ,  low-earth p o l a r  o r b i t ,  
f o r  up t o  e i g h t  days. The c a r r i e r  f o r  t h e  IMPS package is  t o  be t h e  S h u t t l e  P a l l e t  
S a t e l l i t e  (SPAS), which was b u i l t  by MBB and h a s  flown from p r e v i o u s  NASA s h u t t l e  
miss ions .  

The IMPS mul t i -probe w i l l  c o n s i s t  of a  complex env i ronmenta l  measurements 
exper iment  be ing  developed by t h e  A i r  Force  Geophysics Labora to ry  (AFGL), t h e  
PASP exper iment ,  and a t  l e a s t  two o t h e r  i n s t r u m e n t  packages des igned  t o  a s s e s s  t h e  
i n f l u e n c e  of t h e  low-earth p o l a r  s p a c e  environment on m a t e r i a l s  and components 
e s s e n t i a l  f o r  t h e  s u c c e s s  of f u t u r e  Air Force  miss ions .  Due t o  t h e  l i m i t a t i o n s  
a s s o c i a t e d  w i t h  t h e  amount of a t t i t u d e  c o n t r o l  g a s  c a r r i e d  by t h e  SPAS, t h e  c r i t -  
i c a l  p o r t i o n s  of t h e  PASP exper iment  a r e  be ing  sequenced t o  o b t a i n  t h e  e s s e n t i a l  
d a t a  d u r i n g  f o u r  c o n s e c u t i v e  o r b i t s .  S ince  t h e  PASP requ i rements  have t o  be 
c o o r d i n a t e d  w i t h  t h o s e  of o t h e r  IMPS exper iments ,  i t  is  n o t  y e t  p o s s i b l e  t o  accu- 
r a t e l y  d e s c r i b e  t h e  PASP exper iment  sequence.  



PASP OBJECTIVES 

The o b j e c t i v e  of t h e  PASP exper iment  is  t o  deve lop  a n  ins t rument  package t h a t ,  
o p e r a t i n g  i n  c o n j u n c t i o n  w i t h  a  number of  c o n v e n t i o n a l  and p o t e n t i a l l y  s u r v i v a b l e  
Air Force a r r a y  d e s i g n s ,  w i l l  p rovide  e n g i n e e r i n g  and s c i e n t i f i c  in fo rmat ion  con- 
c e r n i n g  t h e  i n f l u e n c e  of t h e  low-earth p o l a r  o r b i t  plasma environment on s o l a r  
a r r a y  performance.  

There a r e  s i x  main d a t a  o b j e c t i v e s  f o r  t h e  PASP exper iment .  The f i r s t ,  and 
most impor tan t  from a n  e n g i n e e r i n g  s e n s e ,  i s  t o  de te rmine  how much t h e  a r r a y  
samples  d i s c h a r g e  o r  a r c  a s  a  f u n c t i o n  of n e g a t i v e  b i a s  v o l t a g e ,  space  plasma 
d e n s i t y ,  and plasma t empera tu re ,  s i n c e  t h e s e  measurements w i l l  be made i n  bo th  
p o l a r  r e g i o n s  and t h e  e q u a t o r i a l  ( h i g h e r  plasma d e n s i t y )  p o r t i o n  of t h e  o r b i t .  
The second o b j e c t i v e  is  t o  measure e l e c t r o m a g n e t i c  i n t e r f e r e n c e  (ampl i tude ,  r i s e -  
t i m e ,  p o l a r i t y ,  e t c . )  g e n e r a t e d  by t h e  a r r a y  samples when they  a r c .  Th i s  w i l l  
h o p e f u l l y  be done f o r  bo th  hard-wire and r a d i a t e d  components. 

The t h i r d  o b j e c t i v e  is  t o  measure t h e  a r r a y  samples '  c u r r e n t  l eakage  t o  t h e  
s p a c e  plasma, a  p o t e n t i a l  power l o s s  f a c t o r ,  a s  a  f u n c t i o n  of p o s i t i v e  b i a s  v o l t a g e  
and plasma environment.  The f o u r t h  o b j e c t i v e  i s  t o  measure t h e  p l a s ~ a  d e n s i t y  and 
t empera tu re  i n  t h e  v i c i n i t y  (<50 cm) of t h e  t e s t  a r r a y s .  The f i f t h  o b j e c t i v e  i s  
t o  measure t h e  power o u t p u t  and t empera tu re  of  e a c h  a r r a y  under  a c t u a l  ( i l l u m i n a t e d )  
o p e r a t i n g  c o n d i t i o n s .  Th i s  measurement i s  very  impor tan t  s i n c e  i t  w i l l  l i k e l y  be 
t h e  f i r s t  t ime t h a t  c e r t a i n  a r r a y  d e s i g n s  ( c o n c e n t r a t o r )  are flown i n  space .  The 
f i n a l  o b j e c t i v e  i s  t o  v e r i f y  o r  modify more c o s t - e f f e c t i v e  ground s i m u l a t i o n  
t e c h n i q u e s ,  i n c l u d i n g  computer modeling and plasma-chamber t e s t i n g ,  p a r t i c u l a r l y  
f o r  t h e  a s  y e t  u n t e s t e d  c o n c e n t r a t o r  des igns .  

PASP INSTRUMENT DESCRIPTION 

The exper iment  i s  planned on t h e  assumpt ion t h a t  t h e  PASP i n s t r u m e n t  package 
w i l l  c o n t a i n :  (1) a  Langmuir probe t o  measure t h e  plasma environment i n  t h e  ve ry  
n e a r  ( < 5 0  cm) v i c i n i t y  of t h e  t e s t  a r r a y  modules, ( 2 )  a n  I-V cu rve  t r a c e r  t o  mea- 
s u r e  t h e  power o u t p u t  of each  t e s t  a r r a y ,  ( 3 )  a  sun s e n s o r  t o  a s s u r e  p roper  a r r a y  
t e s t  c o n d i t i o n s ,  ( 4 )  a h i g h  v o l t a g e  power s u p p l y  t o  n e g a t i v e l y  and p o s i t i v e l y  b i a s  
t h e  t e s t  a r r a y s  t o  a  maximum of 500 V i n  c o n t r o l l e d  s t e p s ,  ( 5 )  a  wide dynamic range  
e l e c t r o m e t e r  t o  measure coup l ing  c u r r e n t s  o v e r  t h e  range of 1x10-6 t o  1 A, and 
( 6 )  t e m p e r a t u r e  s e n s o r s  ( t h e r m i s t o r s )  on e a c h  a r r a y  module. E l e c t r o m a g n e t i c  i n t e r -  
f e r e n c e  w i l l  be measured by a t r a n s i e n t  p u l s e  moni tor  i n c l u d e d  i n  t h e  IMPS env i ron-  
menta l  measurements exper iment .  

There  w i l l  be f i v e  d i f f e r e n t  t y p e s  of  s o l a r  a r r a y  modules t e s t e d .  Each module 
w i l l  be mounted a s  a n  e l e c t r i c a l l y  i s o l a t e d  e n t i t y  from s p a c e c r a f t  common. There  
w i l l  b a s i c a l l y  be t h r e e  t y p e s  of measurements performed on each  module: ( 1 )  
c u r r e n t - v o l t a g e  (I-V) c h a r a c t e r i s t i c  c u r v e s ,  ( 2 )  DC plasma c o u p l i n g  c u r r e n t  a s  a  
f u n c t i o n  of p o s i t i v e  and n e g a t i v e  b i a s  v o l t a g e  w i t h  t h e  module i n  a n  o p e n - c i r c u i t  
v o l t a g e  mode, and ( 3 )  AC "no i se"  a s  a  f u n c t i o n  of p o s i t i v e  and n e g a t i v e  v o l t a g e  
i n  t h e  open-c i rcu i t  mode. I n  t h i s  o p e n - c i r c u i t  mode, t h e  modules w i l l  a c t u a l l y  be 
loaded  w i t h  a  ve ry  h igh  impedence, a l l o w i n g  a  minute c u r r e n t  f low,  t h u s  i n s u r i n g  
p roper  v o l t a g e  g r a d i e n t s  a c r o s s  t h e  modules. Any "no i se"  g e n e r a t e d  by t h e  a r r a y s  



due t o  i n t e r a c t i o n s  w i t h  t h e  space  plasma w i l l  be measured and recorded  by a  
companion exper iment  a l s o  on t h e  SPAS. A s i x t h  advanced technology c e l l  d e s i g n  
module may a l s o  be i n c l u d e d  f o r  I - V  cu rve  t e s t i n g ,  depending on a v a i l a b i l i t y  i n  
t ime  f o r  t h e  f l i g h t .  A  complete d e s c r i p t i o n  of t h e  proposed t e s t  modules w i l l  
be provided i n  a  subsequen t  s e c t i o n  of t h i s  paper. 

I Both of t h e  above-described measurements w i l l  be performed when t h e  modules 
a r e  o r i e n t e d  normal t o  t h e  sun  w i t h i n  p l u s  o r  minus one and one-half degrees .  
Sun o r i e n t a t i o n  w i l l  be performed by gas  t h r u s t e r s  on t h e  SPAS c o n t r o l l e d  by 
commands from t h e  S h u t t l e ,  based on s i g n a l s  r e c e i v e d  from t h e  sun  s e n s o r  mounted 
on t h e  PASP pane l .  

T h i s  t i g h t  s u n  p o i n t i n g  requirement  i s  necessa ry  t o  o b t a i n  a c c u r a t e  I -V d a t a  
on t h e  power o u t p u t  of t h e  c o n c e n t r a t o r  t e s t  modules. S l i g h t  d e v i a t i o n s  i n  t h e  
a c q u i s i t i o n  of t h e  sun by t h e  c o n c e n t r a t o r  o p t i c s  w i l l  cause  t h e  amount of energy 
focused  on t h e  s o l a r  c e l l s  t o  be s u b s t a n t i a l l y  reduced.  For example, t h e  mini- 
C a s s e g r a i n i a n  module w i l l  l o s e  a lmos t  seven  p e r c e n t  of t h e  incoming s o l a r  energy 
i f  t h e  misal ignment  t o  t r u e  s u n  normal i s  o n l y  about  two d e g r e e s  (Ref. 3 ) .  The sun  
a n g l e  t o l e r a n c e  f o r  t h e  S u r v i v a b l e  Low Apera tu re  Trough System (SLATS) c o n c e n t r a t o r  
d e s i g n  i s  e q u a l l y  s t r i n g e n t  (Ref.  4 ) ,  t h u s  r e q u i r i n g  t h e  p l u s  o r  minus one and one- 
h a l f  d e g r e e s  sun  p o i n t i n g .  The d a t a  a c q u i s i t i o n  d e s c r i b e d  above i s  planned t o  be 
performed d u r i n g  f o u r  s u c c e s s i v e  E a r t h  o r b i t s  a f t e r  t h e  SPAS h a s  been r e l e a s e d  
from t h e  s h u t t l e  bay and p l a c e d  i n  a  f r e e  f l i e r  mode. 

During any o r b i t s  i n  e x c e s s  of t h e  f o u r  i n  which a t t i t u d e  c o n t r o l  i s  a v a i l -  
a b l e ,  t h e  PASP w i l l  be p u t  i n t o  a  d r i f t  mode. I n  t h i s  mode, t h e  s i l i c o n  a r r a y  
module w i l l  be b i a s e d  by a  " c o n s t a n t "  v o l t a g e  (p robab ly  abou t  -300 V) and t h e  
l e a k a g e  c u r r e n t s ,  a r c  d i s c h a r g e s  and sun i n c i d e n c e  a n g l e  w i l l  be moni tored reg- 
u l a r l y ;  about  e v e r y  second f o r  t h e  plasma i n t e r a c t i o n  e v e n t s  and e v e r y  f i v e  t o  
t e n  minutes  f o r  t h e  s u n  ang le .  Also  d u r i n g  t h i s  t ime ,  t h e  Langmuir probe w i l l  be 
a c q u i r i n g  i n f o r m a t i o n  abou t  t h e  plasma environment around t h e  t e s t  module. The 
i n f o r m a t i o n  o b t a i n e d  d u r i n g  t h i s  d r i f t  mode w i l l  p rov ide  a  s o r t  of "map" of t h e  
e n t i r e  low-earth p o l a r  o r b i t  and how t h e  a r r a y  module i n t e r a c t s  w i t h  i t  w h i l e  a t  
a h i g h  n e g a t i v e  v o l t a g e .  

F i g u r e  2 shows a  b lock  diagram of t h e  proposed PASP i n s t r u m e n t .  It i s  
assumed t h a t  t h e  SPAS v e h i c l e  w i l l  p rov ide  t h e  b a t t e r y  power and d a t a  r e c o r d i n g  
c a p a b i l i t y  t o  s u p p o r t  t h e  PASP i n s t r u m e n t  d u r i n g  t h e  f r e e - f l i g h t  p o r t i o n  of t h e  
IMPS miss ion.  

PASP TEST MODULES 

F ive  s o l a r  a r r a y  modules w i l l  be t e s t e d  as p a r t  of t h e  PASP measurements 
package. Module 1 w i l l  c o n s i s t  of 100 se r i e s -connec ted  s i l i c o n  s o l a r  c e l l  assem- 
b l i e s  (covered s o l a r  c e l l s )  mounted on a n  i n s u l a t e d  aluminum honeycomb s u b s t r a t e .  
The c e l l s  w i l l  be nominal  2 cm x 4 cm i n  s i z e  and a r e  r e p r e s e n t a t i v e  of t h e  type  
now used f o r  Air Force  miss ions .  Module 2 w i l l  c o n s i s t  of  100 se r i e s -connec ted  
by two p a r a l l e l - c o n n e c t e d  g a l l i u m  a r s e n i d e  (GaAs) s o l a r  c e l l  a s s e m b l i e s ,  2 cm x  
2 cm i n  s i z e ,  mounted on t h e  same t y p e  of s u b s t r a t e  a s  t h e  s i l i c o n  a r r a y  module. 
The cover  g l a s s  and a d h e s i v e  w i l l  be t h e  same a s  t h a t  used f o r  t h e  s i l i c o n  module. 



Modules 1 and 2 a r e  r e p r e s e n t a t i v e  of t h e  s tandard  con f igu ra t i on  now used 
f o r  a r r a y s  and w i l l  a c t  a s  benchmarks f o r  t he  o t h e r  t h r e e  t e s t  modules and a s  a  
b a s i s  of comparison t o  previous f l i g h t  d a t a  from t h e  PIX-1 experiment. Modules 
3 ,  4 and 5  represen t  advanced Air Force a r r a y  des igns  t h a t  show high p o t e n t i a l  
f o r  s u r v i v a b i l i t y .  Their  unique con f igu ra t i ons  a l s o  make them w e l l  s u i t e d  t o  
s i g n i f i c a n t l y  expand the  e x i s t i n g  s c i e n t i f i c  d a t a  base on t h e  sub jec t  of plasma 
i n t e r a c t i o n s .  

Module 3 w i l l  be composed of an e i g h t  element concent ra tor  us ing  GaAs s o l a r  
c e l l s .  This des ign ,  known a s  t h e  mini-Cassegrainian concent ra tor  (Ref. 3),  is  
capable  of providing an e f f e c t i v e  s o l a r  concent ra t ion  of approximately 80 times 
normal. 

Module 4 i s  another  concent ra tor  conf igura t ion ,  SLATS (Ref. 4) .  The base l ine  
des ign  c o n s i s t s  of a semi-parabolic primary r e f l e c t o r  which a l s o  s e rves  a s  a  
thermal r a d i a t o r ;  compound e l l i p t i c a l  second-stage o p t i c s  f o r  ga the r ing  off-axis  
r ays ,  and i n - l i n e  GaAs s o l a r  c e l l  assemblies  mounted a t  t h e  e x i t  a p e r t u r e  of t h e  
second s t a g e  op t i c s .  The module w i l l  be approximately t h r e e  times t h e  s i z e  of t h e  
mini-Cassegrainian, o r  about  0.75 f t 2 .  

Module 5,  des igna ted  I n t e g r a l  Cover Array (ICA), is a  convent ional  s i l i c o n  
s o l a r  ce l l  module, except  t h a t  it w i l l  be t o t a l l y  encapsulated us ing  a  depos i ted  
d i e l e c t r i c  coa t ing  composed of s i l i c o n  d ioxide  (SiOZ) and aluminum oxide (A1203). 
The th i cknes s  of t h e  depos i ted  l a y e r  w i l l  be between 3 and 5  m i l s  s i n c e  i t  is  
requi red  t o  o f f e r  adequate p ro t ec t i on  t o  t h e  s o l a r  cel l  from t h e  low energy proton 
environment of space. The module w i l l  be approximately t h e  same s i z e  a s  t h e  mini- 
Cassegrainian. 

