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FOREWORD 

Twenty-five y e a r s  ago, i n  May 1954, Chapin, F u l l e r ,  and Pearson publ ished a 
paper e n t i t l e d  "A New S i l i c o n  P-N Junct ion  Pho toce l l  f o r  Converting S o l a r  Radia- 
t i o n  i n t o  E l e c t r i c a l  Power" i n  t h e  Jou rna l  of  Applied Physics.  That paper  an- 
nounced t h e  discovery of t h e  modern s o l a r  c e l l .  The s i l i c o n  p-n junc t ion  s o l a r  
c e l l  has  been found t o  be a remarkable device  of impor tan t ,  l a s t i n g  value.  Its 
invent ion  i n  1954 was t imely.  It made p o s s i b l e  t h e  r a p i d  progress  i n  t h e  space  
program. Conversely, t h e  space program made p o s s i b l e  t h e  development of t h i s  
i nven t ion  i n t o  a n  e f f i c i e n t ,  r e l i a b l e ,  and commercially a v a i l a b l e  device. Not 
only has i t  been t h e  workhorse source  of power f o r  s a t e l l i t e s ,  b u t  i t  is  now 
a l s o  a l ead ing  candida te  f o r  genera t ing  s o l a r - e l e c t r i c  power f o r  widespread use  
on t h e  ground. Le t  t h i s  meeting then  be  a commemoration of t h e  25th anniversary  
of t h e  inven t ion  o f  t h e  modern s o l a r  c e l l  and t h e  beginning of t h i s  rewarding 
f i e l d  of endeavor which s t i l l  s t i m u l a t e s  our  s c i e n t i f i c  and engineer ing  t a l e n t s .  

This  meeting is  t h e  t h i r d  i n  a s e r i e s  t h a t  s t a r t e d  i n  1974. The o b j e c t i v e  
of t hese  meetings i s  t o  a s s e s s  where we s t a n d  i n  o u r  e f f o r t s  t o  i n c r e a s e  t h e  
end-of-life e f f i c i e n c y  of s o l a r  c e l l s  f o r  space use. This  assessment i nc ludes  
review of progress ,  problems, and f u t u r e  d i r e c t i o n s .  These meetings were not  
intended t o  be  min ia tu re  ve r s ions  of p r o f e s s i o n a l  s o c i e t y  conferences,  l i k e  t h e  
Photovol ta ic  S p e c i a l i s t s  Conference, whose primary purpose is t o  disseminate  re- 
c e n t l y  generated information.  This  meeting and those  preceding i t  a r e  intended 
t o  s e r v e  as forums i n  which t h e  e x p e r t s  i n  pho tovo l t a i c s  can express  t h e i r  in- 
d iv idua l  and c o l l e c t i v e  judgments on s u i t a b l e ,  a t t a i n a b l e  goals  f o r  space s o l a r  
c e l l s ,  t h e  b a r r i e r s  remaining, and t h e  most v i a b l e  approaches p a s t  t h e s e  bar- 
r i e r s  toward t h e  goals .  The emphasis i s  on t h e  exchange and d i scuss ion  of  i d e a s  
and opin ions  r a t h e r  than  da ta .  

I n  t h e  November 1974 meeting t h e  same ques t ions  were addressed and t h e  f o l -  
lowing major conclusions were reached : 

e The maximum p r a c t i c a l  e f f i c i e n c y  of s i l i c o n  s o l a r  c e l l s  i s  between 17 
and 20 pe rcen t  AM0 and i s  s t i l l  a reasonable  goal.  

The long-range R&D approach toward t h i s  goa l  should cont inue  t o  focus 
on l o w - r e s i s t i v i t y  (0.1 ohm-cm) s i l i c o n .  

0 Near-term R&D should cont inue  t o  focus on h ighe r  r e s i s t i v i t y  s i l i c o n ,  
back s u r f a c e  f i e l d s ,  t h inne r  g r i d  f i n g e r s ,  and s u r f a c e  t e x t u r i n g  t o  pro- 
duce e f f i c i e n c y  improvements. 

@ More research  should be  undertaken on r a d i a t i o n  damage t o  r a i s e  end-of- 
l i f e  e f f i c i e n c y .  
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* Development of a product ion c e l l  involves  t rade-of fs  among f a b r i c a b i l -  
i t y ,  c o s t ,  and performance. 

I n  A p r i l  1977 t h e  second meeting was he ld .  I n  response t o  t h e  1974 con- 
c lu s ions ,  more a t t e n t i o n  was given t o  r a d i a t i o n  damage and t o  ga l l ium a r sen ide  
c e l l s .  The conclusions from t h e  1977 meeting were as fol lows:  

S i l i c o n  c e l l  e f f i c i e n c y  

Nearly 20 percent  AM0 is  p o s s i b l e  i f  t h e  open-c i rcu i t  vo l t age  i s  
r a i s e d  t o  0.7 v o l t .  

Voltage-l imit ing mechanisms were l i s t e d .  

High-quality s i l i c o n  is  n o t  needed. 

Radia t ion  damage 

Radia t ion  damage must be addressed as w e l l  a s  beginning-of- l i fe  
e f f i c i e n c y  . 
Major ga ins  a r e  y e t  t o  be made. 

Much b a s i c  t h e o r e t i c a l  and experimental  work remains t o  be  done. 

Gallium a r s e n i d e  c e l l s  

Eighteen percent  AM0 has been achieved.  

* Twenty-two percent  AM0 is  t h e  es t imated  l i m i t .  

e Theore t i ca l  models a r e  inadequate .  

8 Radia t ion  t o l e r a n c e  i s  unce r t a in .  

Radia t ion  damage mechanisms a r e  no t  w e l l  understood. 

A t  t h i s  meeting t h e  same b a s i c  ques t ions  w e r e  asked,  b u t  t h e  scope has  been 
broadened aga in  - now t o  inc lude  30 percent  devices  i n  a d d i t i o n  t o  s i l i c o n  and 
gal l ium a r s e n i d e  c e l l  e f f i c i e n c y  and r a d i a t i o n  damage. 

Short  p r e s e n t a t i o n s  of t h e  l a t e s t  and most s i g n i f i c a n t  developments were 
made t o  provide  a b a s i s  f o r  subsequent d i scuss ions .  These s h o r t  papers  a r e  as- 
sembled i n  t h i s  proceedings. Unfortunately i t  was no t  p o s s i b l e  t o  record  t h e  
f r u i t f u l  and s t i m u l a t i n g  d iscuss ions .  

Following t h e  p r e s e n t a t i o n  of t h e  papers  and t h e  d i scuss ion ,  four  concur- 
r e n t  workshop s e s s i o n s  were conducted t o  address  g o a l s ,  b a r r i e r s ,  and approaches 
i n  t h e  fol lowing a reas :  



S i l i c o n  High Ef f i c i ency  So la r  C e l l s  

Workshop Chairman, Henry W. Brandhorst,  Jr., NASA Lewis Research 
Center  

S i l i c o n  So la r  C e l l  Radia t ion  Damage 

Workshop Chairman, Richard L. S t a t l e r ,  Naval Research Laboratory 

GaAs So la r  C e l l  Performance and Radia t ion  Damage 

Workshop Chairman, G. San j iv  Kamath, Hughes Research Labora to r i e s  

30 Percent  Devices 

Workshop Chairman, Joseph J. Lofe r sk i ,  Brown Univers i ty  

An o r a l  r e p o r t  of each workshop was presented  and d iscussed  i n  a p lenary  ses- 
s ion .  Wri t ten  workshop r e p o r t s  prepared by t h e  workshop chairmen a r e  included 
i n  t h i s  proceedings.  

The Meeting Coordinator ,  Cosmo R. Baraona and h i s  Committee, Thomas M. 
Klucher, George Mazaris,  and C l i f f o r d  K. Swartz,  are t o  b e  commended f o r  t h e i r  
s k i l l f u l  and p e r s i s t e n t  e f f o r t s  t h a t  r e s u l t e d  i n  a smoothly ope ra t ing ,  informa- 
t i v e  meeting. The meeting p a r t i c i p a n t s '  s t i m u l a t i n g ,  i n s i g h t f u l ,  candid, and 
thought fu l  d i scuss ions  helped make t h e  meeting a t o t a l  success .  

Cochairmen : 
Daniel T. Bernatowicz 
Henry W. Brandhorst,  Jr. 
NASA Lewis Research Center 
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ABSTRACT 

The NASA Lewis program i n  space s o l a r  c e l l  r e sea rch  and technology has  a s  
i t s  o b j e c t i v e s  t o  improve conversion e f f i c i e n c y ,  t o  reduce mass and c o s t ,  and 
t o  i n c r e a s e  t h e  ope ra t ing  l i f e  of s o l a r  c e l l s  and b lankets .  The major t h r u s t s  
of t h e  program a r e  t o  produce an  18%-AMO-efficient s i l i c o n  s o l a r  c e l l ,  t o  e f -  
f e c t  s u b s t a n t i a l  r educ t ion  i n  t h e  r a d i a t i o n  damage s u f f e r e d  by s i l i c o n  s o l a r  
c e l l s  i n  space,  t o  develop h igh  e f f i c i e n c y  wrap-around con tac t  and t h i n  (50 pm) 
coplanar  back con tac t  s i l i c o n  s o l a r  c e l l s ,  t o  s u b s t a n t i a l l y  reduce t h e  c o s t  of 
s i l i c o n  c e l l s  f o r  space  use ,  t o  develop cos t - e f f ec t ive  GaAs s o l a r  c e l l s ,  t o  
i n v e s t i g a t e  t h e  f e a s i b i l i t y  of 30% AM0 s o l a r  energy conversion and t o  develop 
r e l i a b l e  encapsulan ts  f o r  space b l anke t s .  The major t a r g e t s  and mi les tones  
t h a t  guide t h i s  program a r e  shown i n  f i g u r e  1. The major t a r g e t s  a r e  shown 
wi th in  e l l i p s e s .  

The major s o l a r  c e l l  and b lanket  development a c t i v i t i e s  a r e  shown i n  
f i g u r e  2. I n  t h e  18% c e l l  development a r ea ,  s u b s t a n t i a l  p rog res s  has  been 
made i n  understanding v o l t a g e  l i m i t i n g  mechanisms. S i l i c o n  c e l l s  w i th  v o l t a g e s  
of about 645 mV have been f a b r i c a t e d  by t h r e e  techniques.  Because of t h i s  pro- 
g re s s ;  a  c o n t r a c t  t o  develop an  18% e f f i c i e n t  c e l l  i s  a n t i c i p a t e d .  

S i g n i f i c a n t  i n c r e a s e s  i n  t h e  understanding of r a d i a t i o n  damage have a l s o  
occurred. The t h r e e  d e f e c t s  r e spons ib l e  f o r  performance degrada t ion  have 
been i d e n t i f i e d  and schemes t o  prevent  t h e i r  formation a r e  under s tudy.  A1- 
t e r n a t i v e  means f o r  removing damage, such a s  annea l ing  o r  u s e  of hea l ing  addi-  
t i v e s ,  a r e  under s tudy.  Addi t iona l ly ,  c e l l  des igns  t h a t  should show improved 
performance i n  a  r a d i a t i o n  environment a r e  being pe r  sued. 

Development of t h e  14% e f f i c i e n t ,  h igh  e f f i c i e n c y  wrap-around con tac t  
c e l l  i s  proceeding. This  c e l l  i s  200 pm and has  d i e l e c t r i c  edge i n s u l a t i o n .  
Thin (50 vm) i n t e r d i g i t a t e d  back con tac t  c e l l s  a r e  being developed on c o n t r a c t ,  
wi th  t h e  goa l  of achiev ing  13% e f f i c i e n t  c e l l s .  

2 
Low c o s t  a r e a  c e l l s  w i t h  a r e a s  of a t  l e a s t  25 cm a r e  going t o  be  

developed under c o n t r a c t .  Previous e f f o r t  has  e s t a b l i s h e d  t h e  f e a s i b i l i t y  of 
a  number of low-cost, high-volume process ing  s t e p s  t h a t  should enable  h igh  
performance, space q u a l i t y  c e l l s  t o  b e  produced f o r  c o s t s  under $5/W. 

A new program a r e a  i s  being i n i t i a t e d  t o  develop c o s t - e f f e c t i v e ,  r ad i a -  
t i o n - r e s i s t a n t  G a A s  s o l a r  c e l l s .  One promising approach t h a t  i s  being sup- 
ported i s  a t  MIT Lincoln Laboratory f o r  t h e  n/p CVD shal low junc t ion  c e l l .  



The types of missions that GaAs cells would be suited for are also under 
study. Another area of new program development lies in the domain of 30% 
solar energy conversion. The feasibility of achieving this efficiency is 
presently being assessed. 

The primary focus of blanket technology is the development of practical 
thin encapsulants for solar cell blankets. The feasibility of electrostatic 
bonding of 50-75 ym 7070 cover glasses has been demonstrated. Additionally, 
a variety of different types of encapsulants such as silicones and glass 
resins are being evaluated for their durability to space UV and particulate 
radiation. 

In summary, the NASA Lewis Research Center program in space solar cell 
research and technology seeks to understand and eliminate barriers to achiev- 
ing 18% silicon cell conversion efficiency, to develop and implement the tech- 
nologies necessary to produce radiation resistant, high efficiency, and low 
cost solar cells and blankets. New programs of GaAs cell development and 30% 
conversion devices are beginning. Significant progress has been made in all 
areas of research. 





18% CELL 
- STUDY OF RECOMBINATION CENTERS I N  0 - 1  Q-CM St, U, FLA. 
- DEVELOPMENT OF 18% EFFICIENT S t  SOLAR CELL (NEW CONTRACT). 

- DIFFUSED TAILORED JUNCTION (I -H) , 

RADI AT I ON DAMAGE 
- FUNDAMENTALS OF RADIATIOW TOLERANCE I N  SI SOLAR CELLS, SUNY-ALBANY. 
- SOLAR CELL PROCESSING FOR IMPROVED RADIATION TOLERANCE, SPIRE CORP, 

- MICRODISTRIBUTION OF RADIATION DAMAGE I N  SOLAR CELLS, MIT.  

- LASER ANNEALING OF RADIATION INDUCED DEFECTS (NEW). 

- RADIATION RESISTANT THIN N I P  CELL, COMSAT CORP, 

- RADIATION DAMAGE EFFECTS ( I -H )  . 
COPLANAR BACK CONTACT 

- THIN INTERDIGITATED CELL DEVELOPMENT, SOLAREX CORP. 

- THIN  INTERDIGITATED CELL DEVELOPMENT, (NEW) . 
- CBC PROTOTYPE DEVELOPMENT (I -14). 

- HIGH EFFICIENCY W/A CONTACT SOLAR CELL DEVELOPMENT, SPECTROLAB, I I C .  

LOW COST CELL TECHNOLOGY 

- LOW COST, LARGE-AREA SI CELLS (PIEII). 
- LARGE-AREA, LOW COST CELL DEVELOPMENT (I -H) 

GnAs SOLAR CELLS 
- GAAS CVD HOMOJUNCTION SOLAR CELL DEVELOPMENT, 

M IT  LINCOLN LABORATORY, (BEING NEGOTIATED). 

- GnAs CELL DEVELOPMENT ( I-H) . 
30% D l  RECT SOLAR CONVERSION 

- 30% CONVERSION ANALYSIS (NEW) 

- 30% CONVERSION ANALYSIS ( I - H I .  

SOLAR CELL BLAlKET TECHNOLOGY 

- COVER EVALUATION (NEW), 

- ESB MODULE DEVELOPMENT (NEW), 
- EXPLORATORY DEVELOPMENT AND EVALUATION (I-H) 

Figure 2.- Solar cell development activities. 



SOLAR PHOTOVOLTAIC RESEARCH AND DEVELOPMENT PROGRAM 

OF THE AIR FORCE AERO PROPULSION LABORATORY 

Joseph Wise 
A i r  Force Aero Propuls ion  Laboratory 

Wright-Patterson A i r  Force Base 

The A i r  Force space  program has cont inuing  requirements  f o r  increased  pow- 
e r  system c a p a b i l i t y  i n  t e r m s  of volume, a r e a ,  weight,  l i f e ,  power l e v e l ,  and 
s u r v i v a b i l i t y .  F igure  1 shows our  g o a l s  i n  t h e s e  va r ious  a r eas .  Nuclear r ad i a -  
t i o n  s u r v i v a b i l i t y  has  gene ra l ly  been accomplished, bu t  t h e  degrada t ion  on ex- 
posure t o  t h e  p a r t i c u l a t e  spec i e s  of nuc lea r  weapon e f f e c t s  s t i l l  r e q u i r e s  i m -  
provement. 

The l a s e r  weapon e f f e c t s  program a g a i n  is  p r imar i ly  aimed a t  s u r v i v a b i l i t y  
f o r  c e r t a i n  dose l e v e l s  as w e l l  as de termina t ion  of t h e  th re sho lds  f o r  f a i l u r e  
of t h e  va r ious  s o l a r  c e l l  a r r a y  conf igu ra t ions .  Much of t h i s  background has 
been acqui red  i n  cont inuous wave r a d i a t i o n ,  and approaches t o  minimize degrada- 
t i o n  a r e  under development i n  t h e  SMATH programs conducted under t h e  AF Mater- 
i a l s  Lab c o n t r a c t s .  The pulsed laser e f f e c t s  a r e a  i s  j u s t  beginning inves t iga -  
t i o n ,  and t h e  program i n i t i a t e d  i n  FY79 i s  address ing  s e v e r a l  l a s e r  wavelengths 
and p u l s e  du ra t ions .  For t h e  f i r s t  time a l s o  w e  are a t tempt ing  t o  handle ad- 
vanced c e l l  assemblies ,  i . e . ,  h igh  e f f i c i e n c y  s i l i c o n ,  GaAs, and multiband gap 
i f  s u f f i c i e n t  c e l l s  a r e  f a b r i c a t e d  i n  t h e  next  t h r e e  years .  The e f f o r t  i s  ir- 
r a d i a t i n g  both  cw and pulsed laser spec i e s .  

The s i l i c o n  s o l a r  c e l l  concepts  i n v e s t i g a t e d  inc lude  t ex tu red ,  p lanar  c e l l s  
f o r  ESB, v a r i o u s  f i e l d  combinations and non-ref lec t ing  v e r t i c a l  j unc t ion  com- 
b ina t ions .  Funding from b a s i c  r e s e a r c h  exp lo ra to ry  development and advanced 
development a r e  u t i l i z e d .  The b a s i c  r e s e a r c h  work d e a l s  w i th  t h e o r e t i c a l  e f f o r t s  
a s  w e l l  as experimental  i n v e s t i g a t i o n  of e f f e c t s  of s e l e c t e d  dopants  such a s  
gal l ium i n  h igh  p u r i t y  s i l i c o n .  The HESP I1 s i l i c o n  advanced development pro- 
gram c o n t r a c t o r  r epo r t ed  16% e f f i c i e n c y  i n  a t ex tu red  c e l l  con f igu ra t ion  w i t h  
2 0-cm s i l i c o n .  Because of h igh  a t h e  modeling of t h i s  c e l l  i n  o r b i t  r e s u l t s  
i n  a temperature of 10  t o  1 5  CO h igher ,  negat ing most of t h i s  ga in .  For t h i s  
reason we have a l s o  supported development of p l ana r  s i l i c o n  c e l l s  w i t h  m u l t i l a y e r  
a n t i r e f l e c t i v e  coa t ing ,  y i e l d i n g  14.8% e f f i c i e n c y  a t  25O C. Th i s  c e l l  i s  
s l i g h t l y  b e t t e r  than  t h e  t ex tu red  c e l l  a t  ope ra t ing  temperature.  V e r t i c a l  
j unc t ion  s o l a r  c e l l  work is  d i r e c t e d  toward 1 6  t o  18% i n i t i a l  e f f i c i e n c y  w i t h  
14% a f t e r  1015, 1 MeV e-/cm2 equ iva l en t  r a d i a t i o n .  Technology appears  i n  hand 
f o r  15% i n i t i a l  e f f i c i e n c y  without  f i e l d s  o r  u s e  of optimum geometry. With 
back s u r f a c e  f i e l d  t o  enhance v o l t a g e  and geometry opt imiza t ion ,  we hope t o  ap- 
proach 16% e f f i c i e n c y .  The high-puri ty ,  h igh- l i fe t ime s i l i c o n  from our  b a s i c  
r e sea rch  e f f o r t  may a l s o  he lp  ou t  bo th  i n i t i a l  and end-of- l i fe  e f f i c i e n c y .  



The r e l a t i o n s h i p s  of our n e a r ,  i n t e rmed ia t e ,  and long term s o l a r  c e l l  
development a r e  shown i n  f i g u r e  2. The c u r r e n t  G a A s  c e l l  program was i n i t i a t e d  
i n  1976 and we have achieved b e t t e r  than  17% i n  t h e  l abo ra to ry  w i t h  r a d i a t i o n  
r e s i s t a n c e  supe r io r  t o  t h a t  of s i l i c o n  up t o  5x1015, 1 MeV e-/cm2. Compan- 
ion  programs , t o  t h i s  GaAs c e l l  development a r e  t h e  development of d e n d r i t e  r i b -  
bon m a t e r i a l  and t h e  development of s o l a r  a r r a y  panel  technology p r e s e n t l y  
under n e g o t i a t i o n  f o r  a FY79 s t a r t .  Th i s  technology, when developed, should 
y i e l d  50% g r e a t e r  end-of- l i fe  power a t  o r b i t  temperature.  The multiband-gap 
c e l l  work i s  aimed a t  an  i n i t i a l  e f f i c i e n c y  of 25% and i s  considered r e l a t i v e l y  
high r i s k  because of t h e  problems of l a t t i c e  mismatch and band-gap matching 
requi red .  ( D r .  W.P. Rah i l l y  d i scusses  t h i s  i n  g r e a t e r  d e t a i l . )  This  technology 
w i l l  no t  come on l i n e  be fo re  t h e  mid 80 ' s  and i s  very  important t o  our weight,  
volume, and area goa l s  f o r  satell i te power systems, 

I n  a d d i t i o n  t o  weapon e f f e c t s  and c e l l  technology e f f o r t s ,  we a r e  a l s o  
i n i t i a t i n g  a high-voltage hardened, high-power system technology program. For 
t h e  f i r s t  t ime we a r e  a l s o  address ing  thermal  energy management. The e f f o r t  
i s  d i r e c t e d  toward f u t u r e  requirements  i n  t h e  5 t o  50 kW range and power densi-  
t i e s  of 6 t o  12  Wllb. Weight r educ t ions  i n  a l l  f a c e t s  of power system techno- 
logy, inc luding  b a t t e r i e s ,  a r e  needed t o  achieve  t h i s  c a p a b i l i t y .  This  e f f o r t  
a l s o  addresses  S h u t t l e  compa t ib i l i t y  and modular power system component tech-  
nology. 

The p re sen t  weight l i m i t  on s a t e l l i t e s  i n  synchronous o r b i t  i s  about 
3300 l b  u s ing  a T i t a n  111 C and high-energy second s t age .  With t h e  advent of 
t h e  S h u t t l e  and t h e  u s e  of t h e  i n e r t i a l  upper s t a g e  (IUS) t h i s  weight c a p a b i l i t y  
i nc reases  t o  5200 l b .  F igu re  3 shows t h e  power system c a p a b i l i t y  i n  t h i s  
scenar io .  P re sen t  c a p a b i l i t y  could i n s e r t  4.3 kW s a t e l l i t e  BOL power. With t h e  
in t roduc t ion  of t h e  two in t e rmed ia t e  concepts  of GaAs  c e l l s  and N i H 2  b a t t e r y ,  
we can boost  t h i s  power t o  8 kW. Advanced technology can go t o  a n  11 kW power 
l e v e l  without  an  o r b i t  assembly. Lower a l t i t u d e  o r b i t s  can, of course ,  accom- 
modate h igher  weight v e h i c l e s  and correspondingly h igher  power l e v e l s .  



SPACE: HIGH EFF. WEAPON HARD, LONG LIFE, LIGHT WEIGHT, LOW VOLUME, LOW COST 

NUCLEAR WEAPON HARDEN S I  PRESENT - HASP 
APPLY TO ADVANCED CELLS SI, GaAs 

*LASER HARDENING C. W. - UNDERSTAND - APPROACHES I N  DEV. 
PULSED - PROBLEMS BEING DEFINED, INITIATE DEV. 

*SOLAR CELL CONCEPTS 

NEAR TERM: SILICON HESP I1 16% 12% EOL 
NRVJ 14% EOL 
6.1 MATERIALS 

INTERMEDIATE: GaAs HESP I1 16% EFF. OPER. 
ULTIMATE 18-20% EFF. 1983 

LONG TERM: MULTl JUNCTION 25% EFF. 1985 
30% 1990 

Figure 1. - Solar power R&D objectives (AFAPL). 
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Figure 2. - Solar ce l l  eff iciency as func t ion  of time. 
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F igure  3. - Power-component payoff i n  synchronous-orbi t  satell i tes - high-voltage, 
high-power, hardened system. 
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John A .  Scott-Monck 
J e t  Propul sion Laboratory 

California Ins t i tu te  of Technology 

SUMMARY 

A brief overview of the JPL ac t iv i t i e s  in space photovoltaic research and 
development i s  presented. Work that  i s  being performed a t  JPL, as  we1 1 as 
external programs directed by JPL for  the NASA Office of Aeronautics and 
Space Technol ogy are described. 

INTRODUCTION 

JPL has as i t s  primary charter,  interplantary exploration. Many missions, 
due to environment or solar  distance, have in the past precluded employment of 
photovol t a i c s .  Those JPL missions tha t  use solar ce l l s  for  power often operate 
a t  other than 1 AU. Therefore, a s ignif icant  amount of our e f fo r t  i s  involved 
in evaluating solar  c e l l s  under rather  novel conditions of temperature, solar 
intensity and radiation. 

The JPL ac t iv i t i e s  in array design and development are oriented to  high 
performance goals such as  extremely high specific power or  increased radiation 
resistance. The need fo r  advanced c e l l s  t o  support these e f fo r t s  has been the 
main stimulus f o r  the work in p i lo t  cel l  development of advanced s i l icon solar  
cell  s such as the OAST thin cell  . 

Future requirements will demand that  solar  cel l  panels deliver even more 
power per unit area without sacr if ic ing mass. Radiation resistance, which has 
always been an important parameter in panel design, will become even more 
c r i t i ca l  as NASA begins to  develop a new generation of s a t e l l i t e s  for  operation 
in geosynchronous orb i t .  For these reasons, JPL has had an active internal 
program in GaAs solar  c e l l s .  This material has already demonstrated superiority 
to  s i l icon with respect to  power per unit area and radiation resistance. 

CELL PILOT PRODUCTION 

JPL i s  in the process of bringing the OAST thin cel l  t o  f l i g h t  readiness 
by demonstrating that  t h i s  advanced s i l icon solar cell  can be produced in 

*This paper presents the resul ts  of one phase of research carried out by the 
J e t  Propul sion Laboratory, Cal i forni a Ins t i tu te  of Technol ogy, under Contract 
NAS7-100 sponsored by the National Aeronautics and Space Administration. 



quantity a t  a cost which i s  competitive with present state-of-the-art  space 
solar  ce l l s .  This ac t iv i ty  i s  the culmination of a four year program tha t  
has resulted i n  a s i l icon solar cell  which i s  only 50um thick, yet can produce 
the equivalent power of s i l icon c e l l s  which are  four to  f ive  times thicker. 

I t  i s  anticipated tha t  within a year the p i lo t  production e f fo r t  being 
carried out by the Solarex Corp. for  JPL will demonstrate an average AM0 con- 
version efficiency of 13 percent a t  a production r a t e  of ten thousand 2x2 cm 
ce l l s  per month. In addition, the p i lo t  l i ne  will be capable of producing up  
to one thousand 5x5 cm OAST t h i n  c e l l s  w i t h  an average efficiency of greater 
than 11 percent. 

This pi l o t  1 i  ne e f fo r t  serves two c r i t i ca l  purposes, demonstration of 
production readiness and support of other JPL programs involved in incorporating 
these ce l l s  into high performance arrays. This should a c t  as a stimulus to  
array designers t o  seriously consider implementing th i s  advanced s i l icon solar  
cell  for  future space missions. 

CELL EVALUATION 

This work i s  divided into two general categories; parametric studies of 
the electr ical  performance of solar c e l l s  as a function of temperature and 
solar intensi ty ,  and investigation of the influence of radiation and subsequent 
thermal anneal ing on the el ectr ical  behavior of cel l  s .  

The f i r s t  mentioned ef for t  has been actively pursued by JPL for  many years. 
A great variety of state-of-the-art  production c e l l s  and mature laboratory 
devices have been evaluated a t  JPL. This data has been used by JPL and other 
organizations involved i n  f l i gh t  projects to  design suitable solar  cel l  arrays 
for  a great number of missions. 

, 

During the past year, evaluation of candidate wraparound contact solar 
ce l l s  for  use on SEP type missions has been performed. OAST thin c e l l s  from 
the p i lo t  l ine  have been evaluated. A number of new, high efficiency produc- 
tion cell  s  employing back surface f i e lds ,  mu1 t i p l e  ant i  -reflection coatings, 
back surface ref lectors  and textured surfaces are  being examined. In addition 
there a re  plans to  begin a preliminary characterization of GaAs solar c e l l s ,  
as they become available.  

As the in te res t  in such missions as Comet Rendezvous or  new array tech- 
nology such as concentrator enhancement grows, the need for  t h i s  type of 
information becomes even more c r i t i c a l  . In addition, JPL i s  beginning a pre- 
1 iminary screening of the new cel l  s  being produced for  DOE in hopes tha t  some 
aspects of thi  s  emergi ng techno1 ogy wi 11 demonstrate appl i  cabi 1 i  ty for  space 
appl i  cations. 

JPL has placed a strong emphasis on studying radiation damage effects  
in solar c e l l s ,  since t h i s  i s  a c r i t i ca l  parameter for  array design. 
The JPL Dynamitron f a c i l i t y  has been the main tool for  t h i s  work, b u t  

10 



often other f a c i l i t i e s  a re  used to,provide data on proton effects .  During t h i s  
year approximately f i f t y  types of production, advanced development and 
research cell  s have been tested a t  the Dynami tron . Wraparound con t ac t ,  tandem 
junction, vertical  junction, dendrit ic web, cast  s i l icon ,  and OAST thin solar 
ce l l s  are  jus t  a few examples of what has been done in s i l icon.  Also a number 
of AlGaAs and GaAs solar ce l l s  have been tested. 

This year has seen the JPL work extend into the f i e ld  of annealing. The 
main stimulus for  t h i s  ac t iv i ty  i s  the concept of using on-panel annealing of 
solar c e l l s  as a means of e i ther  extending mission lifetime or  enabling cer- 
tain mission classes such as orbi ta l  t ransfer  to  use photovoltaics. However, 
annealing studies also can be used as  a tool to  understand those mechanisms 
which control the radiation damage properties of solar  ce l l s .  JPL i s  investi-  
gating the annealing behavior of both s i l icon and AlGaAs solar  cel l  s using 
electron and proton i r radiat ion.  A1 though th i s  i s  a recent ac t iv i ty ,  JPL has 
already begun to  produce a s ignif icant  body of data on the annealing character- 
i s t i c s  of solar ce l l s .  

GaAs RESEARCH AND DEVELOPMENT 

This area represents the commitment of JPL to  high technology which will 
ul timately benefit the NASA space program. JPL has been involved in GaAs 
solar ce l l  research for  a number of years with the emphasis placed on thin 
film cel l  types such as the AMOS (Anti ref1 ecting Metal -Oxide-Semiconductor) 
c e l l .  With the recent advances in l iquid phase epitaxial grown AlGaAs devices 
and the chemical vapor deposited GaAs c e l l s ,  JPL has reoriented i t s  research 
approach to  capi tal ize  on t h i s  new technology. 

Recognizing tha t  such pragmatic considerations as cell  cost and mass will 
ultimately determine whether GaAs i s  used for  space applications, the JPL 
e f fo r t  i s  focused on an approach that  will minimize these factors.  The basic 
thrust  of the program i s  to  use organo-metallic chemical vapor deposition 
methods to  grow GaAs on relat ively low cost and low mass substrates. 

This approach uses s i l icon as a substrate,  thus reducing the cost and 
mass when compared to  other substrate candidates such as germanium or gal 1 ium 
arsenide. The key technology problem now being addressed i s  t o  develop a thin 
interface m t e r i a l  layer tha t  will allow a uniform transit ion between the 
differing l a t t i c e  constants of s i l icon and the C V D  grown GaAs. A t  t h i s  point 
i t  i s  not known whether p or n-type base homojunction GaAs c e l l s  are  the more 
radiation resis tant .  Thus, techniques for  controlling the r e s i s t iv i ty  of 
both types of GaAs over a wide range are  being developed. Once these various 
pieces of technology are  assembled, work will begin on developing re l iab le  
contacts and anti  -ref1 ection coatings. 