A s i x t h  module may be inc luded  f o r  t h e  purpose of measuring i t s  I-V charac te r -  
i s t i c s .  This module w i l l  c o n s i s t  of 10 t o  25 AlGaAs/GaAs s tacked  multi-bandgap 
s o l a r  c e l l s .  I nc lu s ion  of t h i s  module, however, depends on t h e  a v a i l a b i l i t y  of 
MBG cells. A t  t h e  presen t  t i m e ,  t h e  prospec ts  fo r '  i nc lud ing  t h i s  s i x t h  module i n  
t h e  PASP package look r a t h e r  dim. 

GROUND TESTS AND MODELING 

As previous ly  mentioned, an  important  p a r t  of t h e  PASP o b j e c t i v e  i s  t o  v e r i f y  
e x i s t i n g  ground test techniques f o r  s o l a r  a r r a y  performance i n  t h e  low-earth p o l a r  
environment. This  v e r i f i c a t i o n  is  p a r t i c u l a r l y  important f o r  t h e  advanced des ign  
modules which have n o t  ye t  been flown i n  space. To achieve t h i s  goa l ,  t h e  PASP 
experiment w i l l  be "simulated" i n  two ways; computer modeling and plasma-chamber 
exposure. The f l i g h t - d a t a  w i l l  be compared t o  t h e  ground tests which can then be 
v e r i f i e d  f o r  accuracy o r  modified us ing  t h e  f l i g h t d a t a  a s  a  bas i s .  

Prel iminary computer modeling of PASP has been performed a t  NASA-LeRC by an 
Air Force I n s t i t u t e  of Technology (AFIT) s t u d e n t ,  Capt. Kar l  Reichle ,  f o r  AFWAL/ 
APL us ing  t h e  NASCAP/LEO code. The o b j e c t i v e  of t h i s  p re l iminary  modeling was 
t o  d e f i n e  t h e  plasma environment around t h e  SPAS v e h i c l e  dur ing  execut ion  of t h e  
PASP experiment sequence and t o  e s t a b l i s h  what e f f e c t s  PASP-induced p o t e n t i a l s  
have on t h e  remainder of t h e  SPAS. I n i t i a l  r e s u l t s  i n d i c a t e  t h a t  b i a s ing  t h e  
l a r g e s t  PASP a r r a y  modules ( S i  o r  GaAs) t o  high vo l t ages  d r i v e s  t h e  SPAS ground 



potential much less than expected. A complete report on this modeling is expected 
in June 1985, at which time more concise quantitative information will be avail- 
able. 

I Future modeling using the NASCAP/LEO code will incorporate more accurate 
information on other experiments aboard the SPAS vehicle (as it becomes available) 
and will involve investigating widely varying array potentials, plasma environ- 
ments, and resulting plasma-coupling interactions. Similar computer modeling will 
be performed using the POLAR code at AFGL, which is designed specifically for 

I 
analyzing the polar orbit environment, as opposed to LEO, which is designed for 
general low-earth orbits. 

Plasma-chamber simulations will be performed by NASA-LeRC on sample modules 
representative of the actual PASP flight array modules. These simulations will be 
composed of exposing the array samples to different plasma environments under 
different bias voltages and monitoring any interactions. It should be interesting 
to see how the flight data compares with these results, particularly for the con- 
centrator designs with their inherently large exposed metal surfaces and the ICA 
module which has very little exposed conductor area due to the interconnects being 
covered. 

1 CONCLUSIONS 

The PASP experiment has the potential of providing a great deal of signifi- 
cant information on both the low-earth polar plasma environment and its influence 
on the performance of advanced survivable arrays that will be necessary to support 
future Air Force missions operating in this challenging environment. It is also 
likely that the initial flight will generate new questions that may require addi- 
tional flight experiments. Anticipating this, the PASP experiment is being designed 
to be easily modified and reflown. 

It is worth observing that the current status of our understanding and appre- 
ciation of the major impact that the plasma environment can have on photovoltaic 
power systems is akin to the situation faced by array designers in the early 1960s 
when it became obvious that the natural high-energy space radiation environment 
had been badly underestimated. The PASP and the NASA-Lewis VOLT (voltage- 
operating-limit-test) experiments are examples of the growing appreciation that 
DOD and NASA are now attaching to understanding the space plasma environment. 
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Figure 1 .  Effect of Array Operating-Voltage on Power System Weight 
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TESTING OF GALLIUbi ARSEIJI:DF: SOLAR CELLS ON THE CRRES VEHICLE* 

T e r r y  M. Trumble 
A i r  Force Wr ight  Aeronau t i ca l  L a b o r a t o r i e s  

Aero P ropu l s i on  Labora to ry  
Wr igh t  Pa t t e r son  AFB, Ohio 

P. f l i g h t  exper i r !en t  has beer: designed t o  determine t h e  optimum des ign f c r  
?a1 1 iulrt a rsen ide  (GirC\s) s o l a r  c e l l  panels  i n  s r a d i a t i o n  env i r on~ ten t .  Elemerlts 
o f  t h e  experin;ent des ipn i nc l ude ,  d j f f e r e n t  coverg lass  m a t e r i a l  and thicknesses, 
welded and so ldered  in te rconnec ts ,  d i f f e r e n t  s o l a r  c e l l  e f f i c i e n c i e s ,  d i f f e r e n t  
s o l a r  c e i l  types,  and r?c.iisurernent o f  annea l ing  p r o p e r t i e s .  Th is  exper iment,  
des ignated 4FAPL-SG1, i s  scheduled t.o f l y  on t h e  Combined Release and Rad ia t i on  
E f f e c t s  Sat.e?l  i t e  (CRRES) t o  be launched i n  J u l y  o f  1987 (F ig .  1 ) .  Ph i s  s a t e l -  
1 i t e  w i l l  s imu l taneous ly  measure t he  r a d i a t i o n  environment and thus,  f o r  t h e  
< i r s t  t ime,  p rov i de  e r g i n e e r i n g  data on s o l a r  c e l l  degrada t ion  t h a t  can he 
d i r e c t l y  r e l a t e d  t o  r a d i a t i o n  darage. 

INTRODUCTION 

The i n i t i a l  p o r t i o n  o f  t h i s  f l i g h t  w i l l  be i n  low e a r t h  o r b i t  (LEO). The 
LEO po t - t i on  o f  t h e  f l i g h t  w i l l  be a c i r c u l a r  o r b i t  a t  ar: i l l t i t u d e  o f  358 krn 
i n c l i n e d  a t  an ang le  o f  about 28.5 degrees. Dur ing  t h i s  n i n e t y  day o r b i t  NASA 
w i  11 conduct t h e i r  exper iments and t h e  AFAPL-801 exper iment w i  11 be tu rned  on. 
The CRRES v e h i c l e  w i l l  then be boosted i n t o  geosynchronous t r a n s f e r  o r b i t  (CTP) 
f o r  a 3 y e a r  miss ion.  The GTO w i l l  be e l l i p t i c a l  w i t h  an apogee o f  35,000 krn 
and a pe r i gee  o f  400 km. The ang le  o f  i n c l i n a t i o n  w i l l  be about  18 deqrees. I t  
i s  i n  t h i s  o r b i t  t h a t  bo th  t h e  AFAPL-801 exper iment and t h e  SPACERAD exper iments 
w i l l  be conducted. The SPACERAD exper iments a re  a group o f  exper iments designed 
t~ a c c u r a t e l y  neasure t he  e a r t h ' s  t rapped r a d i a t i o n  b e l t s  (F ig .  2) .  

FXPER ItlENT DES I G M  

The des ign  of an exper iment o f  t h i s  t ype  w i l l  t a ke  i n t o  account t h e  d i f -  
f e ren t  types and ranges o f  e f f i c i e n c i e s  o f  GaAs s o l a r  c e l l s  a v a i l a b l e .  It w i l l  
a l s o  p r o v i d e  a f i d u c i a l  from which t o  judge t h e  s t a t e - o f - t h e - a r t  o f  r a d i a t i o n  
r e s i s t a n c e  i n  s o l a r  c e l l s .  To accorn~lodate these requi rements ,  b o t h  l i q u i d  phase 
e p i t a x y  (LPE) and metal  o r q m i c  chemical vapor d e p o s i t i o n  (t:CCVD) GaAs s o l a r  
c e l l s  w i l l  be used. A d d i t i o n a l l y ,  a s t r i n g  o f  K 4 3/4 s i l i c o n  s o l a r  c e l l s  w i l l  
be used a s  a reference. The K 4 3 /4  s i l i c o n  c e l l s  have been t h e  workhorse o f  
t h e  i n d u s t r y  and t h e  wea l th  o f  da ta  on these c e l l s  p rov ides  an e x c e l l e n t  da ta  
base f o r  comparisons. F i n a l l y ,  t o  round o u t  t h e  exper iment one s t r i n g  o f  t h e  
t h i n  s i l i c o n  c e l l s  has been i nc l uded  on t h e  t e s t  panel .  

* Development o f  t h i s  exper iment i s  be ing  accomplished under AF Cont ract  
#F33615-79-C-2039 by t h e  Space and Communications Group o f  I-fughes A i r c r a f t  Co., 
Los Angeles CA. 



The AF.4PL-SO1 exper iment co r i s i s ts  o f  two f l i g h t  panels,  an ambient panel 
(F ig .  3!, and an annea l ing  panel (F ig .  4) .  Each panel i s  6 "  x  12". The ambient 
panel w i l l  be aluminum honeycornb and w i l l  have 12 c e l l  s t r i n @ s  mounted on i t .  
D i f f e r e n t  c e l l  s t r i n g s  w i  11 use welded and so ldered  i n t e r connec t s .  Coverglass 
th i ckness  w i l l  va ry  from about 2.5 m i l s  t o  about 30 m i l s .  Both microsheet  and 
q u a r t z  coverg lasses w i l l  be used. The LPE GaAs s o l a r  c e l l s  w i l l  have 16%, 17O{ 
and 18% beg inn ing  o f  1  i f e  (BOL) e f f i c i e n c i e s .  The MOCVD GaAs c e l l  s t r i n g  w i l l  
be 16% e f f i c i e n t ,  BOL. The t h i n  s i l i c o n  s o l a r  c e l l  s t r i n g ,  A K 7 3/4 c e l l  w i l l  
a l s o  be about 13.5% BOL. A l l  o f  these e f f i c i e n c i e s  a r e  quoted a t  a  temperature 
o f  25°C. 

The annea l ing  panel  i s  a  g l a s s c l o t h  po l y im ide  core  honeycomb. Th is  panel  
w i l l  o n l y  use t h e  LPE GaAs s o l a r  c e l l s .  There a re  f o u r  p a i r s  o f  c e l l  s t r i n g s .  
The f i r s t  p a i r  o f  c e l l  s t r i n g s  a r e  f o r  temperature r e fe rence  and t o  eva lua te  t h e  
e f f e c t  coverg lass  t h i c kness  on annealed versus unannealed c e l l s .  These c e l l  
s t r i n g s  a r e  designed t o  r u n  a t  70°C. The second p ? i r  o f  c e l l  s t r i n g s  w i l l  be 
con t i nuous l y  heated a t  150°C t o  eva lua te  t h e  advantages of  con t i nuous l y  
annea l ing  i n  space. A s p e c i a l  hea te r  has been designed t o  p rov i de  a cont inuous 
150°C temperature ove r  t h e  l i f e t i m e  o f  t h e  f l i g h t  exper iment.  The t h i r d  p a i r  of 
c e l l  s t r i n g s  w i l l  be heated t o  150°C f o r  two hours a  week t o  eva lua te  
i n t e r m i t t e n t  annea l ing  p r o p e r t i e s  o f  c e l l  s t r i n g s .  The f o u r t h  and f i n a l  p a i r  of 
c e l l s  w i l l  be f o rwa rd  b iased  once a week and a l s o  w i l l  be r un  a t  250°C f o r  two 
hours  a week. Th is  exper iment  w i l l  complement t h e  i n t e r m i t t e n t  exper iment  and 
w i l l  de te rn i ne  t h e  p r a c t i c a l i t y  of us i ng  i n t e r m i t t e n t  h e a t i n g  t o  anneal 

I r a d i a t i o n  damage i n  space. 

1 DATA IlATR I X  ING 

The un ique f e a t u r e  o f  t h e  des ign  o f  t h i s  exper iment  i s  t o  m a t r i x  t h e  da ta  
f rom d i f f e r e n t  c e l l  s t r i n g s .  Each o f  t h e  t o t a l  o f  twen ty  c e l l  s t r i n g s  can be 
compared t o  each o f  t h e  o t h e r  c e l l  s t r i n g s .  Of course some o f  t h e  comparisons 
a r e  o f  more va lue  than  o thers .  The f o l l o w i n g  i s  a  l i s t  o f  t h e  c e l l  s t r i n a s  and 
t h e  v a r i a t i o n s  assoc ia ted  w i t h  each c e l l  s t r i n g .  The c e l l  s t r i ~ g s  a re  g i ven  i n  
no p a r t i c u l a r  order .  

Ambient   an el 

C e l l  Type E f f i c i e n c y  

1. GaAs 
2. GaAs (MOCVD) 
3. GaAs 
4. GaAs 
5. GaAs 
6. S i  (Th in )  
7. GaAs 
8. GaAs 
9. S i  ( r e f )  
10. GaAs 
11. GaAs 
12. GaAs 

I n te r connec t  

So lder  
Sol de r  
We 1 ded 
So lder  
Solder  
Solder  
kle 1 ded 
So lder  
So lder  
So lder  
We 1 ded 
Isle1 ded 

Coverglass 
Thickness 

2.5 m i l s k *  
6 m i l s  
4 m i l s  
4 m i l s  
6  m i l s  
12 n i l s  
12 m i l s  
12 m i l s  
12 m i l s  
20 m i l s  
20 m i l s  
30 m i l s  

Qua r t z  
q u a r t z  
Qua r t z  
Fl icrosheet 
Qua r t z  
Qua r t z  
! t i  c roshee t  
nua r t z  
M i  c roshee t  
Quartz 
Qua r t z  
Qua r t z  



Annealina Panel 

13. GaAs 
14. GaAs 
15. GaAs 
16. GaAs 
17. GaAs 
18. GaAs 
19. GaAs 
20. GaAs 

We 1 ded 
We 1 ded 
We 1 ded 
We1 ded 
liJe 1 ded 
We1 ded 
We 1 ded 
Gle 1 ded 

6 m i l s  
12 m i l s  
6 m i l s  
12 m i l s  
6 m i l s  
12 m i l s  
6 m i l s  
12 m i l s  

Quartz  
Quartz  
Quartz  
Quartz 
Quartz  
Quartz  
Quartz  
Quartz  

**Note: 1 m i l  = .001 i nch  
Note: A l l  GaAs s o l a r  c e l l s  a re  made by the  LPE process unless noted otherwise. 

The cu r ren t  (I) and the  vo l tage ( V )  w i l l  be measured a t  16 loads and an I V  
curve generated. The temperature o f  t he  ambient panel w i l l  be taken and the  
temperature o f  each s t r i n g  on the  anneal ing panel w i l l  be taken. The I V  curves 
w i l l  be taken a t  a r e l a t i v e l y  slow data r a t e  thus there  w i l l  probably be some 
data slewing, r e q u i r i n g  t h a t  several data se ts  be taken f o r  ana lys is  t o  ensure 
accuracies o f  a t  l e a s t  3% o r  b e t t e r .  There are two d i f f e r e n t  load banks, one 
f o r  t he  s i l i c o n  c e l l s  and the  o the r  f o r  the  g a l l i u m  arsenide s o l a r  c e l l s .  This 
ensures accurate measurements o f  bo th  types of c e l l s  a t  the  knee of the  curve 
even a f t e r  th ree  years o f  operat ion. 

A few examples o f  how the  ma t r i x  w i l l  be used are  as fo l lows.  I f  c e l l  
s t r i n g  #7 i s  used as a reference, the  ma t r i x  i s  based upon the  use o f  a 12 m i l  
coverglass on a 16% e f f i c i e n t  c e l l .  The temperature o f  t h e  c e l l  i s  monitored 
and the  I V  p o i n t s  taken. The s t r i n g  i s  now compared t o  c e l l  s t r i n g  #14 on the  
anneal ing panel. A c o r r e c t i o n  f o r  temperature i s  made and t h e  data from the  16% 
c e l l s  compared. The o n l y  d i f f e r e n c e  between the  two s t r i n g s  i s  t h a t  s t r i n g  #7 
has a microsheet cover and s t r i n g s  #14 has a quar tz  cover. A b e t t e r  example i s  
what e f f e c t  coverglass th ickness has on the  degradat ion o f  the  c e l l s .  The 
comparison uses s t r i n g s  #1, #5, # lo ,  #13 and #14. A l l  c e l l s  a re  16% e f f i c i e n t ,  
use soldered in terconnects and have d i f f e r e n t  coverglass thicknesses. The 
thicknesses i n  m i l s ;  2.5, 6.0, 20, 6.0 and 12 makes i t  poss ib le  t o  generate a 
r a d i a t i o n  damage curve a f t e r  a s i n g l e  data pass from the  CRRES s a t e l l i t e .  