I t  i s  anticipated tha t  the GaAs solar cel l  developed by JPL will demon- 
s t r a t e  marked improvement in output power and radiation resistance when com- 
pared to  s i l icon and a lso  be more than competitive w i t h  respect to  specific 
power a t  the array level .  These factors  combined with the high temperature 



propert ies of GaAs will  o f fe r  a unique opportunity t o  demonstrate a so l a r  
ce l l  ar ray which under ce r ta in  conditions wil l  meet the spec i f ic  power and 
stabi  1 i  t y  goals of an SPS type mission. 



LANGLEY PROGRAM OF GaAs SOLAR CELLS 

E. J .  Conway 
Nat iona l  Aeronaut ics  and Space Administrat ion 

Langley Research Center 

The Langley Research Center program on GaAs s o l a r  c e l l s  began i n  t h e  e a r l y  
1970's. Its o b j e c t i v e s  were t o  develop t h e  technology f o r  (a )  18- t o  20-percent 
AM0 e f f i c i e n c y ,  (b) s t a b i l i t y  under r a d i a t i o n  and elevated-temperature ope ra t ion ,  
and ( c )  h igh  power-to-weight r a t i o .  To achieve  t h e  e f f i c i e n c y  o b j e c t i v e ,  w e  
focused most of our  e f f o r t  on t h e  o r i g i n a l  he t e ro face  c e l l .  With t h e  achieve- 
ment of 18-percent c e l l s ,  t h e  program of g r a n t s ,  c o n t r a c t s ,  and in-house r e -  
search  was broadened t o  i nc lude  ( f ig .  1 )  r a d i a t i o n  s t a b i l i t y ,  ope ra t ion  a t  e l e -  
va ted  temperature,  t h i n  c e l l s ,  and c o s t s .  

The r a d i a t i o n  s t a b i l i t y  r e s e a r c h  program has t h r e e  elements:  
(1) Device and m a t e r i a l  damage s t u d i e s :  The e f f e c t s  of pro ton  i r r a d i a t i o n  

on GaAs c e l l s  is  i n v e s t i g a t e d  a t  Hughes Research Laboratory (HRL). More funda- 
mental measurements on t h e  e f f e c t s  of pro ton  i r r a d i a t i o n  on c e l l  m a t e r i a l s  ( i . e , ,  
n-GaAs, p-GaAs, e t c . )  a r e  made a t  t h e  Un ive r s i t y  of F lo r ida .  E lec t ron  damage of 
c e l l s  is  performed in-house. The c e l l s  a r e  grown a t  Langley, i r r a d i a t e d  a t  Lewis, 
and cha rac t e r i zed  a t  Langley. I 

(2) Annealing s t u d i e s :  Annealing of c e l l s  a f t e r  degrada t ion  by 1-MeV-elec- 
t r o n  i r r a d i a t i o n  i s  s tud ied  in-house. General parameters  s tud ied  so  f a r  i nc lude  
anneal ing temperature and time, t o t a l  f l uence ,  and junc t ion  depth.  Un ive r s i t y  
of F l o r i d a  s t u d i e s  involve  t h e  u s e  of deep-level  t r a n s i e n t  spectroscopy t o  fo l low 
proton damage annea l ing .  

Operation of GaAs c e l l s  a t  e l eva t ed  temperature is  s tud ied  through c l o s e l y  
coordinated r e sea rch  a t  t h e  Old Dominion Un ive r s i t y  and a t  Langley. A series 
of measurements and ana lyses  of c e l l  c h a r a c t e r i s t i c s  a t  temperatures  t o  350° C 
a r e  i n  progress .  

Thin c e l l s  o f f e r i n g  high power-to-weight r a t i o  a r e  a very  new program e l e -  
ment, Some pre l iminary  i n v e s t i g a t i o n s  w i l l  b e  performed a t  IBM by us ing  CVD 
techniques.  A novel  approach, depos i t i on  of G a A s  and G a A l A s  from molten s a l t s ,  
is  being i n v e s t i g a t e d  a t  t h e  Un ive r s i t y  of Southern Ca l i fo rn i a .  

C e l l  c o s t  and a v a i l a b i l i t y  appear t o  be  major problems f o r  u t i l i z a t i o n  
of GaAs s o l a r  c e l l s .  A short-term s tudy  by A. D. L i t t l e ,  Inc . ,  seeks  t o  d e f i n e  
t h e  c o s t  and a v a i l a b i l i t y  problems and p o t e n t i a l  s o l u t i o n s  f o r  t h e  e a r l y  1980ss .  
The f i n a l  r e p o r t  w i l l  b e  a v a i l a b l e  l a t e  t h i s  summer. 

I n  summary, Langley has a small ,  research-or ien ted  program on GaAs s o l a r  
c e l l s .  Our emphasis i s  on a s ses s ing  t h e  p o t e n t i a l  and s t i m u l a t i n g  t h e  develop- 
ment of technology f o r  t h e s e  c e l l s .  



OVERVIEW OF LaRC PROGRAM 

ON GaAs SOLAR CELLS 

1. Radiation Stability 

a. Device and Material Damage Studies - LaRC, HRL, U of Fla. 
b. Annealing Studies - LaRC, U of Fla. 
c. Device Optimization by LPE and CVD - LaRC 

2. High Temperature Operation 

a. Device Studies - ODU. LaRC 

3. Th in  Fi lm Cells 

a. Thick and Th in  Cells - I B M  
b. Electrodeposition - U. S. C. 

4. Processing Technology 

a. Study -A.  D. Little 

Figure 1. 



UPDATING THE LIMIT EFFICIENCY OF SILICON SOLAR CELLS* 

M. Wolf 
Univers i ty  of Pennsylvania 

The last  recognized eva lua t ion  of t h e  " l imi t -e f f ic iency"  and of des ign  
goa l s  f o r  s i l i c o n  s o l a r  c e l l s ,  based on r e a l i s t i c  appearing m a t e r i a l  parameters  
and on an  i d e a l i z e d  dev ice  s t r u c t u r e ,  w a s  performed i n  1970 under t h e  auspices  
of t h e  Nat iona l  Academy of Sciences ( r e f .  1 ) .  S ince  t h a t  t ime, a  number of 
phenomena n o t  recognized then  have become reasonably w e l l  understood, and some 
device  s t r u c t u r i n g  approaches have evolved which permit  "remedial designs" t o  
ga in  h igh  performance i n  a l b e i t  somewhat more complicated s o l a r  c e l l  s t r u c t u r e s  
than  envisioned e a r l i e r .  These new circumstances warrant  re -eva lua t ion  of bo th  
t h e  i d e a l i z e d  " l i m i t  e f f i c i ency"  and of t h e  des ign  goa ls ,  t h e  l a t t e r  being 
va lues  t h a t  can b e  expected t o  be  approached i n  r e a l ,  produceable devices .  

An eva lua t ion  of t h e  l i m i t  e f f i c i e n c y  is  s u i t a b l y  based on t h e  s imp les t ,  
most b a s i c  mathematical method t h a t  i s  appropr i a t e  f o r  t h e  cond i t i ons  imposed 
by t h e  c e l l  model. I n  t h i s  connect ion,  i t  i s  important t o  recognize t h a t  t h e  
" l i m i t  e f f i c i ency"  has  t r a d i t i o n a l l y  been eva lua ted  f o r  t h e  i d e a l i z e d  "one sun" 
case ,  which means no o p t i c a l  concen t r a t ion  and a  normal i r r a d i a n c e  of 1 kW m-2, 
which has been obtained by a low-moisture, low- turb id i ty ,  direct-beam, air-mass 
1 s p e c t r a l  d i s t r i b u t i o n  without  a d d i t i o n  of i n d i r e c t  r a d i a t i o n .  For c o n t i n u i t y  
and s i m p l i c i t y ,  t h i s  p r a c t i c e  has been extended t o  t h i s  work. An eva lua t ion  of 
t h e  "appropriateness"  of approach has  shown t h a t  t h e  r e c a l c u l a t i o n  of t h e  
" l i m i t  e f f ic iency" ,  as e s s e n t i a l l y  a n  upper l i m i t ,  w i l l  b e  c a r r i e d  out  w i th  
maximum c l a r i t y  and f u l l y  adequate  accuracy by a p p l i c a t i o n  of t h e  e x i s t i n g  bas i c  
a n a l y t i c a l  model of a  s o l a r  c e l l  ( r e f .  2) t o  a simple, i d e a l i z e d  s o l a r  c e l l  
s t r u c t u r e .  From t h i s  l i m i t  e f f i c i e n c y ,  a  f i r s t  set of "design goals"  can be  
derived by a p p l i c a t i o n  of "experience f a c t o r s " ,  as done he re .  However, t h e  de- 
s i g n  c a l c u l a t i o n s  can b e  improved by more s o p h i s t i c a t e d  modeling, which w i l l  
permit  t h e  c l o s e  eva lua t ion  of t h e  r e l a t i v e  m e r i t s  of va r ious  r e a l i z a b l e  s t r u c -  
t u r e  des ign  opt ions .  Following a  s tepped procedure, i n  moving from t h e  idea l -  
i zed  s t r u c t u r e  t o  one more c l o s e l y  resembling a  r e a l  c u r r e n t  o r  p ro j ec t ed  de- 
s ign '  and i n  applying more s o p h i s t i c a t e d  a n a l y s i s  methods, w i l l  have dua l  bene- 
f i t s :  It permi ts  determining t h e  in f luence  on performance of each p a r t  of t h e  
r e a l  s o l a r  c e l l  s t r u c t u r e  r e l a t i v e  t o  t h e  i d e a l i z e d  s t r u c t u r e ;  and it permi ts  
an eva lua t ion  of t h e  r e l a t i v e  accu rac i e s  ob ta inab le  by applying exac t  a n a l y t i -  
c a l  methods t o  approximate s t r u c t u r e  o r  ope ra t ing  mechanism models i n  c o n t r a s t  
t o  applying numerical methods t o  more c l o s e l y  r e p r e s e n t a t i v e  models. 

This  p u b l i c a t i o n  d e a l s  only wi th  t h e  l i m i t  e f f i c i e n c y  ob ta inab le  by a p p l i -  
c a t i o n  of t h e  base  a n a l y t i c a l  method t o  t h e  s imp les t  i dea l i zed  s o l a r  c e l l  

*This work w a s  performed i n  connect ion w i t h  t h e  a c t i v i t i e s  of t h e  Advisory 
Group on High Performance, Low-Cost So la r  C e l l s  t o  t h e  DOE/JPL LSA Program, and 
was p a r t i a l l y  supported by t h e  U.S. Department of Energy through t h e  Jet Pro- 
pu l s ion  Laboratory under c o n t r a c t  No. KM 68903. 



s t r u c t u r e .  It con ta ins  a d e s c r i p t i o n  of t h e  methodology, of t h e  s o l a r  c e l l  
s t r u c t u r e ,  of t h e  s e l e c t i o n  of t h e  m a t e r i a l  parameters used i n  t h e  eva lua t ion ,  
and a d i scuss ion  of t h e  r e s u l t s ,  inc luding  a new s e t  of des ign  goa l s  der ived  
from t h e  l i m i t  e f f i c i e n c y .  Fu r the r  pub l i ca t ions ,  i n  p repa ra t ion ,  w i l l  extend,  
i n  a s imple way, t h e  one-dimensional a n a l y t i c a l  method which is accu ra t e ly  
a p p l i c a b l e  a t  low l e v e l  i n j e c t i o n  t o  any quas i -neut ra l  r eg ion  wi th  cons t an t  
parameters i n  t h e  device ,  t o  gene ra l  m u l t i l a y e r  s t r u c t u r e s ,  and apply it t o  
s o l a r  c e l l s  wi th  a t  l e a s t  2 t o  3 l a y e r s  i n  each of t h e  two main reg ions  of t h e  
device ,  c l o s e l y  approximating c u r r e n t l y  r e a l i z a b l e  s t r u c t u r e s .  

DIFFERENCES TO PRIOR EVALUATIONS OF SOLAR CELL LIMIT EFFICIENCY 

A s i g n i f i c a n t  number of endeavors have previous ly  been undertaken a t  de- 
termining a " l i m i t  e f f i c i ency"  of s o l a r  c e l l s  i n  gene ra l ,  and i n  p a r t i c u l a r  
of s i l i c o n  s o l a r  c e l l s .  These endeavours f a l l  e s s e n t i a l l y  i n t o  two groups: 
I n  t h e  f i r s t ,  t h e  r e s e a r c h e r s  have t r i e d  t o  e s t a b l i s h  an  "absolu te  t h e o r e t i c a l  
e f f i c i ency"  based on t h e  a p p l i c a t i o n  of b a s i c  phys i ca l  p r i n c i p l e s  only,  with- 
ou t  i n t r o d u c t i o n  of s t r u c t u r e  o r  material parameters .  Some of t h e s e  approaches 
were based p r imar i ly  on t h e  laws of thermodynamics ( r e f .  3 ) .  The l a r g e r  num- 
be r  of endeavours f a l l  i n t o  t h e  second group, having been based on contemporary 
semiconductor dev ice  a n a l y s i s  methods, app l i ed  t o  a somewhat i d e a l i z e d  device  
s t r u c t u r e ,  and us ing ,  a t  t h e  t ime,  r e a l i s t i c  appearing m a t e r i a l  p rope r t i e s .  
I n  t h i s  second group, t h e  s t r u c t u r e s  were i d e a l i z e d  i n  s o  f a r  as known, tech- 
nology-limited e f f e c t s  were ex t r apo la t ed  t o  l e v e l s  which appeared t o  be  
achieveable  i n  t h e  f u t u r e ,  o r  t o  t h e  100% performance l e v e l ,  where t h e  l o s s e s  
r e s u l t i n g  from such e f f e c t s  were a l r e a d y  r a t h e r  s m a l l .  Following t h e  c u r r e n t  
penchant f o r  abb rev ia t ions ,  t h i s  second group might s u i t a b l y  be c l a s s i f i e d  as 
ReMPIDS modeling, w i t h  t h e  abb rev ia t ion  s tanding  f o r  " r e a l i s t i c  m a t e r i a l  para- 
me te r s / i dea l i zed  device  s t r u c t u r e . "  

There a r e  c l e a r l y  t h r e e  preceding genera t ions  of t h e  ReMPIDS approach 
d i s c e r n i b l e ,  s o  t h a t  t h e  c u r r e n t  undertaking would r ep re sen t  t h e  f o u r t h  genera- 
t i o n .  The preceding genera t ions  d a t e  t o  t h e  1953-55 per iod  ( r e f .  4 ) ,  t h e  
1958-61 pe r io f  ( r e f .  5 ) ,  and t o  1970 ( r e f .  1 ) .  The 1970 model, developed f o r  
a committee commissioned by t h e  Nat iona l  Academy of Sciences,  w a s  concerned 
p r imar i ly  w i th  i l l u m i n a t i n g  t h e  t echno log ica l ly  f e a s i b l e  appearing methods 
f o r  improving t h e  e f f i c i e n c y  of t h e  s i l i c o n  s o l a r  c e l l s  beyond t h a t  a t  which 
they had s tagnated  f o r  a number of yea r s .  

The key r e s u l t s  of t h i s  1970 a n a l y s i s  included t h e  p o t e n t i a l  c o l l e c t i o n  
e f f i c i e n c y  inc rease  from t h e  contemporary l e v e l  of 72% t o  about 88% by im- 
proving t h e  short-wavelength response of t h e  dev ice  through th i ckness  r educ t ion  
of t h e  d i f f u s e d  r eg ion  and a modest decrease  of t h e  " e f f e c t i v e  s u r f a c e  recom- 
b i n a t i o n  ve loc i ty"  a t  t h e  f r o n t  s u r f a c e  of t h e  c e l l ,  and a d d i t i o n a l l y  through 
a moderate i n c r e a s e  of t h e  d i f f u s i o n  l e n g t h  i n  t h e  base  r eg ion ,  as w e l l  as a 
smal l  r educ t ion  i n  t h e  r e f l e c t a n c e  of t h e  f r o n t  su r f ace .  A l a r g e r  e f f i c i e n c y  
improvement was expected from a n  i n c r e a s e  i n  t h e  open c i r c u i t  v o l t a g e  and t h e  
curve f a c t o r .  Based on applying Shockley's d i f f u s i o n  theory  f o r  PN junc t ion  
c h a r a c t e r i s t i c s  and t h e  Shockley-Read theory  of recombination, t h i s  improve- 
ment was p red ic t ed  t o  be  achieved p r imar i ly  by reducing t h e  r e s i s t i v i t y  of 
t h e  base r eg ion  wi th  maintenance of a reasonable  minor i ty  c a r r i e r  s a t u r a t i o n  
l i f e t i m e  a t  t h e s e  lower r e s i s t i v i t i e s .  The fo l lowing  assumptions had been 



made i n  t h a t  a n a l y s i s ,  which were c h a r a c t e r i s t i c  of t h e  understanding of t h a t  
time: ( a )  t h e  s u r f a c e  recombination v e l o c i t y  approaches i n f i n i t y  under t h e  
ohmic c o n t a c t s ,  and is  very  h igh  and only moderately in f luenceab le  on t h e  open 
f r o n t  su r f ace ;  (b) t h e  onse t  of Auger recombination and of band-gap narrowing 
a t  very h igh  impuri ty  l e v e l s  w a s  no t  recognized;  (c )  wide-base diode a n a l y s i s  
was app l i ed  s i n c e  it appeared v a l i d  on t h e  b a s i s  of contemporary d i f f u s i o n  
l eng th  t o  o r  beyond t h e  base width had not  been recognized which might have 
n e c e s s i t a t e d  t h e  a p p l i c a t i o n  of app ropr i a t e  c o r r e c t i o n  f a c t o r s  f o r  narrow 
base widths i n  t h e s e  measurements. 