DESIGN CONCERNS 

Experiments conducted i n  t he  pas t  on the  NTS-2 and the  LIPS-2 s a t e l l i t e s  
have l e f t  a  number o f  th ings  unanswered. The NTS-2 used the  o l d e r  LPE GaAs 
s o l a r  c e l l s .  These c e l l s  were deep j u n c t i o n  c e l l s  (1 micron) which were apoxied 
down. Although t h e i r  performance was very good, opening the  door f o r  f u r t h e r  
development work, the  degradat ion of t he  c e l l s  i n  the  f i r s t  30 days o f  f l i g h t  
t ime was unexplainable. The LIPS-2 used the  newer h a l f  micron j u n c t i o n  depth 
c e l l s ,  however, i n  a l ess  than optimum fashion. This  was due t o  the  very sho r t  
t ime per iod  a l l o t t e d  between the i n i t i a t i o n  o f  the  program, the  product ion o f  
GaAs s o l a r  c e l l s  and the  subsequent panel fabr ica t ion .  C e l l  s e l e c t i o n  was from 



a l i m i t e d  number of c e l l s  and the  procedures f o r  c e l l  laydown had t o  be 
developed. Both f l i g h t  experiments, however experienced the  same type o f  power 
losses i n  the  f i r s t  30 days o f  t h e i r  f l i g h t s .  It i s  dur ing  t h i s  in fancy  per iod  
t h a t  we want t o  i d e n t i f y  the  cause o f  the  problem. The CRRES f l i g h t  w i l l  begin 
i n  low ea r th  o r b i t  (LEO) where the  an t i c ipa ted  r a d i a t i o n  environment w i l l  be 
low. The AFAP:-801 w i l l  be turned on i n  t h i s  o r b i t  as soon as poss ib le  t o  
measure the  in fancy  problem. This requirement, as we l l  as several others, 
mandated t h a t  a data ma t r i x  type of experiment be establ ished. This ensures 
t h a t  data taken on as l i t t l e  as one pass w i l l  prov ide v a l i d  r a d i a t i o n  damage 
data t o  a i d  i n  the  i d e n t i f i c a t i o n  and q u a n t i f i c a t i o n  o f  t he  source of c e l l  
degradation. 

EXPERIMENT HARDWARE 

The design of t he  experiment has been completed. Pro to typ ica l  panels have 
been b u i l t  and labo ra to ry  tes ted  under contract .  The e lec t ron ics  p o r t i o n  o f  t he  
experiment has been breadboarded and tes ted and the  f i n a l  p r i n t e d  c i r c u i t  boards 
a re  being de l i ve red  f o r  assembly i n t o  the  housing. 

CONCLUSIONS 

The r e s u l t s  o f  t h i s  experiment w i l l  prov ide much needed in format ion  on t h e  
performance o f  s o l a r  c e l l s  i n  a h igh  r a d i a t i o n  environment w i t h  r a d i a t i o n  
measurements t h a t  a re  t raceab le  recognized labora tory  standards. The comparison 
o f  t h e  f o u r  key types o f  s o l a r  c e l l s  e i t h e r  i n  use o r  planned f o r  use i n  t h e  
near f u t u r e  w i l l  make i t  poss ib le  f o r  s a t e l l i t e  designers t o  have a h igh  degree 
o f  confidence i n  t h e i r  design margins and w i l l  make i t  poss ib le  f o r  them t o  
des i  n w i t h  a h igh  degree o f  accuracy. These f o u r  key types; GaAs (MOCVD), GaAs 
(LPE!, S i  (K4 3/4) and t h e  S i  ( t h i n  c e l l )  w i l l  be responsib le f o r  providing the  
major p o r t i o n  o f  space e l e c t r i c a l  power f o r  several years t o  come. The optimum 
hardware con f igu ra t i on  f o r  t h i s  p a r t i c u l a r  o r b i t  can be chosen from t h e  r e s u l t s  
o f  the  f l i g h t  and the  optimum combination o f  coverglass, adhesive, c e l l  
e f f i c i e n c y  and interconnects can be pro jec ted f o r  uses i n  o the r  o r b i t s .  It i s  
possible, t h a t  as a r e s u l t  o f  t h i s  experiment, t h a t  i t  can be proven t h a t  a 
t h i n n e r  coverglass may be used t o  a f f o r d  the  l e v e l  o f  r a d i a t i o n  p ro tec t i on  
requ i red  f o r  o r b i t s  l a s t i n g  between 5 and 10 years. 
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Figure 1 - CRRES Vehicle 
Figure 2 - Space Radiat ion 

Figure 3 - Ambient Panel 

F igure 4 - Anneal ing  Panel 
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THERMAL STRESS CYCLING OF GaAs SOLAR CELLS 

Bruce K .  Janousek, Robert W. F r anc i s ,  and J e r r y  P.  wendtl 
The Aerospace Corporat ion 

Los Angeles, C a l i f o r n i a  

I. In t roduc t ion  

A thermal cyc l ing  experiment is being performed on G a A s  s o l a r  c e l l s  t o  

e s t a b l i s h  the  e l e c t r i c a l  and s t r u c t u r a l  i n t e g r i t y  of these  c e l l s  under t h e  

temperature  condi t ions  of a  s imulated low-earth o r b i t  of 3-year du ra t i on  

(15,000 cyc les  from -80°C t o  +80°C). Th i r ty  s i n g l e  junc t ion  GaAs c e l l s  were 

obtained ( t e n  each from Applied Solar  Energy Corporation, Hughes Research 

Labora tor ies ,  and Varian Associates)  and t e s t s  were performed t o  e s t a b l i s h  t h e  

beginning-of- l i fe  c h a r a c t e r i s t i c s  of t he se  c e l l s .  These t e s t s  cons i s t ed  of 

c e l l  I-V power output  curves,  from which were obtained s h o r t - c i r c u i t  c u r r e n t ,  

open c i r c u i t  vo l tage ,  f i l l  f a c t o r ,  and cel l  e f f i c i e n c y ,  a s  wel l  a s  o p t i c a l  

micrographs, s p e c t r a l  response, and ion  microprobe mass a n a l y s i s  (IMMA) depth  

p r o f i l e s  on both t he  f r o n t  su r f aces  and t h e  f r o n t  m e t a l l i c  con tac t s  of t h e  

c e l l s .  Following 5,000 thermal cyc les ,  t he  performance of t he  cells was re-  

examined i n  add i t i on  t o  any f a c t o r s  which might c o n t r i b u t e  t o  performance 

degradat ion.  The r e s u l t s  presented here  e s t a b l i s h  t h a t ,  a f t e r  5,000 thermal 

cyc l e s ,  t h e  c e l l s  have r e t a ined  t h e i r  power output  wi th  no l o s s  of s t r u c t u r a l  

i n t e g r i t y  o r  change i n  phys ica l  appearance. 

11. Beginning of L i f e  Ce l l  C h a r a c t e r i s t i c s  

The t h i r t y  GaAs s o l a r  c e l l s  obtained f o r  t h i s  experiment were 2 x 2 cm, 

p-on-n, unglassed, s ing le - junc t ion  c e l l s  with th icknesses  of e i t h e r  12 o r  15 

m i l s .  To f u l l y  cha rac t e r i ze  t he se  c e l l s  t he  fol lowing tests were c a r r i e d  

out :  1) I-V measurements, 2) s p e c t r a l  response, 3) IMMA depth p r o f i l e s ,  and 

4) o p t i c a l  microscopy. 

A. C e l l  I-V Curves 

The c e l l  I-V curves  were measured a t  t he  Jet Propuls ion Laboratory 

(JPL) using a  Spec t ro lab  X-25 s o l a r  s imula tor  i n  conjunct ion with a  balloon- 

flown GaAs  s tandard  c e l l  t o  e s t a b l i s h  beginning-of- l i fe  e f f i c i e n c y  and t o  



1 ,  l , *  b + 
b?&i%n the: e f f j i d i l b c ~ e s  repor ted  by the  vendors. A l l  c e l l s  loaded i n t o  t h e  . . 

temperature- cyc l e r  had a beginning-of -1if e AM0 e f f i c i e n c y  g r e a t e r  than 16% 

a s i d e  from one c e l l  with a measured e f f i c i e n c y  of 15.95%. The average 

e f f i c i e n c y  of t h e  combined t h i r t y  c e l l s  was 16.66% wi th  a s tandard  dev ia t ion  

of 0.53%. 

B. C e l l  S p e c t r a l  Response 

Absolute s p e c t r a l  response measurements were obtained a t  JPL on two 

s o l a r  c e l l s  from each of t he  t h r e e  vendors. These curves al low one t o  fo l low 

t h e  f a c t o r s  which might c o n t r i b u t e  t o  l o s s  i n  performance by determining which 

region of t h e  c e l l  is  degrading. The beginning-of-life c e l l  s p e c t r a l  response 

curves a l l  show t h e  c l a s s i c a l  behavior exhib i ted  by GaAs s o l a r  c e l l s  - a sharp  

r i s e  near the bandgap wavelength (- 900 nm) t o  a maximum response of - 0.55 

mA/mW followed by a gradual  decrease  i n  response a t  s h o r t e r  wavelengths and a 

sha rp  drop a t  wavelengths l e s s  than 450 nm. 

C. Ion Microprobe Mass Analysis  

One of t h e  poss ib l e  degradat ion mechanisms i n  GaAs s o l a r  c e l l s  is 

t h e  d i f f u s i o n  of t h e  f r o n t  contac t  m e t a l l i z a t i o n  i n t o  the  junc t ion  reg ion  of 

t h e  c e l l  wi th  subsequent c e l l  shor t ing .  Thus, e lemental  depth p r o f i l e s  were 

obtained employing an ARI, ion  microprobe mass analyzer  (IMMA) on t h e  f r o n t  of 

one each of t h e  vendors '  c e l l s  both on and between t h e  g r i d  l i n e s .  By 

obta in ing  IMMA depth p r o f i l e s  before and a f t e r  temperature cyc l ing ,  one can 

determine whether metal  d i f f u s i o n  i s  occurring. 

IMMA s p u t t e r i n g  was c a r r i e d  out on t h e  t i p  of a g r i d  l i n e  f u r t h e s t  

from the  c e l l  bus bar  t o  minimize t h e  p o s s i b i l i t y  of degrading t h e  c e l l  

output .  The i n v e s t i g a t e d  c e l l s  demonstrated both well-behaved graded 

m e t a l l i z a t i o n  p r o f i l e s  and semiconductor i n t e r f a c e  regions.  

D. Op t i ca l  Micrographs 

Color photographs a t  a magnif icat ion of 4X were taken of a l l  30 

c e l l s  i n  order  t o  compare t h e  c e l l  su r f ace  morphology, o p t i c a l  p r o p e r t i e s ,  and 

poss ib l e  g r i d  l i n e  delaminat ion before  and a f t e r  thermal cycl ing.  

111. Temperature Cycling 

Temperature cyc l ing  is  being performed i n  The Aerospace Corporat ion 's  

232, 



Aerophysics Laboratory. The cycle  period is  30 minutes, and the  temperature 

extremes a r e  -80°C and +80°C wi th  a s i n u s o i d a l  temperature vs. time 

r e l a t i o n s h i p .  During cyc l ing ,  the c e l l s  a r e  maintained a t  a p ressure  l e s s  

than Torr.  The cyc l e r  inc ludes  f a i l  s a f e  f e a t u r e s  which p roh ib i t  t he  

s o l a r  c e l l  from experiencing temperatures above +lOO°C and below -lOO°C. I n  

t h e  event  of a l o s s  of vacuum, t h e  c e l l s  a r e  re turned  t o  room temperature. 

During cyc l ing ,  the  s o l a r  c e l l s  s i t  i n  an aluminum "p i c tu re  frame" which 

i s  bol ted t o  t h e  temperature-control led cool ing /hea t ing  block. The p i c t u r e  

frame has 36-1.0 inch square openings t o  accommodate t he  c e l l s .  Three 2 x 2 

cm s i l i c o n  s o l a r  c e l l s  a r e  included i n  t h e  thermal cyc l ing  t e s t  t o  provide an 

i n t e r n a l  s tandard  f o r  comparison t o  t he  GaAs thermal s t r e s s  r e s u l t s .  The 

remaining t h r e e  openings a r e  f i l l e d  w i th  e l e c t r i c a l l y - i n a c t i v e  GaAs c e l l s  wi th  

thermocouples a t tached  with conductive epoxy t o  a l low temperature monitoring 

i n s i d e  t he  c e l l  block. I n  add i t i on ,  t h r e e  thermocouples a r e  epoxied t o  t he  

ou t s ide  of t he  temperature block t o  provide c o n t r o l  and monitoring of t h e  

temperature  and thermal g rad i en t s .  A cover p l a t e  over t h e  s o l a r  c e l l s  

enc loses  t he  c e l l s  while they a r e  i n  thermal contac t  with t h e  coo l ing lhea t ing  

block such t h a t  no l i g h t  reaches t h e  c e l l s  during t h e  temperature cycl ing.  

Table 1 desc r ibes  the  monitored thermal d a t a  f o r  t h e  i n i t i a l  497 thermal 

cyc les ;  t h i s  d a t a  i s  i n d i c a t i v e  of t h e  thermal environment f o r  t h e  subsequent 

4,503 cyc l e s ,  T6 and T8 a r e  thermocouples a f f i x e d  t o  the  ou t s ide  of t h e  

cool ing /hea t ing  block on each end and T7 i s  a t t ached  t o  t h e  ou t s ide  middle of 

the  block. The thermocouples a t tached  t o  t he  GaAs blanks i n s i d e  the  block 

were no t  employed f o r  temperature c o n t r o l  o r  monitor ing s i n c e  t h e  

thermocouples became disconnected from t h e  GaAs su r f ace  during cyc l ing ,  

r e s u l t i n g  i n  anomalous temperature readings.  P r i o r  t o  t h i s ,  however, i t  was 

e s t a b l i s h e d  t h a t  t h e  temperatures  measured i n s i d e  t h e  block on t h e  GaAs blanks 

were r e p r e s e n t a t i v e  of t h e  temperatures  measured on t h e  ou t s ide  s u r f a c e  of t h e  

block. The nraximum low temperature (-112.4OC) was achieved a t  T8 when a 

so lenoid  va lve  temporar i ly  s tuck  open, a l lowing l i q u i d  n i t rogen  t o  e n t e r  t h e  

cool ing /hea t ing  block from both s ides .  

I V .  Temperature Cycling Resu l t s  

A. C e l l  I-V Curves 

Data comparing c e l l  performance before  and a f t e r  t h e  5,000 thermal 



cyc les  a r e  presented i n  Table 2. The s o l a r  c e l l s  a r e  l i s t e d  i n  descending 

o r d e r  of beginning-of-life e f f i c i ency .  Two c e l l s ,  #9 and big,  were damaged 

during IMMA a n a l y s i s ,  r e s u l t i n g  i n  a performance degradat ion.  Thus, t h e  

averages l i s t e d  a t  t h e  bottom of Table 2 r e f l e c t  those  taken on t h e  beginning- 

o f - l i f e  performance and t h e  5,000 thermal cyc le  performance excluding c e l l s  /I9 

and #19. 

The d a t a  i n  Table 2 i n d i c a t e  t h a t  t h e  performance change of t h e  GaAs 

s o l a r  c e l l s  a f t e r  5,000 thermal s t r e s s  cycles  is very small  and wi th in  t h e  

experimental  e r r o r  of t he  masurement (f 0.20%). The small  decrease i n  

e f f i c i e n c y  observed (16.67% t o  16.60%) was l a r g e l y  due t o  a decrease  i n  

average c e l l  f i l l  f a c t o r  from 0.781 t o  0.777. The smal l  decrease  i n  average 

Voc was almost i d e n t i c a l ,  on a percentage b a s i s ,  t o  t he  small inc rease  i n  

average Isc. The average e f f i c i e n c y  of t h e  t h r e e  Si  c e l l s  included f o r  

comparison i n  t h e  temperature cyc l ing  test increased  from 13.44% t o  13.50% 

a f t e r  5,000 cyc l e s ,  an i n c r e a s e  which is aga in  w i th in  t h e  experimental  e r r o r  

of the e f f i c i e n c y  measurement. 

B. C e l l  S p e c t r a l  Response 

Absolute  s p e c t r a l  response curves a f t e r  5,000 thermal  cyc l e s  f o r  t h e  

s i x  c e l l s  on which s p e c t r a l  response measurements were obta ined  before  cyc l ing  

showed n e g l i g i b l e  changes due t o  t h e  thermal stress. 

C. Ion Microprobe Mass Analysis  

Ion  Microprobe Mass Analysis  dep th  p r o f i l e s  ob ta ined  a f t e r  t h e  5,000 

thermal cyc les  between and on t h e  metal g r i d  l i n e s  on one each of t he  vendors '  

c e l l s  showed no i n t e r f a c e  r e d i s t r i b u t i o n  o r  enhanced pene t r a t i on  of s i n t e r e d  

metal con tac t s  due t o  t h e  thermal  stress. 

D. O p t i c a l  Micrographs 

O p t i c a l  micrographs taken a f t e r  5,000 thermal cyc l e s  showed no 

change i n  t he  su r f ace  morphology o r  o p t i c a l  p r o p e r t i e s  of t h e  s o l a r  c e l l s .  

The g r i d  l i n e  of one ce l l  peeled along a s h o r t  s e c t i o n  (- 0.7 mm) f u r t h e s t  

from the  bus bar ;  t h i s  may have caused t h e  f i l l  f a c t o r  decrease  f o r  t h i s  c e l l  

from 0.814 t o  0.799. 



V. Summary/Conclusions 

Temperature cyc l ing  of s i n g l e  j unc t ion  GaAs s o l a r  c e l l s  t o  s imula te  t he  

temperature condi t ions  of a low-earth o r b i t  of 3-year dura t ion  has been 

i n i t i a t e d .  The change i n  c e l l  e l e c t r i c a l  performance a f t e r  5,000 thermal 

s t r e s s  cyc les  was found t o  be neg l ig ib l e .  Furthermore, t he re  were no observed 

changes i n  the  c e l l  s p e c t r a l  response, m e t a l l i z a t i o n  and i n t e r f a c e  p r o f i l e s ,  

su r f ace  morphology, and o p t i c a l  c h a r a c t e r i s t i c s .  These r e s u l t s  should enhance 

t h e  o v e r a l l  confidence i n  GaAs 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  s i n c e  t h e  

c e l l s  t e s t e d  i n  t h i s  experiment represen t  d i f f e r e n t  c r y s t a l  growth and 

m e t a l l i z a t i o n  schemes. The cells a r e  c u r r e n t l y  undergoing t h e  second set of 

5,000 thermal cyc les ,  and performance w i l l  again be eva lua ted  a f t e r  10,000 and 

15,000 thermal  cyc les .  
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Table 1 .  Temperature Cycling Data for  the I n i t i a l  497 Thermal Cycles 

Minimum Temperatures ( O C )  

T6 - 
Aver age -87.1 

Q 3.6 

Minimum Minimum -69.1 

Maximum Minimum -96.7 

Maximum Temperatures (OC) 

Average 79.7 

Minimum Maximum 70.7 

Maximum Maximum 90 .9 







DEMONSTRATED RESULTS OF WELDED AND SOLDERED INTERCONNECTIONS 

Russel l  E. Hart ,  J r .  
NASA Lewis Research Center 

Cleveland, Ohio 

Solar c e l l  modules w i t h  welded and soldered in terconnect ions were constructed 
us ing a  f l e x i b l e  substrate ma te r i a l .  These modules were thermal ly  cycled between 
+80 "C a t  ra tes  >I00 cycles/day t o  demonstrate s u r v i v a b i l i t y  under simulated low - 
Earth o r b i t  (LEO) temperature cond i t ions .  The modules, cyc led i n  an i n e r t  atmos- 
phere, showed d u r a b i l i t y  f o r  >36 000 cyc les ( 6  y r  LEO). 

INTRODUCTION 

I n  A p r i l  1982, NASA embarked on a  demonstration t o  compare the a b i l i t y  o f  
s ta te -o f - the-ar t  in terconnect ions on welded and soldered s i l i c o n  so la r  c e l l s  t o  
wi thstand simulated low Earth o r b i t  (LEO) thermal-cycle cond i t ions .  I t  was bel ieved 
t h a t  soldered contacts would l a s t  l i t t l e  more than 5  years i n  a  space s t a t i o n  LEO. 
I f  welded contacts could be made r e l i a b l y ,  the  problems associated w i t h  soldered 
contacts would be e l im ina ted and longer l i f e t i m e s  i n  o r b i t  could be achieved. Lewis 
Research Center began a  j o i n t  e f f o r t  w i t h  the  Je t  Propulsion Laboratory (JPL), as 
the  prime cont rac tor ,  and fou r  subcontractors - Lockheed M iss i l es  & Space Corpo- 
r a t i o n  (LMSC), TRW, Hughes A i r c r a f t  Company, and Hughes/Spectrolab. These groups 
were jo ined together  i n  a  common i n t e r e s t  t o  demonstrate the  d u r a b i l i t y  o f  soldered 
and welded in terconnect ions on s i l i c o n  so la r  c e l l s  mounted on f l e x i b l e  substrates. 

SOLAR CELL MODULE CONSTRUCTION 

F ive  welded and th ree  soldered modules were fab r i ca ted  by each subcontractor.  
Each module consisted o f  0.02 cm t h i c k ,  s i l i c o n  so la r  c e l l s .  O f  these modules, one 
soldered and th ree  welded were selected f o r  cyc l ing .  A l l  module ma te r ia l s  were t o  
be capable o f  wi thstanding the  space environment and were t o  be r e a d i l y  a v a i l a b l e  
i n  product ion, i n  p i l o t  product lon, o r  i n  advanced development. The module sub- 
s t r a t e  ma te r i a l s  were t o  be f l e x i b l e  mater ia ls  such as Kapton, f i be rg lass ,  c l o t h ,  
e tc .  A l l  modules were t o  prov ide a t  l e a s t  140 ~ / m 2  when measured a t  28 O C  under 
AM0 ~ l l u m i n a t i o n .  Welded modules were t o  be capable o f  a t  l e a s t  90 W/kg. State-of -  
t he -a r t  f a b r i c a t i o n  processes i n c l u d i n g  welding and so lder ing  were t o  be used t o  
produce the  modules. 

Because o f  f a c i l i t y  limitations associated w i t h  the  5.9 cm by 5.9 cm wraparound 
(W/A) so la r  c e l l ,  LMSC constructed t h e i r  n ine  c e l l  modules i n t o  th ree  ser ies  s t r i n g s  
us ing  both so lder ing  and para l le l -gap weldlng t o  Interconnect  the  0.0036 cm t h i c k ,  
r o l l e d  copper, in tegra ted  c i r c u i t  t o  the c e l l s  ( t a b l e  I ) .  TRW used 2  cm by 4  cm 
convent ional c e l l s  w i t h  f r o n t  and rear  contacts, bu t  they e lec ted  t o  b u i l d  a  module 
of 3 by 6 se r ies -pa ra l l e l  con f i gu ra t i on .  TRW1s so la r  c e l l  in terconnects were 
0.0049 cm, s i l v e r  c lad  Invar  which were soldered and para l le l -gap welded. Both LMSC 
and TRW used Kapton f o r  the  substrate ma te r i a l .  Hughes and Hughes/Spectrolab con- 
s t ruc ted  t h e i r  modules w i t h  convent ional 2 cm by 4  cm so la r  c e l l s  i n  a  ser ies-  
p a r a l l e l  conf igura t ion .  The substrate ma te r i a l  was a  Kevlar f a b r i c  r i g i d i z e d  w i t h  
epoxy. The Hughes/Spectrolab so la r  c e l l  in terconnects were 0.0049 cm t h i c k ,  s i l v e r  
p la ted  Inva r  which were soldered o r  para l le l -gap welded. Hughes so la r  c e l l s  were 
soldered o r  u l t r a s o n i c  welded w i t h  a  s i l v e r ,  0.0127 cm t h i c k  mesh, in te rconnect ion .  
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TEST ENVIRONMENTS 

Because t h e r e  were no standards f o r  t he rma l - cyc l i ng  modules f o r  a LEO o r b i t  
c o n d l t l o n ,  t h e  f o l l o w i n g  c o n d i t i o n s  were used f o r  t h i s  t e s t .  The temperature c y c l e  
was t o  be 280 "C, w i t h  a va r iance  o f  <5 "C,  and c y c l i n g  was t o  be i n  an i n e r t  atmos- 
phere. TRW e l e c t e d  t o  c y c l e  i n  a vacuum, w h i l e  t h e  o the r  c o n t r a c t o r s  e l e c t e d  t o  
c y c l e  i n  d r y  n i t r o g e n .  Cyc l i ng  t imes were t o  be acce le ra ted  t o  about 15 min/cyc le .  
The goa l  o f  5 years i n  LEO o r  30 000 cyc l es  was s e t  as a minimum t e s t .  Nondestruc- 
t i v e  i nspec t i ons  cons i s t ed  o f  v i s u a l  i n spec t i ons  ( l o x  m a g n i f i c a t i o n )  as w e l l  as 
electrical measurements ( c u r r e n t / v o l t a g e  ( I - V )  a t  28 O C  i n  an AM0 s o l a r  s i m u l a t o r ) .  
These t e s t s  were t o  be performed a t  0, 500, 1000, 2000, 4000, 8000, 12 000, 18 000, 
24 000, and 30 000 thermal  cyc l es .  

1 TEST RESULTS 

F igu re  1 shows p l o t s  o f  P/PO and FF/FFO versus thermal  cyc les .  S ince t h e  
Hughes and Hughes/Spectrolab t e s t  r e s u l t s  were e x a c t l y  t h e  same, j u s t  one p l o t  i s  
necessary. I n  t h i s  case, where one p l o t s  o n l y  t h e  f i l l  f a c t o r s ,  t h e  problems i n  
s o l a r  s i m u l a t i o n  tend t o  f a l l  o u t  l e a v i n g  a more i d e a l  p l o t .  Al though t h e  da ta  f o r  
t h e  f o u r  Hughes and f o u r  Hughes/Spectrolab were averaged t oge the r  f o r  t h e  p l o t ,  t h e  
range o f  d i f f e r e n c e s  was l i t t l e  more than  1 percen t .  They a l s o  cyc l ed  t h e i r  c e l l s  
an a d d i t i o n a l  6000 cyc l es  t o  a 6 year LEO (36  000) w i t h  no apparent degrad ing based 
on f i l l  f a c t o r .  The t h r e e  welded TRW modules (whose c e l l s  were cyc l ed  I n  a vacuum) 
showed l i t t l e  power degradat ion.  Any d i f f e r e n c e s  cou ld  have r e s u l t e d  f rom t e s t i n g  
inaccuracy.  LMSC had two s t a r t s  I n  t h e i r  t e s t .  The f i r s t  c e l l s  f a l l e d  r a p i d l y  
because o f  poor adhesion o f  t h e  s i l v e r  coa t i ng .  Th is  f a u l t  was v e r l f i e d  by p u l l  
t e s t s .  New c e l l s  were made us i ng  s l l v e r  whlch was s p e c i a l l y  prepared t o  have l ess  
oxygen. P u l l  t e s t s  showed them t o  be much s t ronger ,  so they  proceeded w i t h  another  
t e s t ,  which i s  a l s o  p l o t t e d .  The p l o t  i s  an average o f  n ine ,  t h r e e  c e l l  s e r i e s  
s t r i n g s  mounted I n  t h r e e  modules. The average power f o r  these s t r i n g s  degraded 
4 percen t ,  w i t h  a v a r i a t i o n  f rom t h e  average o f  4 percen t .  Th is  t e s t  was concluded 
e a r l y  (12 000 thermal  c y c l e s )  because o f  a p rev ious  commitment f o r  t h e  c y c l i n g  
f a c i l i t y .  LMSC be l i eves  t h a t  t h e  l o s s  i n  power was caused by oxygen i n  t h e  system. 

I Th is  oxygen caused mic roc rack  creep a t  t h e  welds. So la r  c e l l s  ( 2  cm by 4 cm) be lng  
1 c y c l ed  i n  vacuum I n  another  f a c i l i t y  a r e  showing l i t t l e  o r  no f a i l u r e .  

CONCLUSIONS 

Soldered o r  welded i n t e r connec t s  have su rv i ved  e q u a l l y  w e l l  f o r  a s imu la ted  
6 years i n  LEO. S u r v i v a b i l i t y  o f  welded con tac ts ,  bo th  p a r a l l e l - g a p  welded and 
u l t r a s o n i c  welded, were demonstrated d u r i n g  t h i s  t e s t .  F u r t h e r  c y c l i n g  o f  these 
modules should be conducted t o  t h e  expected requi rements  o f  t h e  space s t a t i o n  (now 
b e l i e v e d  t o  be 10 y r  i n  LEO). Fu r t he r  development o f  t h e  5.9 cm by 5.9 cm s o l a r  
c e l l s  w i t h  wraparound con tac t s  and i n t e g r a t e d  p r i n t e d  c i r c u i t  con tac t s  should be 
conducted t o  advance them t o  t h e  l e v e l  demonstrated by t h e  conven t iona l  ( 2  cm by 
4 cm) s o l a r  c e l l s .  
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TABLE I. - FINAL MODULE DESIGN 

Experimenter 
Huqhes --- TRW --- LMSC 

Atmosphere 

Nitrogen 

N'itrogen 

Nitrogen 

Vacuum 

- 

Thermal cycles 

Number of 
modules 

3 Welded 
1 Soldered 

4Ultra- 
sonic 
welded 
2 Soldered 

4 Parallel- 
gap welded 
2 Soldered 

3 Parallel- 
gap welded 

2 Soldered 

Figure 1. - Welded modules. 

Experimenter 

LMSC 

Hughes 

Hughes/ 
Spectrolab 

TRW 

Inter- 
connections 

0.0036 cm 
rolled 
copper 

0.0011 cm 
silver 
foil mesh 

0.0049 cm 
silver 
plated 
Invar 

0.0049 cm 
silver 
clad 
Invar 

Cell si ze, 
cm 

5.9 x 5.9 
silver (W/A) 
contacts 

2.11 x4.03 
conventional 
silver 
contacts 

2.11 x 4.03 
conventional 
silver 
contacts 

0.11 x 4.03 
conventional 
silver 
contacts 

Nodule matrix 

9 Cell module 
3 Cell series 
3 Cell strings 

9 C e l l  module 
3 by 3 Series- 
parallel 

9 Cell module 
3 by 3 Series- 
para1 lel 

18 Cell module 
3 by 6 Series- 
para1 lel 



T H I N  FILM COATINGS FOR IWROVED a/€ RATIOS 

M. Eric Krisl and I. M. Sachs 
OCLI 

Santa Rosa, California 

New t h i n  film coatings have been developed for fused s i l i ca ,  ceria doped glass, and 
Corning 0211 microsheet which provide increased emissivity and/or decreased solar 
absorption. 

E m i s s i v i t y  is enhanced by suppression of the reststrahlen reflectance and solar 
absorption is reduced by externally reflecting the ultraviolet portion of the solar 
spectrum. 

Optical properties of these coatings make them suitable for both solar cel l  cover and 
thermal control mirror applications. Measurements indicate equivalent environmental 
performance to conventional solar cel l  cover and thermal control mirror products. 

INTRODUCTION 

Increased system requirements on next generation spacecraft have stimulated interest 
i n  methods for obtaining more power from solar arrays. One potential method involves 
lowering the operating temperature of conventional solar arrays either by decreasing 
the unusable solar energy absorbed or by increasing the energy re-radiated into 
space. Estimates based on simple assumptions (Reference 1) indicate that 1% power 
gains can be achieved for each 0.02 decrease i n  array solar absorption. Power gains 
of 1% can also be achieved for each 0.04 increase i n  front side emissivity on a two- 
sided array and for each 0.02 increase i n  emissivity on a one-sided body mounted 
array. 

Thin f i l m  coatings have been developed for solar ce l l  coverglass materials which 
increase emissivity and decrease solar absorption of the solar ce l l  assembly. 
Coverglass materials considered include fused s i l i ca ,  ceria doped glass (CMX), and 
microsheet. Additional gains may be possible by application of these coatings to the 
thermal control mirror (TCM) surfaces of spacecraft; further lowering operating temp- 
erature. 

Figure 1 i l lus t ra tes  a conventional solar ce l l  assembly. Coverglasses for conven- 
tional cel ls  usually have t h i n  film coatings applied to both their internal and 
external surfaces. External coatings have most often been single layer MgF2 anti- 
reflection ( A R )  coatings. Internal coatings are normally ultraviolet reflecting 
coatings (UVR ) which protect the adhesive from ultraviolet l i g h t  exposure which 
causes darkening. 