The improvements i n  t h e  c o l l e c t i o n  e f f i c i e n c y  predic ted  by t h e  1970 
ReMFIDS modeling e f f o r t ,  were achieved r a t h e r  qu ick ly  and amazingly c l o s e  t o  
t h e  p red ic t ed  va lue  ( r e f .  6). However, t h e  long wavelength c o l l e c t i o n  improve- 
ment and t h e  r e f l e c t a n c e  r educ t ion  were achieved e s s e n t i a l l y  by a  c l e v e r  work- 
around, namely by t e x t u r i n g  t h e  f r o n t  s u r f a c e  of t h e  s o l a r  c e l l  ( r e f .  7 ) .  I n  
a d d i t i o n ,  cons iderable  e f f o r t s  have been spent  t o  achieve  t h e  p red ic t ed  v o l t -  
age and curve f a c t o r  improvements, b u t  open c i r c u i t  vo l t ages  exceeding approxi- 
mately 0.62 Vol t  a t  280C could no t  be  obta ined .  Consequently, numerous specu- 
l a t i o n s  f o r  t h e  p o t e n t i a l  causes of t h i s  apparent  "open c i r c u i t  v o l t a g e  l i m i t a -  
t ion"  were advanced, which g radua l ly  narrowed down t o  t h e  most l i k e l y  e f f e c t s  
of Auger recombination ( r e f .  8) and bandgap narrowing ( r e f .  9 ) .  (Table I )  

I n  a d d i t i o n  t o  t h e  i n t r o d u c t i o n  of t h e  " textured" s o l a r  c e l l  su r f ace ,  
an o p t i c a l  i n t e r n a l l y  r e f l e c t i n g  back con tac t  has  a l s o  been introduced i n  re- 
cen t  yea r s  ( r e f .  10 ) .  While t h e  former causes t h e  photons t o  t r a n s i t  t h e  
s o l a r  c e l l  bu lk  m a t e r i a l ,  be fo re  absorp t ion ,  under obl ique  ang le s  r a t h e r  than  
normal, i n  normally i n c i d e n t  l i g h t ,  t h e  l a t t e r  provides a second chance f o r  
abso rp t ion ,  wi th  charge c a r r i e r  genera t ion ,  f o r  t hose  photons which would o ther -  
wise have been absorbed, without  c a r r i e r  genera t ion ,  a t  t h e  back con tac t  sur-  
face .  Thus, bo th  measures s e r v e  t o  c r e a t e  t h e  e f f e c t ,  f o r  t h e  absorp t ion  of 
photons, of t h e  e x i s t e n c e  of a  t h i c k e r  wafer than  i s  a c t u a l l y  used. 

I n  p a r a l l e l  t o  t h e s e  experimental  e f f o r t s ,  t h e  understanding of t h e  c e l l  
opera t ing  mechanisms a l s o  advanced f u r t h e r .  I n  1972, i t  had a l r eady  been shown 
t h a t  a  d r i f t  f i e l d  i n  a  p a r t  of t h e  base  r eg ion  can be used t o  cons iderably  re- 
duce t h e  in f luence  on t h e  c o l l e c t i o n  e f f i c i e n c y  normally exer ted  by t h e  high 
s u r f a c e  recombination v e l o c i t y  from t h e  back con tac t  ( r e f .  11) .  Simultaneously, 
i t  was recognized t h a t  wi th  t h e  contemporary tendency t o  i nc reas ing  d i f f u s i o n  
l eng ths  and decreas ing  base  r eg ion  th i cknesses ,  t h e  t r a n s i t i o n  t o  i n t e rmed ia t e  
width and narrow width base  r eg ions  was occurr ing .  Consequently, t h e  d iode  
s a t u r a t i o n  c u r r e n t  should be expressed as 

- - jo joyw (GF) 

where j ,w is  t h e  commonly used s a t u r a t i o n  c u r r e n t  f o r  t h e  wide base d iode ,  
and (GF? i s  a  dimensionless  "geometry f ac to r " ,  which d e s c r i b e s  t h e  in f luence  
of t h e  phys i ca l  con f igu ra t ion  ( r e f .  12 ,  11) (Fig.  1 ) .  It thus  was shown, 
t h a t  t h e  da rk  d iode  s a t u r a t i o n  c u r r e n t  i n  i n t e rmed ia t e  and narrow base d iodes  
can be cons iderably  l a r g e r  o r  smal le r  than t h e  corresponding s a t u r a t i o n  c u r r e n t  
i n  t h e  wide base diode,  depending on t h e  magnitude of t h e  s u r f a c e  recombination 
v e l o c i t y  ( r e f .  11 ) .  About t h e  same t ime,  i n t e r e s t  s t a r t e d  t o  s t e a d i l y  grow 
i n  t h e  a p p l i c a t i o n  of a  d r i f t  f i e l d  i n  a  narrow p a r t  of t h e  base  r eg ion  near  
t h e  back con tac t  s u r f a c e  which g radua l ly  l e d  t o  t h e  co in ing  of t h e  name "Back 



Surface Field" (BSF) solar cell (ref. 13). A great deal of speculation has 
developed about the actual influence of such a drift field on the carrier 
transport in the base region which is still not fully resolved. Also, applica- 
tion of the narrow-base corrections in the measurements of diffusion length in 
solar cells has started, and amazingly long diffusion lengths were found (ref. 
14). But despite the gradually growing acceptance of these new recognitions, 
they have not been applied to a reevaluation of the limit efficiency of the 
silicon solar cell. 

The current application of the ReMPIDS model thus differs from the last 
prior one in the following details: (a) the availability of high minority car- 
rier lifetime material, with consequently long diffusion lengths; (b) the appli- 
cability of intermediate width or narrow-base diode theory, partially in conse- 
quence of point a); (c) the surface recombination velocity has no longer to be 
reckoned with as a nature-given, essentially unalterable effect since both theo- 
retical and experimental efforts have indicated that the influence sf surface 
recombination velocity can be greatly reduced by applying drift field regions, 
inversion layers, or wide band-gap windows; (d) thinner base regions can be ad- 
vantageously used by application of a textured cell front surface and an opti- 
cal internally reflecting back contact; and (e) the application of very low re- 
sistivity material entails the introduction of Auger recombination, bandgap 
narrowing, and possibly other performance degrading effects. 

As an outcome of point (a) above, "realistic material parameters" should 
now include the use of minority carrier lifetime values as obtained on the 
best recently available silicon. These values are approximately an order of 
magnitude higher than those used previously. Also, in consequence of point (c) 
above, the "idealized device structure" can appropriately include the use 
of zero surface recombination velocity on both the front and back surfaces of 
the solar cell. 

THE ANALYTICAL MODEL 

The analytical model used is a transport equation for minority carriers 
derived from the Shockley equations (ref. 15) which contain descriptions of 
the continuity of charge carrier flow, including generation and recombination, 
for both electrons and holes, and of the electrical current based on diffusion 
and on drift of charge carriers, again for holes and electrons. The generation 
term in this transport equation is based on charge carrier pair generation by 
photon absorption, with a wavelength dependent absorption coefficient according 
to the specific semiconductor used, and to the operating temperature. The pho- 
ton incidence is assumed to be uniform over the light-exposed surface of the 
solar cell. Also, the geometry of the device is taken as plane and parallel 
to the front surface, and the two dimensions of these planes are assumed to be 
very large compared to the diffusion length of the minority carriers, so that 
surface effects at the edges of the device can be neglected. These two assump- 
tions, together with a third one stipulating the uniformity of all relevant 
material parameters in the planes parallel to the front surface, permit the 
transport equation be written and solved in one-dimensional form. In addition 
to this condition of "planar uniformity", the condition of "low level injectionff 
is imposed to obtain independence of the minority carrier lifetime from carrier 
concentration, and to avoid the requirement for coupled solution with a second 



t r a n s p o r t  equat ion  desc r ib ing  t h e  ma jo r i t y  c a r r i e r  flow. The t h i r d  key con- 
d i t i o n  imposed is t h a t  of maintenance of "space charge n e u t r a l i t y "  which eli- 

minates  t h e  need f o r  us ing  t h e  Poisson equat ion  a s  a f u r t h e r  coupled d i f f e r e n -  
t i a l  equat ion.  

With t h e s e  t h r e e  cond i t i ons ,  and f o r  t h e  s teady  s t a t e  c a s e  of i n t e r e s t  
here ,  t h e  t r a n s p o r t  equat ion  becomes a n  inhomogeneous one-dimensional, l i n e a r ,  
second o r d e r  d i f f e r e n t i a l  equat ion,  which can be  a n a l y t i c a l l y  solved f o r  cer -  
t a i n  ca ses .  Imposing t h e  low l e v e l  i n j e c t i o n  cond i t i on  i s  ins t rumenta l  i n  pro- 
v id ing  l i n e a r i t y  of t h e  d i f f e r e n t i a l  equat ion,  and maintaining t h e  l i n e a r i t y  
of t h e  t r a n s p o r t  equat ion  permi ts  t h e  supe rpos i t i on  of t h e  d i f f e r e n t  s o l u t i o n s  
a r i s i n g  from va r ious  fo rc ing  func t ions .  Such f o r c i n g  func t ions  desc r ibe ,  
f o r  i n s t ance ,  minor i ty  c a r r i e r  i n j e c t i o n  a c r o s s  t h e  pn junc t ion  due t o  forward 
b i a s ,  o r  t h e  gene ra t ion  of minor i ty  c a r r i e r s  from photons wi th in  a given wave- 
l eng th  band of t h e  s p e c t r a l  d i s t r i b u t i o n  of t h e  l i g h t  source.  This l a t t e r  fea-  
t u r e  provides t h e  p o s s i b i l i t y  of ob ta in ing  s e p a r a t e  s o l u t i o n s ,  and thus  ind i -  
v i d u a l  l i g h t  generated c u r r e n t  c o n t r i b u t i o n s ,  f o r  each i n d i v i d u a l  s p e c t r a l  
range, and t h e  supe rpos i t i on  of t h e s e  s o l u t i o n s  over  t h e  whole s p e c t r a l  d i s t r i -  
bu t ion  of t h e  source ,  t o  o b t a i n  t h e  t o t a l  l i g h t  generated cu r r en t .  S imi l a r ly ,  
s e p a r a t e  s o l u t i o n s  of t h e  t r a n s p o r t  equat ion ,  ob ta ined  f o r  t h e  two major re- 
gions of t h e  s o l a r  c e l l s ,  can be  superimposed both f o r  t h e  l i g h t  generated cur- 
r e n t  and t h e  d i f f u s i o n  c u r r e n t  i n j e c t e d  ac ros s  t h e  PN-junction under forward 
b i a s  condi t ion .  The two major reg ions  of t h e  device  a r e  t h e  f r o n t  reg ion ,  
which is  defined a s  t h e  reg ion  between t h e  l i g h t  exposed f r o n t  s u r f a c e  of t h e  
device  and t h e  boundary s u r f a c e  between t h e  dep le t ion  reg ion  of t h e  PN junc t ion  
and t h i s  l a y e r ;  and t h e  base reg ion ,  which i s  t h e  reg ion  between t h e  back 
s u r f a c e  of t h e  c e l l  and t h e  boundary s u r f a c e  between t h e  dep le t ion  r eg ion  and 
t h i s  base l aye r .  The t h i r d  major r eg ion  i s  the  dep le t ion  reg ion  of t h e  PN 
junc t ion ,  which a l s o  c o n t r i b u t e s  l i g h t  generated cu r r en t .  For t h e  i d e a l i z e d  
device  s t r u c t u r e ,  t h e  assumption has been made t h a t  recombination does not  t a k e  
p l ace  i n  t h i s  d e p l e t i o n  reg ion ,  r e s u l t i n g  i n  100% c o l l e c t i o n  e f f i c i e n c y  f o r  
t h i s  region.  

Through t h e  a d d i t i o n a l  assumption of constancy i n  t h e  d i r e c t i o n  of minor i ty  
c a r r i e r  mob i l i t y  and l i f e t i m e  and, where p re sen t ,  t h e  d r i f t  f i e l d ,  throughout 
a  r eg ion  of t h e  semi-conductor device  f o r  which a  s o l u t i o n  of t h e  d i f f e r e n t i a l  
equat ion  i s  t o  be  found, t h e  t r a n s p o r t  equat ion  becomes a  d i f f e r e n t i a l  equa- 
t i o n  wi th  cons t an t  c o e f f i c i e n t s ,  f o r  which a n  a n a l y t i c a l  s o l u t i o n  can b e  
r e a d i l y  found ( r e f .  16 ) .  I n  most ca ses  where t h e  condi t ions  and assumptions 
ou t l i ned  he re  are n o t  f u l f i l l e d ,  on ly  numerical methods can b e  app l i ed  t o  t h e  
s o l u t i o n  of t h e  t r a n s p o r t  equat ion  o r  t h e  coupled system of equat ions .  For 
t he  i d e a l i z e d  device  s t r u c t u r e  t r e a t e d  he re ,  t h e  a n a l y t i c a l  s o l u t i o n  is f u l l y  
app ropr i a t e .  However, f o r  most r e a l  s i l i c o n  s o l a r  c e l l  s t r u c t u r e s ,  and under 
many of t h e i r  a p p l i c a t i o n s ,  t h e  a n a l y t i c a l  method a l s o  provides a  very good 
approximation, as long a s  i t  is  r e a l i z e d  t h a t  i t  cannot y i e l d  informat ion  f o r  
c e r t a i n  e f f e c t s  which may be i n t e r e s t i n g  f o r  s tudy.  

The gene ra l  s o l u t i o n  of t h e  t r a n s p o r t  equat ion  i s  subjec ted  t o  t he  appro- 
p r i a t e  boundary cond i t i ons  which, i n  t h i s  p a r t i c u l a r  a p p l i c a t i o n ,  i nc lude  
zero s u r f a c e  recombination v e l o c i t y  a t  both t h e  f r o n t  and t h e  back su r f aces .  
The PN junc t ion  i t s e l f  is  modeled according t o  Shockley's d i f f u s i o n  theory 
which means t h a t  t h e  i n j e c t i o n  c u r r e n t s  a r e  based exc lus ive ly  on recombination 



w i t h i n  t h e  bu lk  and a t  t h e  s u r f a c e s  of t h e  n e u t r a l  reg ions .  It has  been shown 
i n  c a r e f u l l y  prepared s o l a r  c e l l s  t h a t  t h e  recombination c u r r e n t  from t h e  
d e p l e t i o n  r eg ion  can be  made n e g l i g i b l y  smal l  i n  t h e  p a r t  of t h e  I -V charac te r -  
i s t i c  near  t h e  maximum power p o i n t ,  which is  t h e  only  p a r t  of i n t e r e s t  f o r  t h e  
es tab l i shment  of t h e  l i m i t  conversion e f f i c i e n c y .  The d i f f u s i o n  o r  i n j e c t i o n  
c u r r e n t  is  determined f o r  both r eg ions  according t o  t h e  impuri ty  concent ra t ions  
chosen f o r  t h e  ind iv idua l  c e l l  s t r u c t u r e .  A s ingle-s ided i n j e c t i o n  model is  n o t  
used. Also, t h e  d i f f u s i o n  c u r r e n t s  a r e  obtained f o r  t he  a c t u a l  th icknesses  of 
t h e  two r eg ions  chosen f o r  t h e  c e l l  s t r u c t u r e ,  so  t h a t  t h e i r  de te rmina t ion  is  
n o t  l i m i t e d  by e i t h e r  wide base  o r  narrow base  assumptions. Although recombi- 
n a t i o n  i n  t h e  d e p l e t i o n  r eg ion  i s  neglec ted ,  i t s  width  is  n o t  assumed t o  b e  zero ,  
bu t  is  ca l cu la t ed  from t h e  l i n e a r  graded junc t ion  model. The d i f f u s i o n  c u r r e n t s  
a r e  then determined f o r  t h e  a c t u a l  dimensions of t h e  n e u t r a l  reg ions .  