243 

PRECEaiRG PACE ElUINK NOT W L W  



1 * , ?: 
6- 

1 ~ < 
ENHANCED EMISSIVITY COATINGS 

Coverglass emissivity, E,  is related to spectral reflectivity R ( X )  as follows from 
Reference 1, 

I where X i s  the radiation wavelength, and BB ( A )  is the blackbody spectral distribu- 
tion function for a blackbody a t  temperatur& T. For spacecraft applications, T is ~ near 300 Kelvin and 96% of the distribution is contained between 5.0pm ( A 1 )  and 
50.0pm ( A 2 ) .  Equation 1 indicates that surfaces w i t h  low reflectance between 5pm and 
50pm w i l l  have high emissivities. 

Figure 2 shows infrared spectral reflectance data for conventional AR coated fused 
s i l ica .  Overlaid on t h i s  data is the 300 Kelvin blackbody radiance distribution 
function. Notice that fused s i l ica  has a h i g h  reststrahlen reflectance near the peak 
of the blackbody distribution a t  9.6pm. An external coating which reduces t h i s  
reflectance w i l l  be effective i n  increasing the emissivity o f  the coverglass. O f  
course, t h i s  coating should neither significantly reduce transmittance of the cover- 
glass i n  the silicon solar cel l  response band, nor degrade the environmental durabi- 
l i t y .  As w i l l  be shown, the enhanced emissivity coatings developed have these 
desirable properties. 

REDUCED SOLAR ABSORPTION COATINGS 

Solar absorption, a ,  of a solar cel l  assembly is related to the spectral absorption, 
A(X), by 

where S(X) is the solar irradiance spectral distribution function. Since only 0.2% 
of solar radiation is below 0.25pm and only 3.7% is above 2.5pm, these values were 
selected for 11 and X2 respectively for purposes of discussion. 

Although lower a w i l l  reduce operating temperatures thereby improving conversion 
efficiencies, methods to decrease a are beneficial i f  they decrease A ( X )  only i n  the 
region outside the spectral response band of the solar cell.  Figure 3 shows the 
spectral absorption from 0.25pm to 2.5pm for ceria doped glass. Overlaid on t h i s  
data is an approximate solar spectral distribution function. It can be seen from the 
figure that the coverglass w i l l  contribute to A(X) of the assembly only i n  the ultra- 



violet  region. T h i s  region is outside the response band of the solar ce l l .  An ex- 
ternal coating which ref lec ts  rather than absorbs the ul t raviolet  energy w i l l  be 
effect ive i n  beneficially reducing the ci of the solar ce l l  assembly. As w i t h  the 
enhanced emissivity coating, t h i s  coating must neither significantly reduce transmit- 
tance of the coverglass i n  the spectral  response band, nor degrade the environmental 
durabili ty.  Coatings have been developed which meet these requirements. 

APPLICATION TO FUSED SILICA 

Enhanced emissivity coatings can be very beneficial to the performance of fused 
s i l i c a .  Figure 4 shows infrared reflectance data for a conventional fused s i l i c a  
coverglass (MgF2 coated) and for a coverglass coated w i t h  an enhanced emissivity 
coating. Note that the reststrahlen reflectance a t  8.85ym near the peak of the 
blackbody distribution has been substantially reduced. Reflectance has been s l ight ly  
increased a t  longer wavelengths, b u t  t h i s  has minimal effect  since the blackbody 
distribution has a low weighting factor i n  t h i s  region. 

Table I gives performance data for t h i s  enhanced emissivity coating. The conven- 
t ional fused s i l i c a  coverglass is labeled AR/ER i n  that table where the AR is a 
single layer coating and the ER is an internal ul t raviolet  reflecting coating. 
ER stands for blue" reflector to  different iate  t h i s  conventional internal coating 
from the new external UVR coating. The emissivity l i s t ed  i n  the table is normal 
emissivity , E which is the emissivity calculated from Equation (1) using specular 
reflectance &La - measured a t  near normal angle of incidence. Weighted average 
transmittance, T ,  is the transmittance of the coverglass weighted by the c e l l  spectral  
response and the solar spectral  distribution function. Values of 7 given assume the 
internal side of the coverglass is adjacent to  an adhesive w i t h  refractive index 
1.43. Measurements were made on 0.3mm thick substrates. Environmental t e s t s  were 
performed i n  MIL SPEC t e s t  equipment except for radiation exposure. Radiation expo- 
sures were conducted by Boeing Radiation Effects Laboratory. 

Since conventional fused s i l i c a  coverglass is non-absorbing i n  the ul t raviolet  and 
has an internal ul t raviolet  ref lect ing coating, no technical advantage can be 
obtained with the use of an external WR coating. However, an external UVR coating 
was deposited and tested on fused s i l i c a  because it has potential for cost reduction. 
Manufacturing costs would be reduced since one external coating would replace both 
the internal and external coatings on conventional fused  s i l i c a  coverglass. The data 
in Table I shows that t h i s  approach yields equivalent technical performance to  con- 
ventional coverglass. 

APPLICATION TO CERIA DOPED GLASS 

Although uncoated CMX has a higher emissivity than uncoated fused s i l i c a ,  emissivity 
coatings are  s t i l l  effect ive.  The infrared reflectance of both MgF2 coated and 
enhanced emissivity coated CMX is shown i n  Figure 5 .  As w i t h  fused s i l i c a ,  the 
reflectance near the peak of the 300 Kelvin blackbody curve has been reduced by the 
enhanced emissivity coating. Performance data for t h i s  coating is shown i n  Table 11. 
Ceria doped glass does not require an internal ul t raviolet  reflecting coating because 
it absorbs suff ic ient ly  i n  that spectral  region to  protect the adhesive. T h i s  high 
absorption below 0.35ym increases the overall solar absorption of a CMX covered solar 
c e l l  assembly. The absorption of MgF2 coated CMX is compared to  external WR coated 
CMX i n  Figure 6 .  The comparison shows substantially reduced absorption between 



0.27pm and 0.35pm. This  spectral region contains 4% of the solar energy output. By 
proper design, the UVR coating can also serve as an AR coating. Table I1 l i s t s  the 
performance data for t h i s  coating. The data indicates equivalent or better perfor- 
mance i n  a l l  categories to the MgF2 coated CMX coverglass. 

APPLICATIONS TO MICROSHEET 

The physical properties of Corning 0211 microsheet are very similar to CMX glass 
except that ultraviolet absorption begins a t  0.315pm instead of 0.35pm. T h i s  cutoff 
wavelength is too low to adequately protect the adhesive and therefore conventional 
microsheet coverglass has an internal ultraviolet reflecting coating ( B R ) ,  as well as 
an external MgFp AR. I n  the infrared, the reflectance properties of microsheet are 
identical to CMX . Figure 7 shows the infrared reflectance of conventional microsheet 
coverglass as well as enhanced emissivity coated microsheet. Performance data is 
given i n  Table 111. 

The lower ultraviolet absorption cutoff wavelength of microsheet as compared to CMX 
means that conventional microsheet coverglass w i l l  have less solar absorption than 
CMX. However, there i s  still improvement possible w i t h  the use of an external WR 
coating. The ultraviolet absorption of coventional (AR/BR) coated microsheet and 
external UVR coated microsheet is shown i n  Figure 8. Substantially reduced absorp- 
tion occurs between 0.27pm and 0.32pm, a band which contains 1.8% of the s u n ' s  
energy. Table 111 shows a reduction i n  a of 1.8% with  the external UVR coating along 
w i t h  other relevant performance data. 

One drawback to microsheet as a coverglass substrate is its s l i g h t l y  lower resistance 
to h igh  energy electron radiation. The transmission loss indicated i n  Table I11 is 
substrate related, not coating related, as confirmed by identical coatings on d i f -  
ferent substrate materials and by Reference 2. Selection of microsheet as a cover- 
glass material must therefore be limited to missions which w i l l  not receive high 
radiation dosage. 

APPLICATION TO THERMAL CONTROL MIRRORS 

A conventional thermal control mirror is a fused s i l i ca  coverglass uncoated on the 
external surface and internally coated w i t h  a broadband metallic reflector. The 
metal strongly absorbs the ultraviolet so no additional adhesive protection is 
required. 

Uncoated fused s i l i ca  has essentially identical infrared reflectance to MgF, coated 
fused s i l ica .  Therefore, the data given for enhanced emissivity coatings on fused 
s i l i ca  coverglass w i l l  apply directly to thermal control mirrors. (See Figure 4 and 
Table I).  

The absorption of thermal control mirrors is low everywhere except i n  the ultravfolet 
where metals stop reflecting. An external WR coating w i l l  be beneficial to TCM s by 
lowering absorption i n  t h i s  region. Figure 9 shows a comparison of the absorption 
from 0.28pm to 0.50pm of uncoated and WR coated thermal control mirrors. Solar 
absorption is reduced by 2.3%. Environmental data is identical to that given i n  
Table I for a UVR coating on fused s i l ica .  



CONCLUSION AND WORK IN PROGRESS 

I t  has been shown t h a t  enhanced emiss i v i t y  coat ings and ex te rna l  u l t r a v i o l e t  
r e f l e c t i n g  coat ings can improve the a/€ r a t i o  f o r  so la r  c e l l  coverglass mater ia ls ,  as 
w e l l  as thermal c o n t r o l  mi r rors .  Table I V  i s  a comparison tab le  g iv ing ,  

1) Normal e m i s s i v i t y  values achievable f o r  each coverglass mater ia l ,  
2) Reduction i n  so la r  absorpt ion poss ib le  w i t h  ex te rna l  WR coatings, and 
3) Estimated percentage power increases achievable from ' a  f i x e d  planar 

ar ray  i f  both enhanced emiss i v i t y  and ex te rna l  WR coatings are  em- 
ployed. 

Although data presented i n  t h i s  paper app l ied  t o  the independent a p p l i c a t i o n  o f  
e i t h e r  an enhanced emiss i v i t y  coat ing  or  an ex te rna l  UVR coating, p re l im ina ry  deve- 
lopment r e s u l t s  i n d i c a t e  t h a t  both can be simultaneously u t i l i z e d .  E f f o r t  i s  ongoing 
t o  opt imize transmittance i n  the c e l l  response band f o r  the  combined designs. F i n a l  - 
T values greater  than 96% are an t i c ipa ted  w i t h  no loss  i n  environmental d u r a b i l i t y .  
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TABLE I. Performance Data on Fused S i l i c a  Coverglass 

Performance Parameter 

. 
Normal Emissivity cN 

Coverglass Solar Absorption a 

Weighted Average % Transmittance 

Environmental Durab i l i t y  

Humidity per MIL-C-675 

Adhesion per MIL-M-13508 

Abrasion per MIL-C-675 

Sa l t  Fog per MIL-STD-8106 

Temperature Cycle ( -320 '~ t o  350 '~)  

Radiation Damage 

0.56 Mev protons t o  5 x 10' 3/cm2 
1.0 Mev electrons t o  2 x 10 '~ /cm~ 

Conventional 
AR/BR 

0.82 

c.01 

97.1 

Pass 

Pass 

Pass 

Pass 

Pass 

None 
None 

Enhanced 
Emissivity 

0.89 

c.01 

97.0 

Pass 

Pass 

Pass 

Pass 

Pass 

None 
None 

External 
UVR 

0.82 

< .01 

97.7 

Pass 

Pass 

Pass 

Pass 

Pass 

None 
None 

, 

- 



TABLE 11. Performance Data on Ceria Doped Glass 

Coating Type 

Performance Parameter 

Normal Emissivity eN 

Coverglass Solar Absorption a 

Weighted Average % Transmittance 

Environmental Durab i l i t y  

Humidity per MIL-C-675 

Adhesion per MIL-M-13508 

Abrasion per MIL-C-675 

Sa l t  Fog per MIL-STD-8106 

Temperature Cycle (-320°F t o  350'~) 

Radiation Damage 

0.56 Mev protons t o  5 x 1013/cm2 
1.0 Mev electrons t o  2 x 10' '/cm2 

r 

External 
UVR 

0.86 

.O 11 

96.8 

Pass 

Pass 

Pass 

Pass 

Pass 

~ 1 %  T loss 
~ 1 %  T loss 

Conventional 
MgF2 

0.86 

.048 

97.0 

Pass 

Pass 

Pass 

Pass 

Pass 

<1% T loss 
~ 1 %  T loss 

Enhanced 
Emissivity 

0.90 

.048 

96.3 

Pass 

Pass 

Pass 

Pass 

Pass 

~ 1 %  7 loss 
~ 1 %  'i loss 



TABLE 111. Performance Data on Microsheet 

Coating Type 

Performance Parameter 

- - 

Normal Emissivity cN 

Coverglass Solar Absorption a 

Weighted Average % Transmittance 7 

Environmental Durab i l i t y  

Humidity per MIL-C-675 

Adhesion per MIL-M-13508 

Abrasion per MIL-C-675 

Sa l t  Fog per MIL-STD-8108 

Temperature Cycle (-320' F t o  350' F) 

Radiation Damage 

0.56 Mev protons t o  5 x 1013/cm2 
1.0 Mev electrons t o  2 x 101S/~m2 

Conventional 
AR/BR 

0.86 

.023 

97.3 

Pass 

Pass 

Pass 

Pass 

Pass 

<1% 7 loss 
3% 7 loss 

Enhanced 
Emissivity 

0.90 

.023 

-- 

96.8 

Pass 

Pass 

Pass 

Pass 

Pass 

4% 7 loss 
3% T loss 

External 
UVR 

0.86 

.005 

97.8 

Pass 

Pass 

Pass 

Pass 

Pass 

<1% T loss 
3% 7 loss 



TABLE I V .  Improvement P o t e n t i a l  from Coverglass Coatings 

Coverglass M a t e r i a l  

Performance Parameter 

€N 

a Decrease 

Estimated % Power Increase 

Fused S i l i c a  

0.89 

None 

1.8 

CMX 

0.90 

0.037 

2.9 

Microsheet 

0.90 

0.018 

1.9 

t 



EXTERMAL COATINO 

COVER OLA88 

P A R  COATtO S O U R  CELL 

SOLAR CELL COVER CONFIGURATION 

Figure 1 : Coverglass components in a conventional solar  
cel l  assembly. 
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Figure 2:  Infrared reflectance of fused s i  1 ica coverglass 
showing high reflectance near the peak of a 300 
Kelvin blackbody spectral distribution. 
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Figure  3: Absorp t ion  i n  c e r i a  doped g lass r e l a t i v e  t o  
t h e  s o l a r  i r rad iance  spect ra l  d i s t r i b u t i o n .  
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POWER REQUIREMENTS FOR COMMERCIAL COMMUNICATIONS SPACECRAFT* 

W. J. Billerbeck 
COMSAT Laboratories 
Clarksburg, Maryland 

This paper presents historical data on commercial spacecraft power systems and 
relates their power requirements to the growth of satellite communications channel 
usage. On the basis of these data as well as input from other sources, some ap- 
proaches for estimating future power requirements of this class of spacecraft through 
the year 2000 are proposed. The key technology drivers in satellite power systems 
are also addressed. The paper concludes with a description of several technological 
trends in such systems, focusing on the most useful areas for research and develop- 
ment of major subsystems, including solar arrays, energy storage, and power elec- 
tronics equipment. 

INTRODUCTION 

Commercial communications satellites have become a significant portion of the 
total U.S. spacecraft market, with sales to both domestic and foreign entities. 
Their importance can be measured in several ways, including level of engineering 
design effort, number of projects, and construction costs, to name a few. An inter- 
esting illustration of their market potential can be seen in a recent NASA flight 
manifest (ref. l), which shows that 36 percent of the assigned shuttle payloads for 
the 1984 to 1987 period consist of commercial communications spacecraft. 

The prominence of this class of spacecraft requires that future NASA research and 
development programs be aimed at improving the technology to produce increasingly 
sophisticated U.S. engineering and commercial efforts in this area. 

GROWTH IN TELECOMMUNICATIONS TRAFFIC 

Active repeater satellites have become a routinely accepted means of relaying 
electronic communications for commercial purposes. Although television is perhaps 
the form of international communications most widely recognized by the general pub- 
lic, voice communications far exceeds the international satellite-borne traffic vol- 
ume represented by television. This growth in service (ref. 2), characterized by 
4-kHz bandwidth 2-way links currently in service within the INTELSAT system, is shown 
in figure 1. The continuing growth of this traffic undoubtedly is the result of sev- 
eral factors, including the rapid growth of international trade, as well as the re- 
ductions in rates, as shown in figure 2. 

Basic data on the characteristics of the INTELSAT geosynchronous spacecraft, an 
enabling element in the INTELSAT communications systems, are shown in table 1. Each 
of the INTELSAT satellite series listed consists of a group of similar spacecraft, 
typically numbering between four and eight. The INTELSAT I through IV series are now 

*This paper is based on work performed at COMSAT Laboratories under the sponsorship 
of the Communications Satellite Corporation. 
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deactivated; the INTELSAT IV-A, V, and the first V-A now provide all international 
operational service. Additional INTELSAT V and V-A series are being prepared for 
flight, and the INTELSAT VI series of spacecraft is currently in the construction and 
testing phases. 