The computations of t h e  l i g h t  generated c u r r e n t s  have been based on t h e  
Airmass 1 s u n l i g h t  spectrum. Its s p e c t r a l  d i s t r i b u t i o n  and i r r a d i a n c e  have 
been der ived  from t h e  A i r m a s s  0 s p e c t r a l  d i s t r i b u t i o n ,  wi th  an  i r r a d i a n c e  of 
135.3 mW cm-2, according t o  t h e  NASA/ASTM Standard (Ref. 1 7 ) .  Th i s  d e r i v a t i o n  
has been based on t h e  computation of t h e  atmospheric absorp t ion  us ing  t h e  
Bouguer r e l a t i o n s h i p  (Ref. 1 8 ) ,  by assuming an  ozone con ten t  of 2.5 mm, a 
p r e c i p i t a b l e  water con ten t  of 10  rnm, and a d u s t  conten t  of t he  atmosphere of 300 
p a r t i c l e s  per  cubic  meter .  A t o t a l  d i r e c t  Airmass 1 i r r a d i a n c e  of 99.3 mW cm-2 
is  thus  obta ined ,  and no i n d i r e c t  r a d i a t i o n  has  been added. 

The s o l u t i o n s  of t h e  t r a n s p o r t  equat ion  under t h e  app ropr i a t e  boundary con- 
d i t i o n s  a r e  a v a i l a b l e  i n  a computer program which s t e p s ,  i n  50 nm wavelength 
increments,  through t h e  whole Airmass 1 s o l a r  spectrum t o  determine t h e  t o t a l  
l i g h t  generated c u r r e n t  c o n t r i b u t i o n s  from each of t h e  t h r e e  r eg ions  of t h e  
s o l a r  c e l l ,  a s  w e l l  a s  t h e  t o t a l  f o r  t h e  c e l l .  S imi l a r ly ,  applying t h e  cor res -  
ponding s o l u t i o n  of t h e  t r a n s p o r t  equat ion  without  t h e  gene ra t ion  t e r m  provides 
t h e  d i f f u s i o n  c u r r e n t  from t h e  f r o n t  and t h e  base  r eg ions  f o r  zero b i a s  con- 
d i t i o n .  Having obtained t h e  t o t a l  l i g h t  generated c u r r e n t  and t h e  d i f f u s i o n  
c u r r e n t ,  t h e  e n t i r e  cur ren t -vol tage  c h a r a c t e r i s t i c  f o r  t h e  idea l i zed - s t ruc tu re  
s o l a r  c e l l  is  determined. I n  an  i t e r a t i o n  procedure, t h e  maximum power p o i n t  of 
t h i s  cur ren t -vol tage  c h a r a c t e r i s t i c  is  then found, u s ing  a s e r i e s  r e s i s t a n c e  
va lue  en tered  a s  a parameter i n t o  t h e  computation. For t h e  c u r r e n t  eva lua t ions  
of an i d e a l i z e d  model, t h i s  s e r i e s  r e s i s t a n c e  i s  assumed t o  be  zero.  

It may b e  noted t h a t  f o r  t h e  v a l u e s  of impuri ty  concen t r a t ion  assumed f o r  
t h e  f r o n t  and t h e  base  r eg ions ,  t h e  cond i t i on  of low l e v e l  i n j e c t i o n  is  main- 
ta ined  f o r  t h e  l i g h t  generated c u r r e n t  i n  any p a r t  of t h e  c e l l  up t o  l i g h t  
i n t e n s i t i e s  which would correspond t o  moderate o p t i c a l  concen t r a t ion  r a t i o s ,  i.e. 
r a t i o s  i n  t h e  10  t o  100 range. 

A v i o l a t i o n  of t h e  low l e v e l  i n j e c t i o n  cond i t i on  can a r i s e ,  however, from 
t h e  d i f f u s i o n  c u r r e n t  i n  c e r t a i n  device  con f igu ra t ions  (Ref. 19 ) .  This  s i t u a t i o n  
can occur ,  f o r  i n s t ance ,  i n  r eg ions  ad j acen t  t o  t h e  d e p l e t i o n  reg ion ,  which a r e  
very  narrow compared t o  a d i f f u s i o n  l eng th ,  and out  of which very  l i t t l e  minor i ty  
c a r r i e r  f low occurs ,  as would b e  t h e  c a s e  from l a y e r s  w i t h  low s u r f a c e  recombi- 
n a t i o n  v e l o c i t y .  Also, l a r g e  d i f f u s i o n  c u r r e n t s  a r e  needed p r imar i ly  a t  o r  
near  t h e  open c i r c u i t  condi t ion ,  a t  which t h e  d i f f u s i o n  c u r r e n t  has  t o  be  equal  



and oppos i t e  t o  t h e  l i g h t  generated c u r r e n t .  This  phenomenon is i l l u s t r a t e d  i n  
Fig. 2, s i m p l i f i e d  by cons ider ing  a l l  l i g h t  generated c u r r e n t  t o  be  o r i g i n a t i n g  
from t h e  base  r eg ion ,  and a l l  d i f f u s i o n  c u r r e n t  flowing i n t o  t h e  base  region.  
F igure  2 shows t h a t  t h e  c u r r e n t  e q u a l i t y  r e q u i r e s  

assuming t h a t  both c u r r e n t s  a r e  p r i n c i p a l l y  based,  near  t h e  d e p l e t i o n  reg ion ,  on 
c a r r i e r  d i f f u s i o n .  The s u b s c r i p t s  "L" and "d" i n d i c a t e  minor i ty  c a r r i e r s  re-  
s u l t i n g  from l i g h t  gene ra t ion  and i n j e c t i o n  a c r o s s  t h e  d e p l e t i o n  reg ion ,  r e s -  
pec t ive ly .  x denotes  t h e  d e p l e t i o n  r eg ion  boundary on t h e  base  s i d e ,  It is 
thus  t h e  j y B  m ino r i ty  c a r r i e r  d e n s i t y  g r a d i e n t s ,  and n o t  t h e  d e n s i t i e s  them- 
s e l v e s ,  t h a t  have t o  be  equal .  I n  f a c t ,  t h e  d i f f u s i o n  c u r r e n t  equals  t h e  t o t a l  
recombination i n  t h e  base  reg ion ,  p o s t u l a t i n g  n e g l i g i b l e  minor i ty  c a r r i e r  out- 
flow. But t h e  recombination r a t e  U is p ropor t iona l  t o  t h e  minor i ty  c a r r i e r  
d e n s i t y ,  i n  low l e v e l  condi t ion .  Thus, i f  t h e  minor i ty  c a r r i e r  l i f e t i m e  (-c ) i s  n 
l a r g e ,  a h igh  minor i ty  c a r r i e r  d e n s i t y  i s  needed t o  achieve  a  g iven  recombination 
r a t e .  Th i s  i s  commonly expressed i n  t h e  "charge c o n t r o l  model" 

where T i s  kep t  cons t an t  i n  accordance wi th  t h e  low l e v e l  condi t ion .  Qn is  t h e  
n 

t o t a l  charge  s to red  i n  t h e  base  r eg ion  by minor i ty  c a r r i e r s  n  i n j e c t e d  ac ros s  
d 

t h e  d e p l e t i o n  reg ion ,  n  being t h e  equi l ibr ium minor i ty  c a r r i e r  concent ra t ion .  
Thus n can be much l a r g e r  than  d 2, and can begin t o  v i o l a t e  t h e  "low l e v e l "  
c o n d i t ~ o n ,  o r  even approach t h e  "high l e v e l "  cond i t i on ,  long be fo re  l eaves  
t h e  low l e v e l  s i t u a t i o n .  

Here, however, on ly  the  de te rmina t ion  of t h e  l i m i t  e f f i c i e n c y  is  of con- 
ce rn ,  which e n t a i l s  a performance eva lua t ion  a t  o r  near  t h e  maximum power po in t .  
A t  t h i s  p o i n t ,  t h e  needed d i f f u s i o n  c u r r e n t  d e n s i t y  is  approximately a n  order  
of magnitude smal le r  than  t h a t  f o r  t h e  open c i r c u i t  condi t ion .  Thus, t h e  low 
l e v e l  i n j e c t i o n  cond i t i on  i n  t h i s  p a r t  of t h e  I-V c h a r a c t e r i s t i c  i s  s t i l l  main- 
ta ined  i n  nea r ly  a l l  p r a c t i c a l  c a s e s  of concern here .  

THE "REALISTIC MATERIAL PARAMETERS" 

The eva lua t ion  of t h e  l i m i t  s o l a r  c e l l  performance has  been performed f o r  a  



range  of r e s i s t i v i t i e s  i n  t h e  base  and f r o n t  r eg ions  of t h e  c e l l ,  r e s p e c t i v e l y .  
I n  most ca ses ,  t h e  f r o n t  r eg ion  r e s i s t i v i t y  has  been made a t  l e a s t  one o rde r  of 
magnitude lower than  t h e  r e s i s t i v i t y  of t h e  base  reg ion .  However, t o  avoid 
complicat ions encountered through t h e  onse t  of bandgap narrowing, through a se- 
v e r e  i n f luence  of Auger recombination, o r  o t h e r  p o s s i b l e  ve ry  low r e s i s t i v i t y  
e f f e c t s ,  t h e  h i g h e s t  impur i ty  concen t r a t ion  used i n  t hese  c a l c u l a t i o n s  has  been 
2x1018 cm-3 . 

The key m a t e r i a l  parameters  needed f o r  t h e  c a l c u l a t i o n s  a r e  t h e  minor i ty  
c a r r i e r  mob i l i t y  and t h e  minor i ty  c a r r i e r  l i f e t i m e .  For t h e  minor i ty  c a r r i e r  
mob i l i t y ,  r e l a t i v e l y  r e c e n t  experimental  d a t a  have been used (Ref. 20). For t h e  
minor i ty  c a r r i e r  l i f e t i m e ,  a s e t  of va lues  a t  t h r e e  d i f f e r e n t  r e s i s t i v i t i e s ,  
was chosen which i s  r e p r e s e n t a t i v e  of experimental  va lues  r epea t ed ly  found i n  
t h e  b e s t  a v a i l a b l e  s i l i c o n  of t h e  r e s p e c t i v e  r e s i s t i v i t i e s .  (See t h e  3 po in t s  
shown i n  Fig.  3) These minor i ty  c a r r i e r  l i f e t i m e s  a r e  t h e r e f o r e  thought t o  b e  
f u l l y  w i t h i n  t h e  c a p a b i l i t y  of today ' s  s i l i c o n  m a t e r i a l  technology and should, 
once a p p r o p r i a t e  a t t e n t i o n  i s  pa id  t o  t h i s  a s p e c t ,  be  produceable i n  q u a n t i t y  
a t  accep tab le  p r i c e s  f o r  s o l a r  c e l l  manufacture.  These l i f e t i m e  va lues  a r e  
a p p l i c a b l e  i n  bo th  n-type and p-type m a t e r i a l .  L i f e t ime  va lues  a t  r e s i s t i v i t i e s  
o the r  than  t h e  t h r e e  g iven  p o i n t s  were obta ined  by i n t e r p o l a t i o n  and extrapola-  
t i o n  us ing  Shockley-Read recombination theory and Auger recombination. (Ref. 21) 
(Fig. 3) The d a t a  of F i sche r  and Pschunder (Ref. 8 )  show t h e  a v a i l a b i l i t y  of 
1 m s  l i f e t i m e s  a l r eady  a t  a 1 R r e s i s t i v i t y ,  and i n d i c a t e  a very  h igh  s a t u r a t i o n  
l i f e t i m e  based on a s m a l l  concen t r a t ion  of deep l e v e l s ,  s o  t h a t  no in f luence  of 
doping concen t r a t ion  occurs ,  o u t s i d e  of Auger recombination. 

THE IDEALIZED SOLAR CELL STRUCTURE 

A s  was o u t l i n e d  i n  t h e  s e c t i o n  on t h e  " a n a l y t i c a l  model", t h e  b a s i c  s o l a r  
c e l l  s t r u c t u r e  is assumed t o  be  p l ane  p a r a l l e l ,  and extending, i n  t h e  l a t e r a l  
dimensions, f a r  i n  comparison t o  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 .  The 
b a s i c  c e l l  s t r u c t u r e  i s  assumed t o  c o n s i s t  of t h r e e  reg ions :  t h e  f r o n t  reg ion ,  
t h e  t r a n s i t i o n  reg ion ,  and t h e  base  reg ion ,  arranged i n  t h i s  o rde r  counting 
from t h e  f r o n t  s u r f a c e  of t h e  c e l l .  A s  w a s  mentioned, t h e  width of t h e  t r a n s i -  
t i o n  r eg ion  is  computed us ing  t h e  l i n e a r  graded junc t ion  model. While recombi- 
n a t i o n  i n  t h i s  r e g i o n  is  assumed t o  b e  zero,  t h e  c o l l e c t i o n  e f f i c i e n c y  of t h i s  
r eg ion  i s  assumed t o  be  100%. The f r o n t  and t h e  base  r eg ions  of t h e  c e l l  have 
been assumed t o  have cons t an t  m a t e r i a l  parameters  throughout,  and t o  be  f r e e  of 
any e l e c t r o s t a t i c  f i e l d .  

A s  a n  e x t r a p o l a t i o n  from c u r r e n t  technology c a p a b i l i t i e s ,  t h e  s u r f a c e  recom- 
b i n a t i o n  v e l o c i t i e s  a t  t h e  f r o n t  and t h e  back s u r f a c e s  of t h e  c e l l  have been 
assumed t o  b e  zero.  This  assumption can be  i n t e r p r e t e d  i n  a d i f f e r e n t  way: 
There could be  a n  i d e a l i z e d  l a y e r ,  i n  f r o n t  of t h e  f r o n t  reg ion ,  of such proper- 
t i e s  t h a t  i t  t r ansmi t s  100% of t h e  incoming photons i n t o  t h e  s o l a r  c e l l ,  b u t  
t ransforms t h e  e l e c t r o n i c  p r o p e r t i e s  of t h e  open s u r f a c e  s o  t h a t ,  a t  t h e  i n t e r -  
f a c e  of t h i s  a d d i t i o n a l  f r o n t  l a y e r  w i t h  t h e  a c t i v e  f r o n t  l a y e r  of t h e  c e l l ,  a 
boundary e x i s t s  i n t o  which no minor i ty  c a r r i e r  c u r r e n t  f lows.  Simultaneously, 
t h e  i n t e r f a c e  and t h e  l a y e r  i t s e l f  s h a l l  have no r e s i s t a n c e  t o  ma jo r i t y  c a r r i e r  
c u r r e n t  flow. Such a l a y e r  might be  a "window l aye r "  of a wide band gap ma- 



t e r i a l ,  s i m i l a r  t o  t h e  usage i n  t h e  G a  A 1  A s / ~ a A s  s o l a r  c e l l s ,  o r  a l a y e r  in- 
x 1-x 

co rpo ra t ing  a "high low junction", o r  a n  inve r s ion  l a y e r .  A s i m i l a r  i dea l i zed  
l a y e r  could be assumed t o  be i n t e r s p e r s e d  between t h e  r e a l  back s u r f a c e  of t h e  
c e l l  and t h e  base  reg ion .  This  l a y e r  would have t h e  same e l e c t r o n i c  p r o p e r t i e s  
as t h e  " idea l i zed  window layer" ,  b u t  i t  needs n o t  t o  be  t r anspa ren t  t o  photons. 
This  l a y e r  would, however, have t o  e f f e c t  a s u i t a b l e  t ransformat ion  from t h e  
e l e c t r o n i c  p r o p e r t i e s  of an  ohmic c o n t a c t  which normally has  a much h igher  sur- 
f a c e  recombination v e l o c i t y  than  an  open s u r f a c e  should have, and which gene ra l ly  
covers  t h e  e n t i r e  back s u r f a c e  of t h e  c e l l .  

Two a d d i t i o n a l  f e a t u r e s  have been incorpora ted  i n t o  t h e  s o l a r  c e l l  s t r u c -  
t u r e .  The f i r s t  is t h e  assumption of a tex tured  f r o n t  su r f ace ,  which causes 
t h e  photons t o  p e n e t r a t e  under ob l ique  angles  i n t o  t h e  s o l a r  c e l l  s t r u c t u r e .  
This  e f f e c t  i s  modeled i n  a n  i d e a l i z e d  manner by assuming a l l  photons t o  move 
i n s i d e  t h e  s o l a r  c e l l  a t  t h e  same p e n e t r a t i o n  angle ,  which could be  v i s u a l i z e d  
a s  t h e  average of a l l  a c t u a l  p e n e t r a t i o n  angles .  This  average ang le  has  been 
chosen h e r e  as 45' from t h e  normal t o  t h e  s o l a r  c e l l  p lanes ,  a v a l u e  which 
should be c l o s e  t o  t h a t  r e s u l t i n g ,  i n  normal incidence,  from t h e  s u r f a c e  
s t r u c t u r e  u s u a l l y  obtained i n  t h e  common t e x t u r e  e tch ing  processes .  (Ref. 7 )  

The second f e a t u r e  i s  t h e  e x i s t e n c e  of an  o p t i c a l l y  r e f l e c t i n g  s u r f a c e  a t  
t h e  r e a r  of t h e  base  reg ion .  The e x i s t e n c e  of t h i s  s u r f a c e  f e a t u r e  permits  
photons which p e n e t r a t e  a l l  t h e  way through t h e  f r o n t ,  dep le t ion ,  and base  
r eg ions  of t h e  c e l l ,  t o  be  r e f l e c t e d  forward and have a second chance f o r  ab- 
s o r p t i o n  and charge c a r r i e r  genera t ion .  For t h e  idea l i zed  c e l l  s t r u c t u r e ,  a 
r e f l e c t a n c e  of 1.0 has  been assumed f o r  t h e  back su r f ace .  Together w i t h  t h e  
tex tured  f r o n t  su r f ace ,  t h e  r e f l e c t i n g  back s u r f a c e  permi ts  t h e  cons t ruc t ion  of 
a t h inne r  s o l a r  c e l l  w i th  the  same abso rp t ion  c h a r a c t e r i s t i c  and a poss ib ly  
even h igher  c o l l e c t i o n  e f f i c i e n c y  a s  would o therwise  be obtained i n  a t h i cke r  
c e l l  s t r u c t u r e .  

For a s e n s i t i v i t y  a n a l y s i s ,  t h e  c e l l  con f igu ra t ion  which appeared r e a d i l y  
p r a c t i c a l l y  r e a l i z a b l e  and gave one of t h e  h ighes t  e f f i c i e n c i e s ,  was recomputed 
wi th  two d i f f e r e n t  v a l u e s  of s u r f a c e  recombination v e l o c i t y :  10 cm s-1 and 100 
cm s-1. 

RESULTS OF THE COMPUTATIONS 

Around a hundred computations were made wi th  d i f f e r e n t  m a t e r i a l  parameters 
and dev ice  s t r u c t u r e s  t o  obta in :  a )  t h e  a b s o l u t e  maximum, o r  l i m i t  e f f i c i e n c y ;  
b) t h e  optimum e f f i c i e n c y  ob ta inab le  w i th  c e r t a i n  m a t e r i a l  combinations; and 
c) t h e  s e n s i t i v i t y  t o  changes i n  v a r i o u s  s t r u c t u r e  parameters.  Only t h e  key 
r e s u l t s  a r e  summarized i n  Table I1 and i n  F igures  4 t o  8. These r e s u l t s  lead  
t o  t h e  fol lowing observa t ions :  

1. The i d e a l i z e d  l i m i t  e f f i c i e n c y  is  s t i l l  about  25%, t h e  h ighes t  va lue  
found was 25.13%. 

2. There is  s t i l l  a tendency towards h igher  e f f i c i e n c y  a t  t h e  lower 
r e s i s t i v i t i e s .  (F ig .  4) 



3. Very low r e s i s t i v i t i e s  , involving impurity concentrations above 1018 
cm-3, a r e  not  needed for. achieving the  l i m i t  e f f ic iency . 

4. I n  consequence of point  3 ,  high doping e f f ec t s ,  including degeneracy, 
ser ious  influence of Auger recombination, band-gap narrowing, e tc . ,  can be 
avoided. 

5. The l i m i t  e f f ic iency value  obtained is ,  however, determined by the  on- 
s e t  of Auger recombination which depresses t h i s  ef f ic iency s l i g h t l y .  

6. There is  a very wide range of impurity concentrations a t  which ideal-  
ized e f f i c i enc i e s  above 23.5% a r e  obtainable. 

7 .  Idealized e f f i c i enc i e s  above 23.5% a r e  obtained a t  t o t a l  wafer thick- 
nesses of 25 t o  200 um, and a t  junction depths of 2 t o  10 pm. Thicmeans 
ra the r  t h in  c e l l s  and l a rge  junction depths, i n  con t ras t  t o  e a r l i e r  thinking. 

8. The higher the impurity concentration chosen, the  smaller the junction 
depth and the  t o t a l  c e l l  thickness have to  be. The l i m i t  e f f ic iency has been 
obtained a t  a t o t a l  c e l l  thickness of only 50 urn, with junction depths of 2 t o  
6 urn. 

9 .  I n  a l l  cases of high eff ic iency,  the  region thickness i s  small compared 
to  the  d i f fus ion  length within i t .  The l i m i t  e f f ic iency,  however, has been ob- 
tained i n  a case where t h i s  statement i s  only marginally va l id .  

10. The peak eff ic iency values a r e  obtained i n  a design trade-off between 
co l lec t ion  eff ic iency and vol tage  (Fig. 5 t o  6 ) .  A s  the  c e l l  thickness i s  de- 
creased, the  co l l ec t ion  eff ic iency decreases due t o  reduced photon absorption, 
while the vol tage  increases,  based on the  reduction of the diode sa tu ra t ion  
current  r e su l t i ng  from the  decrease of the  form fac to r  with decreasing thickness 
a t  low surface  recombination ve loc i ty .  

11. The be s t  e f f i c i enc i e s  a r e  obtained with equal impurity concentrations 
i n  the  f r o n t  and base regions of the c e l l .  Thus, the re  is  pr incipal ly  no need 
fo r  an "emitter" i n  the  f r o n t  region, except t ha t  higher doping can help t o  
reduce s e r i e s  res is tance .  

12. Both the  textured surface  and the  op t i c a l  i n t e rna l l y  r e f l e c t i ng  back 
surface  a r e  important f o r  obtaining high e f f i c i enc i e s  i n  t h i n  c e l l s ,  and small 
c e l l  thickness, i n  turn,  i s  needed to  approach the  high conversion eff ic iency 
values shown here. 

13. The optimum e f f i c i enc i e s  a r e  obtained over a ra the r  broad range of 
mater ia l  and s t r uc tu r e  parameters, and the  s e n s i t i v i t i e s  t o  the  va r i a t i on  of 
these parameters a r e  generally small (Fig. 7 t o  8 ) .  

1 4 .  Since greater  c e l l  thicknesses and wider ranges of junction depth a r e  
ava i l ab le  a t  lower impurity concentrations, these c e l l s  w i l l  probably f ind 
preference fo r  p r ac t i c a l  reasons (Fig. 4 ) .  



15. The s e n s i t i v i t y  of t h e  e f f i c i e n c y  t o  low va lues  of s u r f a c e  recombination 
v e l o c i t y  i s  a l s o  n o t  g r e a t  (Table 11, l i n e s  14 t o  15 ,  compared t o  l i n e  4 ) .  

DISCUSSION OF RESULTS 

The assumption of low o r  zero s u r f a c e  recombination v e l o c i t y  a t  t h e  sur-  
f a c e s ,  combined wi th  ob l ique  p e n e t r a t i o n  of t h e  photons i n t o  t h e  s o l a r  c e l l  a s  
r e s u l t s  from s u r f a c e  t ex tu r ing ,  and wi th  o p t i c a l  i n t e r n a l  r e f l e c t i o n  a t  t h e  back 
s u r f a c e  l e a d s  t o  a new approach t o  s o l a r  c e l l  des ign  and opt imiza t ion .  While 
t h e  e a r l i e r  th inking  w a s  based on ob ta in ing  high vo l t ages ,  and consequent ly 
high conversion e f f i c i e n c y ,  by a p p l i c a t i o n  of ve ry  h igh  impuri ty  concen t r a t ions  
t o  y i e l d  a  low d iode  s a t u r a t i o n  c u r r e n t ,  t h e  new approach pursues t h e  same g o a l  
of low s a t u r a t i o n  c u r r e n t  by us ing  f r o n t  and back r eg ions  of t h e  s o l a r  c e l l  
which bo th  a r e  narrow compared t o  t h e  r e s p e c t i v e  d i f f u s i o n  l eng ths .  Thus, t h e  
s eve re  l i m i t a t i o n s  imposed by heavy doping e f f e c t s  a r e  avoided, and h igh  
e f f i c i e n c i e s  s t i l l  a r e  ob ta inab le .  However, t h i s  c e l l  des ign  involves  a t rade-  
of f  between t h e  c o l l e c t i o n  e f f i c i e n c y  and t h e  c e l l  vo l t ages .  This  trade-off 
can no t  b e  optimized wi thout  t h e  ob l ique  p e n e t r a t i o n  of t h e  photons and t h e  
i n t e r n a l  o p t i c a l  r e f l e c t i o n .  I n  f a c t ,  i n  t h e  h i g h e s t  e f f i c i e n c y  case  found, 
i n  which t h e  base r eg ion  th ickness  happens t o  approach t h e  d i f f u s i o n  l eng th  
(Table 11, Line l l ) ,  Fig.  4  shows c l e a r l y  t h a t  a  f u r t h e r  i nc rease  of t h e  base  
r eg ion  th i ckness  r e s u l t s  i n  reduced l i g h t  generated c u r r e n t ,  a s  fewer of t h e  
minor i ty  c a r r i e r s  a r e  c o l l e c t e d  which were generated from photons which had been 
i n t e r n a l l y  r e f l e c t e d  a t  t h e  back su r f ace .  This  c a s e  c l e a r l y  i l l u m i n a t e s  t h e  
importance of t h e  o p t i c a l  i n t e r n a l  r e f l e c t i o n  a t  t h e  back s u r f a c e  i n  very  t h i n  
c e l l s .  

Table I r e p e a t s  a  s e t  of numbers which were der ived  i n  1970 as des ign  
"goals" f o r  t h e  key performance parameters  of s i l i c o n  s o l a r  c e l l s  i n  A i r m a s s  0  
s u n l i g h t ,  toge ther  w i t h  t h e  a c t u a l  d a t a  of contemporary c e l l s  and improved c e l l s  
developed s i n c e  then. The i n s i g h t s  gained wi th  t h e  a n a l y s i s  of a new l i m i t  
e f f i c i e n c y ,  descr ibed  he re ,  i n d i c a t e s  t h a t  a  pre l iminary  r eeva lua t ion  of t h e  
des ign  g o a l s  would a l s o  be  appropr i a t e .  The r e s u l t s  of such a  r eeva lua t ion  a r e  
summarized i n  Table 111, us ing  t h e  d a t a  on t h e  i d e a l i z e d ,  100 um t h i c k  c e l l  wi th  
4 pm t h i c k  f r o n t  l a y e r  of 5.1017 cm-3 n-type impuri ty  concent ra t ion ,  whi le  t h e  
p-type base  reg ion  con ta ins  5.1016 cm-3 impur i t i e s .  These d a t a  determine t h e  
c o l l e c t i o n  e f f i c i e n c y ,  t h e  open c i r c u i t  vo l t age ,  and t h e  curve f a c t o r .  The 
o the r  parameters correspond e s s e n t i a l l y  t o  c u r r e n t  experience f a c t o r s  on t h e  
b e t t e r  c e l l s .  The pre l iminary  goa l  thus  found f o r  s i l i c o n  s o l a r  c e l l s  i s  22% 
conversion e f f i c i e n c y  i n  A i r m a s s  1, unconcentrated s u n l i g h t  a t  28OC. This  goa l  
needs ref inement  through f u r t h e r  i n v e s t i g a t i o n s  t o  determine t o  what degree t h e  
i d e a l i z e d  c e l l  s t r u c t u r e  and i ts  performance can b e  approached i n  r e a l  s o l a r  
c e l l s .  

CONCLUSIONS 

The new computations on i d e a l i z e d  s o l a r  c e l l  s t r u c t u r e s  have shown t h a t  
t h e r e  is  a second " t h e o r e t i c a l  approach" t o  ob ta in ing  high open c i r c u i t  and 
maximum power p o i n t  v o l t a g e s ,  a f t e r  t h e  f i r s t  one, r e l y i n g  on h igh  impuri ty  
concent ra t ions  i n  t h e  base  and f r o n t  r eg ions  of t h e  c e l l ,  has  been found in- 



f e a s i b l e .  This  second approach involves  t h e  "narrow regiont '  des ign  f o r  both 
t h e  f r o n t  and back r eg ions  of t h e  s o l a r  c e l l ,  and r e l i e s  heav i ly  on low 
e f f e c t i v e  s u r f a c e  recombination v e l o c i t i e s  f r o n t  and back, as w e l l  a s  a tex tured  
f r o n t  s u r f a c e  and a n  o p t i c a l  i n t e r n a l l y  r e f l e c t i n g  back su r f ace .  In  f a c t ,  
us ing  t h i s  des ign ,  t h e  undes i r ab le  e f f e c t s  of high doping can b e  completely 
avoided. The idea l i zed  l i m i t  e f f i c i e n c y  of t h e  s o l a r  c e l l ,  t h e  v a l i d i t y  of 
which had become doub t fu l  a s  a r e s u l t  of t h e  r e c e n t  r e a l i z a t i o n  of t h e  impacts 
of h igh  doping e f f e c t s ,  i s  thus  r e e s t a b l i s h e d  a t  i ts  e a r l i e r  va lue  near  25%. 
The new c e l l  des ign  r e q u i r e s  a r a t h e r  t h i n  c e l l ,  i n  t h e  50 t o  150 pm range,  w i t h  
a t h i c k  f r o n t  r eg ion  i n  comparison t o  contemporary des igns .  Of paramount im- 
portance,  however, i s  ob ta in ing  low e f f e c t i v e  s u r f a c e  recombination v e l o c i t i e s  
both a t  t h e  f r o n t  and back s u r f a c e s  of t h e  c e l l .  These may be  approached by 
t h e  u s e  of d r i f t  f i e l d ,  i nve r s ion ,  o r  window l a y e r s .  Fur ther  i n v e s t i g a t i o n s  
i n  progress  a r e  aimed a t  explor ing  t h e  degree t o  which t h e  assumptions made, 
p a r t i c u l a r l y  t h a t  of extremely low s u r f a c e  recombination v e l o c i t y ,  can b e  ex- 
pected t o  b e  approached i n  r e a l  s o l a r  c e l l  s t r u c t u r e s .  Ear ly  r e s u l t s  from 
t h e s e  i n v e s t i g a t i o n s  i n d i c a t e ,  t h a t  an  amazingly c l o s e  approach t o  t h e  per for -  
mance of t h e  i d e a l i z e d  s o l a r  c e l l  s t r u c t u r e  may b e  p o s s i b l e  i n  r e a l  s o l a r  c e l l s .  
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TABLE I. - PERFORMANCE STATUS OF CURRENT SILICON 

SOLAR CELLS AND IMPROVEMENT GOALS 

TABLE 11. - SUMMARY OF RESULTS OF COMPUTATIONS 

EFFICIENCY CONTRIBUTION 
(1-Loss) 

1970 
:OMM'L, "VIOLET" 'BLACK" 
CELL CELL CELL 

0,45 0.45 0.45 
0 , I l  0.79 0.28 
0,925 0,951 0,97 
0,96 0,95 0,95 

0,522 0,535 0,531 

0,82 0,825 0,822 
0,91. 1,O 0,99 

0,9G 0,985 0,984 

0,104 0,14 0,153 

ATTRIBUTE 
- 
BASK LOSSES 
COLLECT, EFF'Y 
RE~LECTION 
GRID LINE COVER 

VOLTAGE FACTOR 

CURVE FACTOR 
~ D ' L  CURVE FACT. 