In recent years, much attention has been given to increasing satellite communica- 
tions capacities through sophisticated techniques such as digital modulation, nar- 
rower antenna beams, and polarization diversity to allow for frequency reuse. 

An analysis of the DC power required at the spacecraft's main bus terminals for 
each 2-way telephone channel (two half-circuits in communications parlance) is plot- 
ted versus time, as shown in figure 3. This decreasing power per channel is indica- 
tive of the results of these technological improvements. In addition, effort has 
been focused on increasing the available electric power for communications equip- 
ment. Many spacecraft subsystems typical of those on board current communications 
satellites have matured so much that changes to the overall system configuration are 
evolutionary rather than revolutionary. However, new devices and techniques are con- 
tinually being introduced to improve their performance. To a large degree, electric 
power subsystems for communications satellites fit this category. 

TRENDS IN POWER REQUIREMENTS 

An interesting example of the growth of DC power requirements for commercial 
I satellites is again provided by the INTELSAT spacecraft series. The proportions of 

primary power distributed to various loads on a typical spacecraft are shown in fig- 
ure 4, taken from reference 3. All earlier designs used microwave-repeater-type 

I devices in which most of the power goes to traveling wave tubes with a DC-to-RF con- 
version efficiency of 30 to 40 percent. More recently, solid-state RF power ampli- 
fiers, with longer life and higher reliability, are being introduced in the lower 
frequency bands. These amplifiers presently have a DC-to-RF conversion efficiency of 
about 30 percent. 

A historical survey of overall DC power requirements for the INTELSAT spacecraft 
reveals continual and reasonably predictable growth over time. These data are pre- 
sented in figure 5, with plotted points showing the total DC power load on the main 
bus vs the date of actual or anticipated launch of each spacecraft. 

Several approaches can be taken in estimating future power requirements for this 
class of microwave relay spacecraft. A simple extrapolation from the historical 
trend of power vs time would lead one to expect a spacecraft power load of about 
12 to 25 kW by the year 2000. 

A more elegant approach rests on a number of assumptions. The first of these is 
the anticipation that international traffic will continue to grow at the same com- 
pound rate as that of the last 10 years. A spacecraft average channel occupancy rate 
of perhaps 60 percent can be selected; then, assuming a DC-power-per-channel that is 
based on an extrapolation of the historical trend shown in figure 3, and assuming the 
number of satellites in the constellation, the DC power required per spacecraft can 
be calculated. 

For example, in the year 2000, if the present rate of international satellite 
communications traffic growth continues unabated, the number of half-circuits in use 
worldwide might be extrapolated to be 900,000 to 1,330,000. A more detailed formal 
study of expected satellite channel requirements developed from a communications 
point of view (ref. 4) anticipates international satellite traffic of between 752,000 
and 1,140,000 channels by the year 2000. Thus, the simple traffic extrapolation 
seems reasonable. Assuming an extrapolated ratio of 19 telephone circuits per DC 
watt of spacecraft bus power, and a 60-percent channel usage rate, the total in-orbit 
power required for the whole constellation might be about 70 to 117 kw. 



Various scenarios can be developed, to determine the number of satellites in the 
constellation. These scenarios must involve complex tradeoffs related to orbital 
slot availability, launch vehicle capabilities, and launching costs, as well as ques- 
tions about the operational complexities of operating a large number of spacecraft. 
The latter is probably dependent to a large degree upon the amount of automation on 
the ground and in the spacecraft. Assuming a total of 10 similar operational space- 
craft in orbit, each one would have to support a DC load of about 8 to 12 kW, whereas 
an assumption of 20 operational spacecraft would imply a DC load of about 4 to 6 kW 
on each one. Based on the present distribution of traffic at the three orbital loca- 
tions (10-percent Pacific, 20-percent Indian Ocean, 70-percent Atlantic), the con- 
stellation of 10 similar satellites probably represents the minimum reasonable number 
required to fully utilize the Pacific satellite. At the other extreme, 20 satellites 
is probably a reasonable maximum for control center loading, since some in-orbit 
spares (probably older spacecraft) must also be operated and maintained. 

This series of assumptions Leads to an expectation of a requirement for an inter- 
national communications spacecraft with a DC-load capability in the range of approxi- 
mately 4 to 12 kW by the year 2000. Allowing some power margin, this translates to 
an end-of-life (EOL) solar array capability of approximately 5 to 14 kW. 

IMPACT OF WEIGHT REDUCTION 

It is possible to use already published data to estimate the value of weight and 
power savings in terms of potential revenue on commercial spacecraft. For instance, 
if improvements in power system efficiency are made that allow for additional telep- 
hone channel capacity, the expected lifetime revenue payback can be calculated from 
the product of the number of channels per DC watt (table l), the leasing price per 
channel-year (fig. 2), the spacecraft design lifetime, and the estimated ratio of 
channels leased compared to full load. With the first launch of a spacecraft, the 
channel load is usually low; the size of the load grows with time in operational 
service. It is considered unwise to operate at 100-percent capacity, since this 
leaves no reserve for peak communications loads, and might also preclude switching to 
a backup in case of a transponder failure. Between 70 and 80 percent is considered a 
conservative maximum operating capacity under normal conditions. Using such assump- 
tions, revenue increases can be calculated to be between $200,000 and $300,000 per 
watt saved by spacecraft power-system efficiency improvements. 

Similar calculations can be performed on the potential revenue increases associ- 
ated with spacecraft mass savings. In this case, the number of communications cir- 
cuits can be calculated, divided by the total mass of the spacecraft communications 
system plus power system, to yield the number of telephone channels per pound. This 
number can be multiplied by the same revenue and channel occupancy factors as before 
to come up with the potential revenue increase per pound of spacecraft mass saved. 
Calculations have produced numbers in the range of $300,000 to $500,000 per pound. 
Based on his calculations, Raab (ref. 5) cites a value of $500,000 to $1 million per 
pound. In either case, power or weight reduction, the total amount saved must be 
large enough to allow for an additional transponder on board, and the additional com- 
munications capacity must be marketable to actually realize any additional revenue. 
Spacecraft life and reliability should not be compromised in any way, since this 
would have a detrimental effect on the desired result. 

It is clear that if the above conditions are realized, there are very strong 
motivations for minimizing power system mass and maximizing power system efficiency 
in commercial communications satellites. Therefore, R&D efforts that are successful 



in reducing power system mass will provide a large payoff for this class of 
spacecraft. 

SOLAR ELECTRIC GENERATORS 

Several important technology changes that significantly affect the mass and con- 
version efficiency of photovoltaic arrays were pioneered during the last decade. 
These modifications are gradually being applied on operational spacecraft as they 
progress through the steps of production process refinement, experimental flight, and 
finally, after they are fully qualified by testing and certified for operational use. 

Solar Cells 

In the mid-1960s, the silicon photovoltaic cell had reached a rather stable 
design status with a conversion efficiency plateau of about 10-1/2 percent. Detailed 
analyses of the sources of energy loss within the cell (ref. 6) highlighted promising 
areas for improvements in performance. At the same time, a laboratory development 
effort at COMSAT produced a new silicon cell called the "violet cell" (ref. 7). This 
triggered a new burst of silicon cell development (ref. 8) which has produced labora- 
tory cells with conversion efficiencies as high as 15-1/2 percent (see fig. 6). 

These laboratory developments on the silicon cell component are now being rapidly 
exploited in operational programs. The hybrid-type cell has been used in a variety 
of spacecraft programs, and cells closely approaching a 20-mW/cm* level were flown 
on the NASA International Sun-Earth Explorer spacecraft. The USAF supported an ex- 
tensive qualification program for the 80-mW, textured cell (sometimes referred to as 
the K7 cell) which is now in operational use on drum-spinner type arrays in the SBS, 
IbPPELSAT VI, and other satellite programs. Of course, the mass and area of solar 
arrays that use these higher efficiency cells can be reduced almost in proportion to 
the efficiency ratios. In some cases the gains are slightly less because of higher 
electron degradation rates or increased operating temperatures. 

Another possibility, which is still in the prototype production stage, is the 
50-lun (2-mil) thick silicon cell. Development work on this component was origi- 
nally sponsored by NASA through JPL (ref. 9). Conventional cells have a power-to- 
mass ratio of about 100 W/kg when they are covered with an equivalent thickness of 
quartz, By contrast, these new thin cells can produce about 1,000 W/kg bare, and 
using 50- to 100-w covers, could possibly achieve something in the vicinity of 300 
to 500 W/kg covered. In both cases, the mounting and interconnection provisions are 
not included in the mass. These thin cells have an additional advantage--they de- 
grade less than the conventional 200- to 250-pm cells in the geosynchronous orbit 
electron radiation environment (ref. 10). 

Efficiency improvements from current research and development on advanced cells 
(such as GaAlAs and multi-bandgap cells) could also have significant effects on the 
power-to-mass ratio. 

1 Solar Array Structures 

Solar array hardware is gradually incorporating these solar cell improvements 
into operational spacecraft. The structure of these arrays is also changing in an 
evolutionary way. Host of the early IbPPELSAT and U.S. comercial spacecraft have 
been drum spinners with a honeycomb sandwich panel construction. This structure 



consisted of epoxy-bonded glass fiber skins bonded to a vented aluminum honeycomb 
spacer. In structural design terminology, the face sheets are the load-bearing mem- 
ber, and the honeycomb spaces them apart to increase the structural moment of inertia 
to provide the desired panel stiffness. In most cases this required stiffness is 
dictated by the vibration environment encountered during launch. 

The simple drum-spinner array has proved quite reliable, but as Barthelemy has 
pointed out (ref. ll), it has required roughly three times as many solar cells as a 
sun-oriented array. Their maximum power capability was limited by the volume avail- 
able within the launch-vehicle heat shield. The weight of these drum-spinner arrays 
has been approximately 100 to 160 kg/kWe at the end of the mission (see table 2 ) .  
The early RCA SATCOH sun-oriented arrays with aluminum-faced honeycomb panels were 
considerably lighter, weighing about half as much as the drum spinner arrays. 

As payoffs brought about by a reduction in the mass of these comercial satel- 
lites are recognized, the new array of structural designs have begun to reflect aero- 
space industry advances in lightweight structures. For instance, the SBS and Anik-C 
drum-spinner designs with extending skirts, built by Hughes Aircraft Co., have an 
epoxy-bonded Kevlar high-strength-to-weight-ratio fiber in the face skins. The much 
larger (12-ft diameter) INTELSAT VI arrays (ref. 121, built by Messerschmidt-Buclow- 
Blohm (E(BB) in Europe, are similar to them in design concept and materials (see 
fig. 7). In another example, the INTELSAT V flat, sun-oriented solar arrays (see 
fig. 8), which were also designed and built by HBB (ref. 131, use woven graphite 
fibers in epoxy composite skins. In this case, a Kapton layer is placed under the 
solar cells to insulate them from the conductive graphite. 

The laboratory developments (listed in the lower portion of table 21, in combina- 
tion with the solar cell advances mentioned above, promise continuing area efficiency 
and power-density improvements significantly better than present operational de- 
signs. Much of this improvement will probably result from improved structural con- 
cepts investigated in R&D work. It should be noted that much of the recent R&D work 
on arrays suitable for use on spacecraft in the 5- to 10-kW range (which is a range 
of interest for communications spacecraft) is being pursued in Europe (ref. 14). 
This advance in technology is beginning to result in production contracts. 

Current R&D designs of flexible roll-out and flexible fold-out arrays are in the 
35- to 60-W/kg (34- to 18-kg/kWe) power-density range, and the future possibility of 
arrays with power densities of 110 to 200 W/kg has been suggested in conceptual 
design studies (ref. 15). Lightweight solar concentrators with gallium arsenide 
cells for photovoltaic conversion also offer some promise for the future (ref. 16). 
However, no concentrator designs have been described in the literature that are 
presently weight-competitive with the advanced flat solar arrays. 

ENERGY STORAGE 

Ni-Cd Batteries 

The rechargeable nickel-cadmium (Ni-Cd) alkaline cell has been used to supply 
primary power during eclipse in all operational U.S. domestic and INTELSAT conununica- 
tions spacecraft launched before 1983. In particular, the backlog of orbital experi- 
ence, high-rate, deep-discharge capability, and long storage life appear to be key 
qualifications of this type of cell. 



Detailed analyses of a number of these Ni-Cd batteries designed for geosynchro- 
nous orbit missions reveal that the total energy density available from new cells at 
100 percent depth of discharge is relatively constant at about 26 Wh/kg. The cell 
weight constitutes about 82 percent of the weight of a typical flight battery, with 
the wiring, connectors, electronics, and structure making up the remaining 18 percent. 

Typically, from one-third to one-half of the power subsystem mass in these space- 
craft consists of batteries. The principal variables that determine the delivered 
energy density are actual depth of discharge used and redundancy strategy. 

This is shown graphically in figure 9. Most of the U.S. commercial and INTELSAT 
craft using Ni-Cd batteries have utilized the series cell-redundancy approach and 
have been operated in the discharge range of 35 to 55 percent of total electrochemi- 
cal capacity as a maximum (ref. 17). The energy density, in terms of total mass and 
actual watt-hours delivered to the load during the longest eclipse, is shown in 
table 3 for several of these spacecraft. 

In-orbit reconditioning allows longer mission life and deeper discharging of the 
Ni-Cd batteries in the newer designs, resulting in somewhat higher energy densities 
for more recent spacecraft, as shown in table 3 (ref. 18, 19). 

Ni-H2 Batteries 

Rechargeable nickel-hydrogen cells have been under development since the original 
work began at COMSAT Laboratories in 1970. Under USAF and INTELSAT sponsorship, 
there has been an extensive parallel development of two different cell designs. The 
INTELSAT cell design was first flown experimentally on the NTS-2 satellite (ref. 201, 
with successful results. It was then introduced into operational use as part of the 
INTELSAT V spacecraft series. Because the battery had to be a direct physical and 
electrical replacement for a Ni-Cd battery package (ref. 211, the delivered energy 
density was nearly unchanged at about 17.6 Wh/kg, as shown in table 3. The 
INTELSAT V-A series, which will have a larger DC load and therefore a greater battery 
depth of discharge, is expected to produce an improved energy density of about 
19.6 Wh/kg. The new G-STAR and RCA SPACENET batteries were initially planned as 
Ni-H2 designs, and with these designs engineers have been able to reach energy 
densities of almost 20 Wh/kg delivered to the load (ref. 22). 

I Several R&D efforts are also under way on bipolar and common pressure vessel 
I Ni-H2 designs that may reduce battery size and mass by simplifying the structural 

design of the pressure vessel (ref. 23). These efforts may eventually prove success- 
ful in further improving the energy density of nickel-hydrogen batteries. 

One area that might help improve the life and reliability of both Ni-Cd and 
Ni-H2 battery systems is research in parameters that control the growth of micro- 
cracks in sintered nickel electrodes. This crack growth with cycling, illustrated in 
reference 24, is not well understood; however, it is one of the key degradation 
mechanisms found in both types of cells. 

I ADVANCED ENERGY STORAGE SYSTEMS 

Advanced electrochemical energy-storage devices and various other mechanical and 
thermal energy systems have been studied by many investigators. The key requirements 
of simplicity, long life expectancy (verifiable by testing), modularized design that 
allows implementation of redundancy with minimum weight penalty, tend to eliminate 
many of these candidate energy storage systems. 



For instance, an in-depth technical comparison, including hardware development on 
a high-speed composite-wheel energy storage system, indicated that although the 
wheels themselves have a high energy density, when all auxiliary equipment such as 
motor/generators, power conditioners, and redundant wheels and control equipment are 
included, the overall energy storage system density for a geosynchronous mission with 
a 2.5-kW load is about 13.5 W/kg (ref. 25). This amount is considerably less than 
that of existing flight hardware Ni-H2 batteries, and taken together with system 
complexity and other concerns regarding large, extraneous torques on the vehicle, 
make it an unlikely candidate for commercial geosynchronous communications 
applications. 

Regenerative H2-O2 fuel cells have been studied as a possible spacecraft 
energy-storage system. These multicell designs with separate fuel cell and electrol- 
ysis cell units appear feasible. Both acid and alkaline systems have been studied in 
the past. Under NASA sponsorship, systems studies and laboratory demonstration test- 
ing of alkaline fuel cells with electrolyzers is continuing (ref. 26). Estimates of 
total energy storage subsystem energy density for this type of system are between 80 
and 120 Wh/kg for a 35- to 350-kW load. This may be a very satisfactory system in 
this high-power range. However, a successful single-cell regenerative Hz-02 sys- 
tem has not been developed for spacecraft loads in the 4- to 25-kW power range, and a 
scale-down of the separate electrolyzer system to that level would probably result in 
much lower energy densities. 