SERIES RESISTANCE 
- 
EFFICIENCY (AYO) 

O U T P U T  V A L U E S  

cO,,,- 

0,45 
0,88 
0,97 
0,96 

0,6l(i) 

0,86 
1,O 

0,97 

O,l9 

BUCK 
CELL 

63.0 63,O 
E f ~  49.0 49.0 

? 2  47.5 47,7 
6' 4 5 3  45,4 

0,6750,591 

26,3 22,1 

MW C M - ~  

MA c i i 2  
MA cfl-2 
MA C M - ~  

V 

RGI C M - ~  

u 26.3 21,8 MX CM-2 
3 
o 25,6 21,4 M W C M - ~  
14 I-- 



TABLE 111. - PRELIMINARY 1979 SILICON SOLAR CELL DESIGN GOALS 

*Corrected from previously used Johnson spectrum to the current NASA/ASTM Airmass 0 absolute 
spectral distribution 
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LIMITING PROCESS I N  SHALLOW JUNCTION SOLAR CELLS* 

A. Meulenberg and E. R i t t n e r  
COMSAT Laboratories  

In  extending t h e  COMSAT v i o l e t  and non-reflect ive c e l l  technology t o  
lower r e s i s t i v i t i e s ,  s eve ra l  processes l imi t ing  output  power were encountered. 
The most important was the  dark d i f fus ion  cur ren t  due t o  recombination a t  t h e  
f r o n t  g r i d  contac ts .  After  removal of t h i s  problem by reduction of the  s i l i c o n -  
metal contac t  a rea  ( t o  0.14 percent  of the  t o t a l  a r e a ) ,  t he  e l e c t r i c  f i e l d  
enhanced junction recombination cur ren t  Jr was t h e  main l i m i t a t i o n  ( ~ i g u r e  1). 
Al tera t ion  of the  d i f fus ion  p r o f i l e  t o  reduce the  junction f i e l d  i s  shown t o  be 
an e f f e c t i v e  means of inf luencing Jr. The remaining problems a r e  the  bulk 
recombination i n  t h e  n+ l aye r  and the  surface  recombination a t  t h e  oxide-si l icon 
i n t e r f a c e ;  both of these  problems a r e  aggravated by band-narrowing r e s u l t i n g  
from heavy doping i n  the  d i f fused  l aye r .  Experimental evidence f o r  t h e  main 
l i m i t a t i o n s  i s  shown i n  Table 1, where increased d i f fus ion  temperature i s  seen 
t o  reduce both the  influence of the  f r o n t  g r i d  contac ts  and the  junction elec-  
t r i c  f i e l d  by increas ing the  junction depth. The p o t e n t i a l  f o r  f u r t h e r  s ig -  
n i f i c a n t  improvement i n  e f f i c i ency  appears t o  be high. 

TABLE 1. 1.20-cm (5-PERCENT CONTACT AREA) CNR CELLS 
DIFFUSED AT DIFFERENT TEMPERATURES 

Temperature 
Jdo J r ( a t  prnax) J~~ 

(p~ /cm ) (m/cm2) (m~/cm 1 

76O0c 12 + 1 - 27 + 1 - 42.5 

790°C 4.7 + .15 - 10 + 1 - 42.5 

820°C 4.5 + .6 - 7 + 3  - 42.5 

850°C 3.8 - + -2  4 + 2  - 41.8 

*This extended a b s t r a c t  i s  based upon work performed a t  COMSAT Laboratories  
under the  sponsorship of the  Communications S a t e l l i t e  Corporation. It i s  an 
extension of a more fundamental paper t o  be published i n  the  Journal  of Energy. 
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DESIGN OF HIGH EFFICIENCY HLE SOLAR CELLS 

A. Neugroschel and F. A. Lindholm 
Department of Elect r ical  Engineering 

University of Florida 

SUMMARY 

A f i r s t - o rde r  analysis  of HLE c e l l s  i s  presented f o r  both beginning-of-life 

( B O L )  and end-of-l ife ( E O L )  conditions. Based on t h i s  analysis  and on experi- 

mentally observed values f o r  material parameters, we present design approaches 

f o r  b o t h  space and t e r r e s t r i a l  c e l l s .  The approaches r e s u l t  in specif icat ion 

of doping leve l s ,  junction depths and surface conditions. The proposed s t ruc-  

tures  a r e  projected t o  have both high VOC and high JSC, and consequently high T-I. 

1 .  INTRODUCTION 

The purpose of t h i s  paper i s  t o  discuss design approaches f o r  s i l i con  HLE 

so la r  c e l l s .  Design of c e l l s  f o r  radiat ion and t e r r e s t r i a l  environments a r e  

considered. Two main types of HLE c e l l s  receive a t t en t ion :  ( a )  the oxide- 

charge-induced (OCI) HLE c e l l ,  and (b )  a new H L E  c e l l  having a wide p-epi taxia l  

emit ter  f o r  which the  appropriate choices of emit ter  width and doping leve l s  i n  

the emit ter  and base a re  made t o  y ie ld  both high V and high JSC. 
OC 

SYMBOLS 

2 
Da ambipolar d i f fus iv i  t y  (cm /sec)  

2 
Dn'  Dp electron and hole d i f fus iv i  t i e s  (cm /sec)  

2 
0 oxide charge density (C/cm ) 

2 
J s ~  shor t  c i r c u i t  current  density (A/cm ) 

2 
J n ~ ,  J p ~  dark electron and hole sa turat ion current  density (A/cm ) 

Ln '  L p  electron and hole diffusion length (cm) 

A n  ,AP excess electron and hole concentration ( ~ m - ~ )  

 h his work was supported by NASA Grant NSG-3018. 



i n t r in s i c  ca r r i e r  concentration 

BOL 

EOL 

E ,  B 

electron and hole surface concentration (cm-') 

oxide charge dependent electron surface concentration 

( ) 
-I- 

donor concentration in n and n material ( ~ m ' ~ )  
+ acceptor concentration in p and p material ( ~ m ' ~ )  

electronic charge (Coulombs) 

hole surface recombination velocity (cm/sec) 

effect ive surface recombination velocity (cm/sec) 

temperature ( O C  , O K )  

appl ied voltage (Volts) 

open c i r cu i t  voltage (Volts) 

open c i r cu i t  voltage established by base and emitter 

(Volts) 

emitter thickness (cm) 

junction depth (cm) 

r e s i s t iv i ty  (R cm) 

1 ifetime of minori ty  electrons and holes (sec) 
+ 

associated with p and p region 
+ 

associated with n and n region 
beginning-of-life 

end-of-1 i f e  

associated with emitter and base 

11. OCI-HLE CELL 

Fig. 1 ( a )  shows the cross-section of an OCI s i l icon HLE solar ce l l .  The 
principles of operation of th i s  c e l l ,  which have previously been discussed [ I ]  

are  i l lus t ra ted  in Figs. 1 ( a )  and 1 ( b ) .  A positive charge Q O y  achieved by su i t -  

able heat treatment [2,31, induces an electron accumulation and an e l ec t r i c  
f i e ld  near the s i  1 icon surface which reduces the effect ive surface recombination 

velocity fo r  holes Seff t o  [4] 



By so l v ing  the  hole c o n t i n u i t y  equat ion f o r  t he  des i red  case, WE < L  and low 
P ' 

i n j e c t i o n ,  one determines the  ho le  s a t u r a t i o n  c u r r e n t  Jpo t o  be [4] 

i n  which the  f i r s t  term i n  the numerator accounts f o r  hole recombinat ion a t  the  

sur face and the  second term accounts f o r  ho le  recombinat ion i n  the  bu lk .  The 

cu r ren t  Jpo must be smal l  i f  h igh  VOC i s  t o  r e s u l t .  

2.1 Beginning o f  l i f e  - (BOL) Design 

4  For BOL, our experiments [I] show t h a t  SD < 10 cm/sec can r e s u l t  f rom the  

presence o f  the  Si02 l a y e r  on the  ill umineted surface. For a  wide range o f  

doping l e v e l s  NDD, the  term W /T i n  ( 2 )  can be made n e g l i g i b l e ,  and the  d i f f u -  
E P 4  

s ion  v e l o c i t y  D / W  w i l l  t y p i c a l l y  be o f  the  order  o f  10 cm/sec. Thus, i f  Sef f  
P E n 

can be made much l e s s  than 10- cm/sec, then (2 )  reduces t o  

which a l so  holds f o r  h igh  i n j e c t i o n  prov ided Da/WE and  WE/(^ + T  ) a re  both small 
n  P  

compared with (Sef f  )high injection = (ni/ns) exp qVA/2kT, as can be shown by 

so l v ing  the  ambipolar t ranspor t  equat ion f o r  h igh  i n j e c t i o n  [5 ] .  To show t h a t  
4  

' e f f  < 10 cm/sec i s  poss ib le ,  we i n d i c a t e  i n  Fig. 2, f o r  d i f f e r e n t  values o f  

NDD and QO, t he  r e s u l t i n g  values o f  n  and Sef f .  The func t i ona l  dependence 
S 

ns(QO) i s  found from standard MOS theory  [6] . 
Because Sef f  can be smal l ,  we consider  now the  value o f  Jpo f o r  the  1  i m i t -  

i n g  case Sef f  = 0. F ig.  1  (b )  shows t h e  m i n o r i t y  ho le  dens i t y  i n  the  dark c e l l ,  

r e s u l t i n g  from an app l i ed  voltage, f o r  the  des i red  cond i t ion ,  L > WE: 
P 

wE ( N ~ ~ T ~  1-' Jpo = (Ini ( 4 )  

To est imate Jpo, we use the  empi r ica l  data o f  Kendall [ 7 ] ,  which gives, f o r  

2 5  x 1016cm-~ , N~~ - 
r N = 3  x 10" sec cm-3 

P DD ( 5 )  



JpO = 7 x 10' 12 
E (6) 

2 Thus, i f  JSC = 35 mA/cm ( A M O ) ,  which was seen in OCI-HLE ce l l s ,  the open-circuit 

voltage l imi t ,  ( V O C ) E  = kT/q kn(JSC/JpO), established by the emitter current J 
PO 

i s ,  for example, 800 mV, 780 m V ,  and 718 mV for  W E  = 2 pm, 5 um, and 50 um, 
respectively, independent of NDD (provided low-injection 1 eve1 s are maintained). 

From a design viewpoint, t h i s  demonstrates tha t  ( V O C ) E  > 700 mV can be achieved 

for  a wide variety of choices of NDD and W E  provided only that L > W E .  
P 

2.2 End-of-Life ( E O L )  Design 

Radiation damage increase S and Q0 181 ; i t  wi 11 a1 so reduce r [ 9  $1 01 . As 
P P 

a design approach, we choose WE small compared with anticipated degraded diffu- 

sion length to  minimize bulk recombination; tha t  i s ,  we require W E  < L ( a f t e r  
P 

i r radiat ion) .  Then ( 2 )  s t i l l  applies, and J i s  determined by the velocities 
P 0 

Seff ,  and D / W  As a worst-case l imit ,  we consider the case Seff = a. 
P E* 

Then the t r ans i t  time tt for  holes to  cross the emitter i s  

which, for example, i s  of the order of 10-'sec for W E  2 pm. Thus , i f  T a f t e r  
P 

irradiation is  larger than lo-' sec, the emitter will be transparent t o  holes 

and ( 2 )  reduces t o  
3 

This worst-case dependence suggests that  NDD should be large enough, both 

to  assure small la teral  ser ies  resistance and to decrease JnO, b u t  small enough 

to  avoid heavy-dopi ng degradation. For example, consider ardesi gn w i t h  
18 -3 

- 
2 W E  = 2 um, and NDD = 10 cm . For T = 2 5 ' ~  and JSC i; 25 mA/cm , 

2 
( V O ~ ) ~  > 640 mV. For electron f l  uences up to  10' cm- , JSC = 25 mA/cm i s  

2 expected i f  prior t o  radiation JSC = 35 mA/cm [lo] .  

2.3 Examples of VOC established by the emitter for  BOL and EOL 

We have previously discussed ( V O C ) E  for  two 1 imiting cases: Seff = 0, 

40 



w h i c h  corresponds t o  the  BOL condit ion,  and Seff = m y  which corresponds t o  the 

EOL condition. We now remove these l imit ing-case assumptions by considering 

intermediate values of Seff ,  as  determined by (1 )  and the condition t h a t  
3 7 10 cm/sec < S < 10 cm/sec. The lower bound on S i s  e a s i l y  achieved, as i s  

P P 
indicated by our experiments f o r  a surface passivated by Si02 111. The upper 

bound i s  a theoret ica l  l i m i t  f o r  a s i l i con  surface [ I l l .  

In Fig. 3 we p lo t  ( V O C ) E  a s  a function of S fo r  two values of emit ter  
P 

widths W E  = 2.5 um and 15 um and f o r  emit ter  doping dens i t i e s  of N D D  = 1017 

and 1018 ~ m - ~ .  Three values of oxide charqe dens i t i e s  a r e  considered: " 

( a )  QO/q = 4 x 10" cm-', which i s  the order of magnitude obtained in thermally 

grown dry oxides followed by oxygen heat treatment a t  about 700 C [2,3] before 
12 -2 - 3 the i r r ad i a t i on ;  and QO/q = 1 x 10 cm and 5 x lo-" cm , which i s  the  range 

of values expected a f t e r  i r rad ia t ion  [8] . As shown i n  Fig. 3 f o r  BOL w i t h  
3 S - 10 cm/sec, the emit ter  recombination i s  no ba r r i e r  f o r  achieving 

P 
( V O C ) E  2 700 mV f o r  var ie ty  of emit ter  doping l eve l s  and thicknesses. After 

i r r ad i a t i on ,  f o r  E O L ,  S i s  expected t o  increase s ign i f i can t ly  [ 8 ] ,  b u t  wil l  not 
P 6 

be l a rger  than the order of 10 cm/sec [ I l l .  B u t  QO/q wil l  a l so  increase,  as 

mentioned above, which wil l  increase nS [6] ,  and Seff = N D D  S / n  ( Q O )  wi l l  
depend on the  r a t i o  S / n  (QO)  a f t e r  the  i r r ad i a t i on .  I t  follows from Fig. 3, 

P s 
consis tent  w i t h  our previous worst-case calcula t ion,  t h a t  ( V O C ) E  > 650 mV i s  

s t i l l  possible a t  EOL,  i f  W E  < (Lp)EOL. 

2.4 V O C  established by the base f o r  BOL and EOL 

As shown in Fig. 1 ( b )  f o r  the  dark case with applied voltage V A y  the  quasi- 

neutral sa tura t ion current  J O  in low in jec t ion ,  neglecting heavy-doping e f f ec t s  

[12], i s  J O  = JpO + JnO,  and the  base sa tura t ion current  i s  

- 3 
TO minimize J note t h a t ,  f o r  N~~ cm , D , / N ~ ~ L ,  i s  a decreasing n o  ' 

function of NDD[13], provided heavy doping e f f ec t s  a r e  negl ig ible .  As a r e s u l t ,  

the open-circuit  voltage l imited by the  base (VOC)B i s  an increasing function 
19 -3 of N D D  un t i l  NAA - 10 cm (phase - 0.01 ~ c m )  which i s  a doping level a t  which 

the heavy doping e f f ec t s  i n  p-type material become important ~ 1 2 1 ,  as shown i n  



Fig. 4. The broken l ine  in Fig. 4 shows an experimental dependence of VOC on 

N~~ [14] which peaks a t  N A A =  5 x 1017 ~ m - ~ .  This i s  a resu l t  of the increasing 

importance of the emitter current J for  base dopings larger than about 
PO ' 

5 x m 3 ,  in conventional c e l l  where the emitter current is  not suppressed 

by an HLE s t ructure such as tha t  present in the proposed device. 

3. Design concepts for  space and t e r r e s t r i a l  applications 

Based on the foregoing analysis we present design concepts fo r  two different  

types of space ce l l s  and f0 r . a  t e r r e s t r i a l  ce l l .  
+ 

1 )  1 
Fig. 5 shows a cel l  designed fo r  space applications. The p-type base dop- 

ing i s  N A A z  5 x 10' (p = 0.1 ~ c m )  which appears to  be an optimum value which 

gives Ln i n  a range of 85-150 um in a finished cel l  ~ 1 5 1 .  This long diffusion 

length, which will assure collection of most of the generated minority electrons,  

provides a high value of the short c i r cu i t  current JSC. The epitaxial  emitter 
17 i s  narrow, about 2 ~ m ,  and highly doped, NDD 2 10 to  1018 c ~ n - ~ ,  to  assure low 

ser ies  resistance. The thinness of the emitter of fse ts ,  t o  a large degree, the 

effects  of significant degradation of l ifetime in the n-type material a f t e r  the 

i r radiat ion [ g ] .  The H-L emitter junction can be achieved using e i ther  OCI 

induced or  diffused n+ layer 1161. 