Surveys of the advanced secondary electrochemical systems, which are candidates 
for the next major leap forward in energy density beyond nickel-hydrogen, indicate 
that the high-temperature sodium-sulfur cell is probably the most attractive one to 
consider for development (ref. 27). This cell, which has a theoretical energy den- 
sity of 790 Wh/kg and uses a beta-alumina solid material to separate the electrodes, 
was invented in the 1960s. Research efforts have been pursued by several U.S. organ- 
izations, including Ford and General Electric, and work has also been conducted in 
the U.K. and in Japan. The work has moved beyond the basic research stage, and 
prototype rechargeable cells have been developed for several transportation and ter- 
restrial power-topping cycle applications. 

These sodium-sulfur cells, as shown in figure 10, have demonstrated good perform- 
ance in high rate discharge, efficient recharge, and reasonable discharge regula- 
tion. Safety issues have also been addressed. In the sizes and charge/discharge 
rates of interest for these satellites, cell energy densities of 100 to 120 Wh/kg 
have already been successfully demonstrated (ref. 281, and some cells with twice 
that amount of energy density have also been reported (ref. 29). 

For development and testing aimed at specific NaS battery applications in space- 
craft, several battery system studies have been reported (ref. 301, and others are 
under way. Laboratory testing that simulates the cyclic conditions anticipated in 
orbital applications (ref. 31) is also being conducted. 

One fundamental technical question that constitutes a barrier to future work with 
NaS cells in geosynchronous applications is related to cell life. The existing Ford 
cell design has been demonstrated to have a mean lifetime of about 3 years at full 
operating temperature, with one deep cycle per day (ref. 32). This 1,000-cycle life- 
time is probably satisfactory for commercial satellite applications. What is not 
clear, however, is whether longer calendar lifetimes that approach the desired 7 to 
15 years could be expected with these cells in a geosynchronous orbit mode. For in- 
stance, it might be possible to place them on standby most of the time, perhaps at a 
lower temperature in the 225 to 250°C range, and bring them up to full operating tem- 
perature for only the 90 days per year when deep discharges are required. Tests of 
this kind would demonstrate whether the cell is ready for engineering development 
into a flight design, or whether further R&D on corrosion or other failure mechanisms 
is needed. Since all other attributes of the NaS cell appear quite attractive, this 
seems to be a question worthy of investigation. 



POWER CONDITIONING EQUIPMENT 

Most of the power used on board communications spacecraft flows through elec- 
tronic power conditioners (EPCs) into the RF transmitting devices, as shown in fig- 
ure 4. When traveling wave tubes (TWTs) are used, each high-voltage EPC unit 
typically weighs about the same as the TWT. An EPC unit is dedicated to each TWT, 
including both operating transponders and back-up units. Thus, the total weight of 
these units constitute a significant portion of spacecraft in-orbit mass. 

Empirical studies of these high-voltage EPC units have shown that over a reason- 
able range, their mass is a linear function of output power. As shown in figure 11, 
the mass is strongly affected by the converter switching frequency. Similar trends 

I 

have also been found in empirical studies of low-voltage DC/DC converters. 
This can be explained simply by considering the converter as an "energy ladling" 

device that stores a certain quantity of energy during each cycle, and then releases 
it to the load. The physical size and weight of this main energy storage device 
(which can be an inductor, a transformer, or a capacitor) is related to the amount of 
energy stored. At a given power level, as the switching frequency is increased, the 
amount of energy stored per cycle is reduced in inverse proportion, and the mass of 
the energy storage components can be significantly reduced. The mass of the input 
and output filters can also be reduced at the higher frequency of operation because 
they too can be considered to be energy storage components. 

The availability of space-qualified, high-voltage field-effect transistor (FET) 
power devices now makes it possible to operate practical DC/DC converters at much 
higher frequencies than ever before. For example, a 600-W electronic power condi- 
tioner, using a fairly conventional push-pull, current fed topology, was designed for 
150-kHz operation and was built to run a high-power, direct broadcast TWT (ref. 33). 
This reduced the weight of the EPC unit by approximately half, compared to the 50-kHz 
production design, as shown in figure 11. If implemented throughout the particular 
spacecraft of interest, it could save a total of 42 pounds. 

Much higher operating frequencies are possible by using the FET switches in elec- 
I tronic power converters, and work is under way in several organizations to investi- 

gate high-efficiency designs operating in the megahertz region. If these efforts are 
successful, some very lightweight power converters should result. There are two key 
background areas that require study to promote a great advance in this technology. 
First, a firstrate, widely available computer program for the design of high- 
frequency power transformers and inductors is needed. Such a program would allow 
rapid iteration and optimization of magnetic component designs on the computer, in- 
stead of the repetitive "cut and try" approach that is used almost universally in the 
industry today. 

A second requirement is for more comprehensive research studies and publication 
of high-efficiency DC/DC power converter and regulator circuit topologies suitable 
for operation in the megahertz region, with capabilities for power output in the 
range of 5 to 500 W. This is the region of interest for communications satellites. 
Hany typical tube or solid-state communications transponders require a DC input power 
of about 10 to 30 W. Some solid-state units are expected to have power requirements 
as low as 5 W, and the 500-W requirement appears to be at the high end of the current 
needs for direct broadcast transponders. 

Another fundamental requirement is for more efficient power rectifiers with 
faster recovery times. As DC/DC converters move into higher frequency regimes, the 
rectification problem becomes much more significant, particularly in supplies for the 
solid-state RF amplifiers that require voltages in the 4- to 8-V region. If the rec- 
tifier forward-conduction drop is a sizeable fraction of 1 V, a significant loss in 
the overall conversion efficiency results. It appears that more R&D on components 



like power FETs optimized for synchronous rectification, or possibly the GaAs 
Schottky power rectifier (ref. 341, might provide solutions to this problem. If 
these device developments were brought to fruition, they would have sizable spin-off 
effects throughout the power processing industry, 

CONCLUSIONS AND RECOMMENDATIONS 

An analysis of the historical trends in power requirements for commercial commu- 
nications satellites has been conducted to predict those needs for the year 2000. 
Several approaches indicate a possible range of 12 to 25 kW, with a more likely DC 
load in the range of 4 to 12 kW. 

Power-system technology drivers for this class of,spacecraft have been identi- 
fied, along with an overview of the development status of major system elements. 
Specific recommendations for future R&D work in each of these areas are mentioned. 
One of these recommendations is for the development of a solar array for the 5- to 
15-kW range, with a power density greater than 50-W/kg EOL, which provides transfer 
orbit power and can be conveniently stowed within a launch vehicle. A second recom- 
mendation is for R&D to bring the high-energy density, rechargeable, sodium-sulfur 
battery cell to a technology readiness status for geosynchronous missions as rapidly 
as possible. 

In the area of power electronics components, RLD on special FET switches for syn- 
chronous rectification, and possibly the GaAs Schottky power diode, appear to have 
potentially large payoffs. A good computer program for the design of high-frequency 
magnetic components that is made available on an industry-wide basis would greatly 
expedite the design of lightweight, efficient, high-frequency power processors. New 
studies on DC/DC converter and switching regulator topologies, aimed at utilizing the 
fast switching capabilities of power FET devices to produce lightweight power condi- 
tioners operating in the megahertz region, may also be useful. 
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Table 3. Battery Energy Density 
Experience 

*Including instrumentation and 
hardware. 

Spacecraft Battery* 

IUTELSAT I11 

INTELSAT IV 

INTELSAT IV-A 

INTELSAT V (Fl-5) UiCd 

COMSTAR 

SBS 

RCA SATCOH YiCd 

UTS-2 Experiment Ui-H2 

IWELSAT V (F6-9) Ui-H2 

INTELSAT V-A (F10-14) Ui-H2 

GSTAR UGH2 

RCA SPACRYLT Wi-HZ 

De 1 ivered 
Wh/kg 

13.9 

13.2 

13.2 

17.6 

15.4 

15.4 

16.5 

17.6 

17.6 

19.6 

19.9 

19.7 
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Figure 1. Growth in Full-Time INTELSAT Satellite Use by Region 

. - 
CALENDAR YEAR 

.Projected 

Figure 2. INTELSAT Satellite Utilization Charge 



1 TIME (CALENDER YEARS) 

I Figure 3. DC Bus Power Required per Two-Way Telephone Circuit 

COMMAND AND TELEMETRY (5.2%) 

ATTITUDE CONTROL (5.3%) 

THERMAL AND MISCELLANEOUS (2.9%) 

COMMUNICATIONS RECEIVERS (4.6%) 

COMMUNICATIONS 
TRANSPONDER 

POWER SUPPLIES 

Figure 4. Primary Power Distribution in a Typical Communications Spacecraft 
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Figure 5. Electrical Load Power for INTELSAT Spacecraft 
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Figure 6. High-Efficiency Solar Cell (2 x 2 cm) Performance 
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Figure 8 .  INTELSAT V Solar Arrays 



Figure 9. li-Cd Battery Energy Density vs Depth of Discharge 
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Figure 10. Schematic of Sodium-Sulfur Cell 



Figure 11. Mass of Electronic Power Conditioners for TWTs at High Power Levels 



SPACE STATION POWER MANAGEMENT AND DISTRIBUTION 

Fred Teren 
NASA Lewis Research Center 

Cleveland, Ohio 

The power system a r c h i t e c t u r e  i s  presented by a  s e r i e s  o f  schematics 
which i l l u s t r a t e  t h e  PMAD system a t  t h e  component l e v e l ,  i n c l u d i n g  conver te rs ,  
c o n t r o l l e r s ,  swi tchgear ,  r o t a r y  power t r a n s f e r  dev ices,  power and da ta  cab les,  
remote power c o n t r o l l e r s ,  and load  conver te rs .  Power d i s t r i b u t i o n  op t ions ,  
r e fe rence  power management, and c o n t r o l  s t r a t e g y  a r e  a l s o  o u t l i n e d .  A summary 
o f  advanced development s t a t u s  and p lans  and an overv iew o f  system t e s t  p lans  
a r e  g iven.  

T E C H N O L G G Y  O P T I O N S  FOR F U T U R E  H I G H  P O W E R  A E R O S P A C E  E L E C T R I C  S Y S T E M S  

- ELECTRONICS NEEDED FOR - EASY VOLTAGE CHANGE 
VOLTAGE CHANGE 

- SIMPLE DISTRIBUTION - MORE CONIPLEX DISTRIBUTION 

- DIFFICULT SWITCHING - EASY SWITCHING 

- EFFICIENT ,LOWER EFFICIENCY 

I 
HIGH FREQUENCY LOW FREQUENCY 

- LIGHT WEIGHT - HEAVIER 

- QUIET - PCSSIBLE NOISE 

- NOT WIDELY USED - WIDELY USED 

- MANY POTENTIALLY ATTRACTIVE CONCEPTS - 
NEED UNBIASED ASSESSMENT 

F i gu re  1.  
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REFERENCE PHOTOVOLTAIC POWER SYSTEM ARCHITECTURE 

ATTACHED COMM & 
PAY LOADS TRACKING 

STOR. SERV. w ARRAY u ARRAY 3 

ARRAY 0 

F i g u r e  2 .  

REFERENCE PHOTOVOLTAIC POWER SYSTEM ARCHITECTURE 
GUTBOARD TRANSVERSE BOOM 

POWER 
----- DATA --- UNINTERRUPTIBLE POWER 

I 

UNINTERRUPTIBLE 
POWER SUPPLY 

TO 
INBOARD 
TRANSVERSE 
BOOM 

F i g u r e  3.  
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REFERENCE PHOTOVOLTAIC POWER SYSTEM ARCHITECTURE 
I N B O A R D  T R A N S V E R S E  B O G M  

MANAGEMENT 

KEEL 

MANAGEMENT 
p-Jc INT  r-----;--- CoNTRoLtER 

1 I 

RFC AND 
MAIN BUS 

SWITCHING - 
UNIT 

(MBSU) I I 

I 
I 

SOLAR t 
ARRAY LOWER 

LD I )  I W ~  KEEL 

F igure 4 .  

REFERENCE PHOTOVOLTAIC SYSTEM ARCHITECTURE (LOWER BOOM) 

I :  

RCS RCS 

COMMUNICATION 
AND 

TRACKING ANTENNAS 

i 

I -- -- SATELLITE 
SATELLITE STORAGE I 

' REFUELING 

I BAY 
I ? 

E W E R  SYSTEM - co.n ~ r m  

F igure  5 .  

281 



REFERENCE PHOTOVOLTAIC POWER SYSTEM ARCHITECTURE 
( STARBOARD KEEL EXTENSION AND LOWER BOOM ) 

r 
THERMAL 
CONTROL 
SYSTEM 

MHAB 1 

kq SERVICE 

Figure 6 .  

REFERENCE PHOTOVOLTAIC POWER SYSTEM ARCHITECTURE 
(MHAB NO. 1) 

I EXTERIOR POWER BUS 

EVA AIRLOCK 

-JEJ :\ACHED 
PAYLOADS 

F igure  7. 



REFERENCE SOLAR DYNAMIC POWER SYSTEM ARCHITECTURE 
( INBOARD TRANSVERSE BOOM ) 

TO UPPER KEEL 
4 

CONDITIONING H 0-JOINT H M 

ORBITER 
PWR SUPP 

P-JOINT nu-- 
SOLAR 

DYNAMIC 
SYSTEM 

F i g u r e  8. 

A D V A N C E D  D E V E L O P M E N T  T A S K S  

TO LGWER KEEL 

A D V A N C E D  D E V E L O P M E N T  

PGWER COM WNENTS 

ROLL RINGS 

TRANSMISSION LINE 

AC POWER CONTROLLERS AND BUS ISOLATORS 

SEMI - CONDUCTOR PACKAGING 

DC SWITCHGEAR 

POWER SYSTEM HARDWARE 

HIGH FREQUENCY (20KHZ ) POWER SYSTEM 

HIGH EFFICIENCY CONVERTERS 

LOW FREQUENCY (400 tk 11 P W E R  SYSTEM 

POWER NnANAGEMENT AND CONTROL 

NETWORK CONTROL SYSTEM 

SINIULATIONS 

CONTROL ALGORITHMS 

POWER COMPONENT AND SUBSYSTEM DEVELOPMENT 

- FUNCTIONAL AND LIFE TESTING 

- SYSTEM DEMONSTRATION 

POWER MANAGEMENT INTEGRATED CONTROL NETWORK 

- COMPUTER CONTROL HARDWARE 
- NETWORK CONTROL SCHEME 

- SYSTEM SOFTWARE 

POWER SYSTEM SIMULATION AND CONTROL 

- COMPONENT AND SYSTEM MODELS 
- REAL AND NON - REAL TIME SIMULATION 

- CONTROL ALGORITHMS 
- POWER MANAGEMENT ALGORITHMS 

POWER MANAGEMENT AND DISTRIBUTION SYSTEM DEMONSTRATIONS 

Figure  9 .  
F igure  10. 



ORIGINAL PF&H i3 
OF POOR QUALITY 

F i g u r e  11 .  

LEWIS RESEARCH CENTER POWER SYSTEMS TEST FACILITY 

FLOOR PLAN 
15,000 sq. ft. 

CONC. PAD 

BATT. ] DYNAMIC SYSTErv,S Y D S  - 
STORAGE FUEL CELLS 

1 

TEST AREA 

,,CGMP. OFF. 

/ 

TERM. 
ROGM 

,COMP. RCOP, 

ASSEMBLY AND SHOP AREA 

----- 
ENTRANCE 

M41N 
ENTRANCE CONTROL LAB. 

POWER 
PROCESSING LAB. 

D ISPLAY 
GBSERV. 

AND 
CGNF. 
ROOM 

- 

CONTROL 
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POWER SYSTEM DEMONSTRATION 
SINGLE STRING 20 K H z  AC 0-CONTROLLERS 

MANAGEMENT 

ARRAYS ---------- ----- L------ 
-I----------1 

I r----- C ----------- 
I r----_-__ 
1 I 
1 I 
I I I 

SOLAR I I I 

ARRAY - ' RESONANT ! ! M K H Z  AC ! 
INVERTER 1 , 

I 
LOADS 

SIMULATOR 
I I I 

40 KW 4 0 K W  I !  I 20 KW 
I 

I 

I DC - A C  DC - AC 
I CONVERTER 
I 

CONVERTER 

I 1120 VDC 11x1 VDC 

ELECTROLYZER 
SIMULATOR 

I 2 0 K W  I 

I 
I 
L ------------- a 

Figure  1 3 .  



'N' 86 - 1787O
CELL RESEARCH AND TECHNOLOGY WORKSHUP

James Hutchby

Research Triangle Institute

Research Triangle Park, North Carolina

Four major areas were considered in this workshop. These were (i) the silicon
cell, (2) the GaAs cell, (3) the multibandgap cell, and (4) novel ideas. In each
area we considered material research issues, cell research issues, and the cell
technology that needs development.

THE SILICON CELL: The areas of technical concern that were itemized included base

resistivity, cell thickness, back (and front) surface field layers, back (and
front) surface passivation, contact area, passivation under contacts, surface
texturization vs broad band AR coatings, ion-implanted vs diffused emitters, and
radiation hardness (Lithium doping, thin emitters, lead doping).

Among the questions raised concernin 9 the silicon cell were:
i. What can GaAs researchers learn from Si technology?
2. Can the new, nigh efficiency Si cells be manufactured?
3. What about PD doping to enhance radiation tolerance?
4. Are top contacts reliable for nigh voltage (700 mV) cells?

It was generaIl_ agreed that:
1. 16 percent AMO silicon cell can be manufactured.

2. 18 percent AMO is still a good goal for the planar junction silicon cell.

3. Surface passivation is a key barrier. Promising approaches to SRV control
include the use of GaP isotype neterojunction, a-Si:H, and SIPOS.

4. Texturized surfaces may be good for some applications, but cell heating
problems certainly have to De addressed.

5. Both ion implantation and diffusion result in comparable efficiencies.

6. User requirements should be driver in cell development funding.

Recommendations for silicon research:

I. Surface passivation tecnniques snould be developed, especially critical for

low resistivity cells. Recommended approaches include GaP isotype
neterojunction, a-Si:H, poly Si, thermal Si02, PC-CVD, and SIPOS.

2. Techniques for passivation under contacts should be developed.

3. Subsequent to the solution of the SRV control problem, thin cell technology
should be developed, both for high efficiency and radiation hardness.

THE GALLIUM ARSENIDE CELL: The areas of concern that were brought up included the
N/P vs P/N argument, means of passivating both N-type and P-type surfaces, the use
of graded bandgap structures, manufacturaDility, scaleability, cost vs efficiency,
material purity, growth processes - LPE vs OMCVD, and cell thickness.

The questions raised concerning the GaAs cell were:
1. What limits performance of GaAs cell?

2. Is substrate development required (cutting, polishing, cleaning, QC, etc.)?
3. Is OMPVE improvement required?

P_. _'_:_If_Gi PA_ BL,ANK NOT FILleD
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LPE Layer per fec t ion ,  thickness con t ro l ,  window composi t i o n ,  s a f e t y  
issues (AsH3 vs TMAS) . 

5. What are the  r a d i a t i o n  induced defects i n  GaAs? 
6. What i s  the  s ta tus  o  f defec t  pass iva t ion  tecnno logy? 
7. What causes vol tage and cu r ren t  degradation dur ing  ar ray  f a b r i c a t i o n ?  
8. What are the  causes o f  m e t a l l i z a t i o n  s t a b i l i t y ?  
9. What r o l e  do thermal and mechanical stresses have on c e l l  performance? 

Conc1usionslrecommendations f o r  GaAs research: 
I 1. SKV con t ro l  key issue here. also. Research needed t o  determine adequate 

pass iva t ion  techniques. 
2. Substrate ma te r i a l s  a l so  need improvement. 
3. Higher u t i l i z a t i o n  o f  OMVPE mate r ia l s  requi red.  
4. The p u r i t y  o f  Ga, A l ,  and As dopant sources must be improved. 
5. LPE vs OMVPE quest ion n o t  answered. OMVPE o f f e r s  h igher  throughput and b e t t e r  

thickness con t ro l .  
6. GaAs p lanar  c e l l  e f f i c i e n c y  a r b i t r a r i l y  se t  a t  20 percent h igher  p lanar  

s i l i c o n  c e l l  e f f i c i e n c y ,  based on past experience. 
7. Experimental / t h e o r e t i c a l  research needed t o  understand r a d i a t i o n  e f f e c t s  on 

both bu l k  and junc t ion .  
8. N I P  vs PIN n o t  c l e a r  exper imenta l ly .  
9. Users need GaAs thickness l ess  than 112 t h a t  o f  present s i l i c o n  c e l l  th ickness.  

I THE MULTIJUNCTION CELL: The f o l l o w i n g  quest ions/ issues were ra ised:  
1. Mono1 i t h i c  vs mechanical s t a c l ?  
2. 2 vs 4 te rm ina l?  

I 3.  What i s  bes t  top  c e l l  ma te r i a l  f o r  t ~ o  l aye r  stack (AlbaHs vs GaAsP)? 
4. What i s  bes t  bottom c e l l  ma te r i a l  f o r  two l a y e r  s tack (S i  , tie, InGaAs, GaAsSb)? 
5. Wnat are the  prospects f o r  a 25-30 percent  440 c e l l  i n  t he  near term, f a r  term? 
6. Nhat are the  st resses on the  multibandgap c e l l  i n  t h e  space environment? 

Tne f o l l o w i n g  conclusions were genera l l y  agreed t o :  
1. Beainninq o f  l i f e  e f f i c i e n c y :  2  j unc t i on  25 percent, 3 j unc t i on  30 percent.  
2. tin; o f  l i f e  e f f i c i e n c y :  2 Sunction ??, 3  j unc t i on  ?? .  
3.  Near term goal should be a  mechanical stack. 
4. Far term goal should be a  mono l i t h i c  stack. 
5. Top c e l l  mater ia ls :  AlGaAs o r  GaAsP. 
6. Bottom c e l l  mater ia ls :  mono l i t h i c  S i  o r  InGaAs, mechanical GaAsSb. 

NOVEL CELLS: The fo l l ow ing  th ree  suggestions were b r i e f l y  discussed: 
1. A GaAs t h i n  c e l l  on a  Gap substrate. 
2. Compositional s u p e r l a t t i c e s  o r  NiPi  c e l l s .  
3. InP r a d i a t i o n  hard c e l l .  



SPACE ENVIRONMENT WORKSHOP 

W.E. Horne, Chairman 
Boeing Aerospace Company 

S e a t t l e ,  Washington 

The Space Environment Workshop s t a r t e d  i t s  d e l i b e r a t i o n s  by r ank ing  t h e  
var ious  env i ronmenta l  e f f e c t s  accord ing  t o  t h e i r  pe rce ived  importance. 
F i gu re  1  i s  a  sem i -quan t i t a t i ve  summary o f  t h e  r e s u l t .  Obviously,  t h e  r e l a t i v e  
importance o f  any p a r t i c u l a r  env i ronmenta l  component l i s t e d  must be viewed 
w i t h i n  t h e  c o n t e x t  o f  t h e  a n t i c i p a t e d  m iss i on  environment.  Nonetheless, t h e  
c h a r t  does serve as an i n d i c a t i o n  o f  what have h i s t o r i c a l l y  been t h e  major 
env i ronmenta l  concerns f o r  ope ra t i ng  space power systems. The workshop p re -  
sented i t s  f i n d i n g s  I n  a  ques t ion  and answer format ,  which i s  reproduced here 
w i t h  min imal  e d i t i n g .  

RADIATION EFFECTS: 

S i l i c o n  Technology- 
Are h i g h - e f f i c i e n c y ,  low-resistivity s i l i c o n  c e l l s  s u i t a b l e  f o r  
h i g h - r a d i a t i o n  o r b i t s ?  

Conclusion: 
They a r e  n o t  s u i t a b l e  I n  t h e i r  p resen t  s t a t e .  

Recommendation: 
The s i l i c o n  c e l l s  a re  p romis ing  enough t o  war ran t  f u r t h e r  
research.  
Areas t o  i n v e s t i g a t e :  

( 1 )  New base dopants 
( 2 )  Ease th ickness  
( 3 )  Dopant ( p t )  p r o f i l e s  
( 4 )  L o w - r e s i s t i v i t y  MUJ c e l l  (perhaps) 

I s  t h e  BOL e f f i c i e n c y  o f  back - i l l um ina ted ,  high-resistivity c e l l s  
( p  2 500 $2-cm) hlgh enough? 

Conclusion: 
No, b u t  i f  t h e  BOL performance can be r a i s e d  t o  14  t o  
1 5  percent ,  then  i t s  r a d i a t i o n  r e s i s t a n c e  makes i t  very  
competitive. 

Recommendation: 
Improve f a b r i c a t i o n  techniques and make c e l l s  t h i n n e r .  

Ga l l i um  Arsenide Technology- 
What environmental  cons ide ra t i ons  a re  impo r tan t  i n  GaAs s t r u c t u r e s ?  

Conclusions: 
( 1 )  Rad ia t i on  r e s i s t a n c e  o f  n  on p versus p on n GaAs 

c e l l s  needs t o  be exp lo red  on c e l l s  o f  bo th  t ype  t h a t  a re  
op t im ized  f o r  r a d i a t i o n  r es i s t ance .  
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' ' a (2 )  1-MeV e lec t ron  data are  s u i t a b l e  f o r  evaluat ing GaAs c e l l s ,  
bu t  more e lec t ron  energy dependence data are needed i n  
order t o  de f i ne  c e l l  l i m i t a t i o n s .  

( 3 )  More work i s  needed i n  omnid i rec t iona l  proton environments 
( a t  v a r i a b l e  energies).  

Area o f  concern: 
As  t he  e f f i c i e n c y  o f  GaAs c e l l s  i s  optimized, w i l l  new r a d i a t i o n  
damage mechanisms dominate t h e i r  low f luence response? 

Multlbandgap Ce l ls -  
What i s  the  r a d i a t i o n  performance o f  multibandgap c e l l s ?  

Conclusion: 
Since r e l a t i v e l y  l i t t l e  i s  known, we urge the  community t o  make 
a v a i l a b l e  s ta te-o f - the-ar t  samples f o r  t e s t i n g  and evaluat ion.  

Other C e l l  Technologies- 

Areas t o  i nves t i ga te :  

Thin f i l m s  
(1)  Amorphous s i l i c o n  c e l l s  
( 2 )  CuInSe2 c e l l s  

Geometries 
(1 )  S u p e r l a t t i c e  s t ruc tures  
(2 )  U l t r a t h i n  c e l l s  

Other ma te r i a l s  
( 1  ) L i t h ium counterdoping 
(2 )  Indium phosphide 
( 3 )  Other h igh  absorpt ion ma te r ia l s  

What other  methods can improve power system performance i n  h igh  
r a d i a t i o n  o r b i t s ?  

Conclusions: 
(1 )  Annealing I s  an acceptable approach i f  temperatures can be 

kept  compatible w i t h  a r ray  ma te r ia l s .  
(2 )  Concentrators he lp  by sh ie ld ing  c e l l s  i f  o p t i c a l  surfaces 

a re  hard. 
Recommendation: 

NASA should look a t  u l t r a l i g h t w e i g h t  r a d i a t i o n  r e s i s t a n t  
concentrators. 

UV RADIATION: 

What problems does UV pose f o r  power systems? 

Conclusions: 
(1 )  UV s t i l l  presents problems f o r  some coverglass/adhesive 

systems. 
(2 )  UV may be a  problem f o r  coat ings t h a t  may be requ i red  t o  

harden d i e l e c t r i c  surfaces against  atomic oxygen and 
charging/arc ing phenomena i n  plasma. 



ATOMIC OXYGEN: 

Conclusion: 
Atomic oxygen i s  p o t e n t i a l l y  a severe problem f o r  a r ray  ma te r ia l s  I n  
LEO. 

Recommendations: 
( 1 )  A basic mater ia ls  s tudies approach i s  needed t o  understand the  

nature and ex ten t  o f  the  problem. 
(2 )  Develop b e t t e r  ground s imu la t ion  techniques. 

PLASMA EFFECTS: 

Conclusion: 
Plasma e f fec ts  (leakage, arc ing,  EMI) a re  a serious power system 
problem. 

Area o f  concern: 
Size o f  t e s t  a r t i c l e s  being f lown may lead t o  d i f f e r e n t  conclusions 
than would be the  case i f  l a r g e  arrays were f lown. 

Recommendation: 
Prepare an experiment t o  f l y  a l a rge  t e s t  sample ( > I 0  m2) i n  order 
t o  determine s c a l a b i l i t y  o f  small specimen r e s u l t s .  

THERMAL CYCLING: 

Area o f  concern: 
What a re  the e f f e c t s  o f  mismatched i n te rsec t i ons  o f  m u l t i p l e  bandgap 
c e l l  s? 

Recommendation: 
Photovol ta ic  community should make s ta te-o f - the-ar t  specimens 
a v a i l a b l e  f o r  evaluat ion.  

ADDITIONAL RECOMMENDATIONS I N  AREAS OF UV RADIATION, ATOMIC OXYGEN, PLASMA 
EFFECTS, AND THERMAL CYCLING: 

Recommendations: 
Begin development o f  coat ings/mater ia ls  w i t h  f o l l o w i n g  proper t ies :  

( 1 )  Good thermal emlttance 
(2 )  Resis tant  t o  UV 
(3)  Resis tant  t o  atomic oxygen 
( 4 )  Conductive 

Approach should be more basic  than simply a quick f i x  f o r  e x i s t i n g  
mater ia ls  I f  20-year l i f e t i m e  i s  t o  be achieved. 
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F i g u r e  1 .  - Environment Importance survey.  
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~ e d o n d o  deach, Cal i f o r n i  a  

o  iflnat l i n ~ i  t s  use of PV 

- - Cost, panel e f f i c i e n c y ,  system e f f i c i e n c y ,  c o n t r o l  p r o ~ l e ~ ~ ~ s ,  weight,  
env i ronmenta l  f a c t o r s  

o  L i r n i t s  a re  m iss ion  dependent 

o dha t  a re  in i ss ion  system goa ls  

o  Anat system goals  a re  r e q u i r e d  t o  co r~~pe te  w i t n  o t n e r  power systems 

o dna t  goa ls  shou ld  ue used t o  d r i v e  a r r a y  tecnnoloyy 

o  rtecorrlrnend s e t t i n g  goals  dna t i ~ r ~ e t a o l e  f o r  e v o l v i n g  m iss ions  

o Ueterrr~ine b o t n  e n a ~ l i n g  and yrowtn o b j e c t i v e s  

o  Concent ra tors  can have an impor tan t  r o l e  

r l l S S I O i 1  GOAL ANALYSIS 

o Oef ined as c r i t i c a l  need 

o A l lows a n a l y s i s  o f  commonality 

o Ue f ines  mu l t i -m iss ion  ~ e n e f i t s  o f  PV f und ing  

*Missions Pwr. kt4 !!&A - w / IVIL 

1 ztjo SOU 
2 5-25 50 
3 iu-SLJ 2 0 2uu 
4 5-lu 1 5 ~  

L i f e  years  

*l. LEU, h i g n  power 
2. bEU, medium power, l i y n t w e i y h t  
3. In termediate ,  r a a i a t i o n  r e s i s t a n t  
4. I n t e r p l a n e t a r y ,  u l t r a 1  i gh twe igh t  



TESTING OF HiJVAlJCED CONCEPTS 

o  F l i g n t  and ground demonstration c r i t i c a l  t o  g e t t i n g  p r o j e c t  support 

o  txpensive f a c i l i t i e s  requi rea f o r  t e s t i n g  concentrator  and u l t r a l i g h t  f l e x i b l e  
arrays 

o  Wnat r i s K s  r e l a t e d  t o  rr~inimu~n t e s t i n g  are a c c e p t a ~ l e  t o  p ro jec ts  

o  Need t o  coordinate and expedi te f l i g n t  exper i~ r~ents  

o  Tes t ing  needed t o  prov ide feedback t o  device development 

CUST CONSIUtKAT IONS 

o  Re la t ionsn ip  between arrdy and system cos t  i s  n o t  s t r a i g h t  l i n e  

o  E f f e c t  o f  a r ray  on system leve l  cos ts  are mission dependent and inc lude:  

-- Array aevelopment, f a b r i c a t i o n  and t e s t  
-- Systerr~ t e s t i n g  
-- Array l i f e  
-- de la ted  PV system cos ts  
-- Costs r e l a t e a  t o  requirements on o ther  spacecraf t  systems 

o  PV community needs t o  Decome more aware and a c t i v e  i n  system l e v e l  design and 
p lanning 

VIABILITY OF U.S. ARRAY INDUSTKY 

o  Minimum fund ing  o f  panel technology 

o  European s t ruc tu res  super io r  f o r  many near term missions 

o  Heavy European government support 

o  U.S. companies making ser ious makelbuy aecis ions f o r  European arrays 

o  More U.S. s t r u c t u r a l  programs requ i red  f o r  both near and f a r  term missions 
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