The following conclusions about t h i s  s t ructure can be made based on the 

discussion in the previous sections: 

a )  (VOC)E > 650 mV a t  EOL, i f  tt < 

b )  ( V O C ) B  a t  EOL will depend on the radiation damage (101. Since the 

base i s  the same as in the conventional n on p c e l l ,  resu l t s  obtained 

f o r  the conventional cel l  radiation damage [lo]  also apply here. 
- 

c )  ( J S C ) ~ o L  - (JSC)conventional + (JSCIE . 
base 

S i n  , where both S and nS increase d) For an OCI s t ructure,  Seff = NDD 
P 

with radiation, thus tending t o  keep Seff low. Seff controls (JSC)E 

and J 
PO ' 3 

e )  For BOL,  w i t h  SD 2 10 cm/sec, (VOC)E > 700 mV,  and (VOC)B depends on 

minimizing Dn/L; N A A  (VOC)B of the order of 700 mV can be expected 
fo r  phase = 0.1 ncm with Ln > 75 pm. 



f )  For Qo/q > 10" cm-', heavy doping e f f e c t s  i n  the  accumulation l a y e r  

may become important  [Fig. 21. However, s ince the accumulation , .ayer 

i s  very narrow, these e f f e c t s  a re  expected t o  be very small 1171. 

g) A s t r u c t u r e  w i t h  a d i f f u s e d  n+-region o f f e r s  l a r g e r  f l e x i b i l i t y  i n  
+ 

choosing NDD because o f  the  low shunt ing res is tance o f  the n - d i f f u s e d  

1 ayer. 
+ + 

2) A wide-emi t t e r  p -p-n space c e l l  

We propose a new s i l i c o n  s o l a r  c e l l  s t r u c t u r e  [18] which i s  p ro jec ted  t o  
2 have both h igh  JSC(45 mA/cm ) and h igh  VOC(700 mV) and consequently h igh  q 

(20%, AMO). The new s t r u c t u r e  i s  p ro jec ted  t o  have good performance i n  rad ia -  

t i o n  as w e l l  as non- rad ia t ion  environments. 

The s t r u c t u r e  i s  shown i n  Fig. 6. The q u a l i t a t i v e  sketches showing the  

m i n o r i t y  c a r r i e r  d i s t r i b u t i o n s  i n  F ig.  1 a re  v a l i d  f o r  t h i s  case, too, w i t h  

hole and e l  ec t ron  p r o f  i 1 es reversed. 

We emphasize some spec ia l  fea tures  o f  t h i s  s t r u c t u r e :  

a )  The sur face i s  passivated w i t h  Si02 on top  o f  which a s u i t a b l e  a n t i r e -  

f l e c t i o n  (AR) coa t i ng  i s  deposited. The H-L e m i t t e r  j u n c t i o n  i s  
+ 

achieved by a t h i n  ( ~ 0 . 1  pm) p - d i f f u s e d  l a y e r  r e s u l t i n g  i n  [4] 

+ 
where ( NAAIeff ' 1019 cm-3 i s  the  e f f e c t i v e  doping i n  t he  p+-di f fused 

l a y e r  f o r  ~i~ 2 l o z 0  a t  the  surface. An e l e c t r o n  recombinat ion 
3 v e l o c i t y  a t  t he  Si -Si02 i n t e r f a c e  on the  order  o f  10 o r  l e s s  can be 
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e a s i l y  achieved [I]. Therefore, f o r  NAA = 5 x 10 cm , Seff i s  o f  

t he  order  o f  10 cm/sec o r  l ess ;  thus Seff ' 0 i s  a reasonable approxi -  

mat i  on. 

b )  AS a r e s u l t  o f  Seff ' 0, and the  choice o f  a 50 pm wide e m i t t e r  region,  

about 90% [I 91 o f  a1 1 avai  1 ab le  o p t i c a l l y  generated m i n o r i t y  e lec t rons  

w i l l  be co l l ec ted .  Using a 5% l o s s  AR coat ing  and 4% metal coverage 
n 

the  p ro jec ted  AM0 JSC = 45 m ~ / c m ~ .  P-type ma te r ia l  i s  chosen as a 

reg ion  from which the  JSC i s  c o l l e c t e d  due t o  smal ler  s e n s i t i v i t y  t o  

t he  r a d i a t i o n  than seen i n  n-type ma te r ia l  [9] . - .  

C )  The doping l e v e l  i n  the  nc-base i s  opt imized t o  be about 1018 ~ m - ~ ,  

which i s  t he  onset l e v e l  f o r  heavy-doping e f f e c t s  [171. The doping 



l e v e l  i n  t he  e m i t t e r  (%5 x  1017 ~ m - ~ )  i s  chosen t o  min imize NAA~,, [131. 

d )  Using pub l i shed data f o r  l i f e t i m e s  f o r  ho les and e lec t rons  [7,13], we 

can c a l c u l a t e  by use of Eqs. ( 2 )  and (9 ) ,  f o r  s t r u c t u r e  shown i n  
2  F ig .  6, t h a t  t h e  s a t u r a t i o n  c u r r e n t  J0 2 7 x  A/cm , imp ly ing  

2  VOC = 700 mV f o r  JSC = 45 mA/cm a t  25Oc, and imp ly ing  Q - 20% AMO. 

e )  S i g n i f i c a n t  d i f f e rences  e x i s t  between t h i s  new c e l l  and a  p rev ious l y  
+ 

proposed e p i t a x i a l  p  -p-n c e l l  [20] ; these are discussed i n  d e t a i l  i n  

Ref. 18. 
+ + 

f )  An a l t e r n a t i v e  r e l a t e d  s t r u c t u r e  (p  -p-n-n ) can be made, which employs 
+ 

an n-n low-high j u n c t i o n  back -su r face - f i e l d  base [4 ] .  Th is  s t r u c t u r e  

w i l l  have h ighe r  JSC a t  BOL due t o  improved c o l l e c t i o n  o f  m i n o r i t y  

holes from t h e  n-region o f  t h e  base. 
+ 

3) n  -n-p OCI-HLE t e r r e s t r i a l  c e l l  (F ig .  1  ) 

There a re  two approaches t o  min imize t h e  base c u r r e n t  i n  t h i s  c e l l ,  F iq.  7: . . - 
a )  Choose phase = 0.1 ncm (NAA = 5  x  ~ m - ~ ) .  I n  t h i s  case Ln ? 70 um 

2 i s  requ i red  f o r  (VOC)B = 700 m~ ( 2 5 ' ~  and JSC = 35 mA/cm ). Such values 

f o r  Ln can be achieved i n  f i n i s h e d  c e l l s  us ing  a  low temperature fab- 

r i c a t i o n  process [13,15]. E p i t a x i a l  growth o f  t h e  e m i t t e r  and a  h igh-  

temperature o x i d a t i o n  r e q u i r e d  f o r  low S 111 may decrease Ln below the  
P 

70 pm; t h i s  would r e s u l t  i n  (VOC)B < 700 mV. The l a r g e s t  VoC seen 

experimental  l y  f o r  a  c e l l  with phase = 0.1 ncm i s  643 mV AMO, a t  25 '~.  
19 -3 

b)  A  second approach i s  t o  use a  h i g h l y  doped p-type (5  x  1018 - 10 cm ) 
base. Note t h a t  f o r  NAA = 5  x  1018 ~ m - ~ ,  f o r  example, L  = 2  pm i s  n 
s u f f i c i e n t  t o  achieve (VOC)B o f  700 mV. Such values a r e  expected even 

a f t e r  t h e  high-temperature f a b r i c a t i o n  steps. I n  t h i s  second approach, 

WE = 50 um, s ince  t h e  base w i l l  c o n t r i b u t e  n e g l i g i b l y  t o  JSC. Such a 

wide e m i t t e r  i s  requ i red  t o  c o l l e c t  about 90% o f  generated m i n o r i t y  

holes. I n  approach (a ) ,  WE can range from about 10 t o  50 pm. The 

l a r g e s t  VOC seen exper imenta l l y  f o r  a  c e l l  w i t h  phase = 0.024 Qcm 

(NAA = 2.5 x  1018 ~ m - ~ )  i s  647 mV AMO, a t  25'~. 

c )  E m i t t e r  doping can be chosen f rom range o f  about 5 x  1016 cm'3 t o  
17 -3 about 5  x  10 cm 



CONCLUDING REMARKS 

F i r s t  order analysis of H L E  solar  c e l l s  for  BOL and EOL conditions i s  

presented. Based on t h i s  analysis and on experimentally measured material para- 

meters, design concepts for  both space and t e r r e s t r i a l  ce l l s  a re  discussed. 
-I- 

The proposed structures include: n -n-p OCI-HLE space c e l l ,  wide emitter 
+ + + 

p -p-n space c e l l ,  and n -n-p OCI-HLE te r re s t r i a l  cell  . All structures a re  

projected to  yield both high VOC and JSC. 
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APPLICATIONS OF ION IMPLANTATION TO HIGH PERFORMANCE, 

RADIATION TOLERANT SILICON SOLAR CELLSQ 

Allen R. Kirkpatrick, John A. Minnucci, 
and Keith W. Matthei 

Spire Corporation 

SUMMARY 

Ion implanted silicon solar cells have undergone appreciable development during 
the past two years. Efficiencies now exceed 14 percent AM0 in structures which have 
not been optimized. Back surface field effects are reproducibly accomplished by 
implantation. Special annealing in conjunction with implantation has resulted in 
0.1 ohm-cm cell open-circuit voltages to 644 mV. Radiation tolerance is being addressed 
by development of extremely clean processing to  avoid contamination-induced defect 
formation. Very high efficiency cells with good environmental stability characteristics 
are expected. 

INTRODUCTION 

For a number of years the potential advantages of ion implantation for fabrication 
of silicon solar cells have been recognized. To effectively employ implantation to  
produce high-performance cell structures, a great deal of preliminary work related to  
damage annealing requirements and profile deficiency corrections has been necessary. 
Most of this work has now been completed,, 

At the time of the first High Efficiency Silicon Solar Cell Review in November 
1974, silicon cells with efficiencies of 10-11 percent AM0 could be produced. 
Operational implanters were standard machines used by the semiconductor industry 
which allowed only marginally satisfactory parameter selections and had poor throughput 
capabilities a t  the dose and ion energy levels being utilized. By the Solar Cell High 
Efficiency and Radiation Damage Meeting in April 1977, efficiency of implanted silicon 
cells had increased t o  12 percent AMO, development of new annealing technology was in 
progress and profile deficiencies had been recognized (see ref. 1). A modified production 
implanter was operational a t  Spire t o  allow use of improved implant parameters. 

Since April 1977, substantial progress has been made. Efficiencies above 14 
percent AM0 are now being achieved in implanted spacecraft and terrestrial cell 
configurations (see ref. 2). Advanced thermal and pulsed-energy-beam transient process 
annealing techniques are  available, as  described in references 3, 4 and 5. Much has been 
learned regarding effective utilization of implant processing. Implanted junctions are  
still rather deep, typically 0.25 pm or more, and texturized surfaces have not yet been 
exploited. Inadequacies still exist in the structures of implanted cells. Major 
improvements remain to  be made, but expectations of very high performance can be 
justified. Solar cell production implantation equipment now exists, and implanters for 
future high-volume terrestrial cell production have been designed (see ref. 2). 
*This work is supported in part under NASA Lewis Research Center contracts 
NAS3-20823 and NAS3-21276. 
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PRESENT STATUS OF ION IMPLANTED SILICON SOLAR CELLS 

One set of implant and thermal anneal parameters is used a t  Spire for standard 
processing of most NIP silicon cells with base resistivity of 1 ohm-cm or higher. At 
present these parameters are  as follows: 

Junction Implant: 5 keV 3 1 ~ +  
2x1015 cm-2 

Back Surface Implant: 25 keV 11~+  
5x1015 cm-2 

Anneal: 5500C - 60 minutes 
8500C - 15 minutes 
5500C - 60 minutes 
In nitrogen 

Dopant profiles resulting with these conditions are  shown in figure 1. In the past, 
implant damage annealing was usually performed as a one-step operation a t  the high 
temperature needed for electrical activation. Resulting profiles were approximately the 
same. The two 550°C steps which have been added to the annealing procedure have 
significant effects upon the performance of resulting cells. The initial 5500C step causes 
effective epitaxial regrowth of the damaged silicon lattice (see refs. 6 and 7). The final 
550°C step is believed to  improve minority-carrier lifetime in the silicon bulk. 

The listed implantationlanneal conditions now being utilized still result in cell 
structures which are far from optimized. Using these parameters, efficiencies up to 14.2 
percent AM0 are observed in 7.6-cm-diameter cells of 10-ohm-cm (100) silicon. Figure 2 
shows performance parameter distributions measured on a group of five hundred 7.6-cm 
cells prepared using 550185015500C annealing (see ref. 8). 

DEVELOPMENT IN PROGRESS 

Over the past few years the deficiencies of ion implantation for solar cell junction 
purposes have been corrected. Work is now in progress to improve cell structure, 
performance and radiation tolerance. Development is being conducted as a number of 
separate elements which will, as they become available, be later combined to produce 
highest overall performance and stability. Activities a t  Spire include: 

(i) Development of effective back surface preparation by implantation 

(ii) Investigation of junction processing to  achieve high Voc in low-resistivity 
cells 

(iii) Investigation of improved radiative tolerance, which may be accomplished 
by processing with low contaminant introduction. 



IMPLANTED BACK SURFACE LAYERS 

Although the standard processing now being employed for preparation of ion 
implanted cells involves implants into both cell surfaces, l i t t le has been done toward 
optimization of the back surface. Examination of the open-circuit voltages of the 
10-ohm-cm cells of figure 2 sl~ows that  reasonably effective back surface fields are being 
introduced. 

Recently, a test was conducted by OCLI and Spire in which back fields were 
introduced by 11~+ implantation or by aluminum paste alloying into quantities of 
otherwise identical 10-ohm-cm diffused junction cells (see ref. 9). The 
implanted-back-layer cells exhibited open-circuit voltages approximately 8 mV lower 
than those of the aluminum-alloyed-layer cells (average 585 versus 593 mV). 
Open-circuit voltage distribution of the implanted-back cells was narrower. Very tight 
Voc distributions are  a consistent characteristic of implanted layer cells. The secondary 
ion mass spectroscopy (SIMS) examinations shown in figure 3 of the alloyed and implanted 
back layers indicate a deeper and monotonically declining profile from the alloyed 
aluminum. The implanted boron was apparently inadequately distributed by the 
processing employed. Correction can be made by direct process variations. 

Back layers by implantation have advantages in simplicity and reproducibility. 
The quality of the implanted surface is substantially better than that of the reprocessed 
alloyed surface, which should be beneficial for future incorporation of additional back 
surface optimizations. Figure 4 shows scanning electron microscope (SEM) views of 
alloyed-aluminum and implanted-boron silicon wafer surfaces. The implanted surface 
retains i ts  original bright-etch quality. 

HIGH OPEN-CIRCUIT VOLTAGE CELLS 

It is generally accepted that  if high open-circuit voltages approaching 700 mV are  
to  be achieved in cells of low base resistivity, junction characteristics must be 
improved. Consideration must be given to  dopant level and profile, to  minority-carrier 
lifetimes and mobilities and to recombination characteristics of the junction layer 
surface. Implantation offers the control, reproducibility and flexibility necessary to 
investigate effects of junction parameter variations upon open-circuit voltage. 

Improved open circuit voltages are now being achieved in 0.1-ohm-cm cells with 
implanted junctions. Figure 5 shows the AM0 I-V characteristic of a 2x2-cm cell with 
644-mV Voc a t  25OC. Comparable results are easily reproduced. 

The implant and anneal parameters employed to prepare the cell of figure 5 were 
as  follows: 

Junction Implant: 5 keV 3 1 ~ '  
2x1015 cm-2 

Anneal: 5500C - 2 hours 
8500C - 30 minutes 
550OC - 2 hours 
Oxidizing atmosphere 



An oxide grown on the junction layer surface during annealing was left on the cell to 
serve as surface passivation and as an antireflection coating. The rather modest Is, 
exhibited in figure 5 is attributed a t  least in part to the inadequacy of the low-index Si02 
coating. 

Figure 6 shows a SIMS examination of the phosphorus profile produced by the 
implant and anneal/oxidize conditions listed above. The sharp peak a t  the immediate 
surface of the silicon is believed to contribute to the Voc produced. 

RADIATION TOLERANT CELLS 

It is recognized that radiation tolerance of the silicon solar cell may be limited by 
radiation-induced defects associated with impurities in the silicon introduced during 
crystal growth or during device processing. If very high quality silicon, characterized by 
low content of spurious impurities, is utilized for solar cell fabrication, its quality will be 
compromised by processing-induced contaminants which cannot be avoided when 
conventional techniques including ther ma1 procedures are employed. This shortcoming is 
generally true for ion implantation and thermal annealing. Substantial amounts of carbon 
and oxygen are known to be introduced by standard implantation procedures (see refs. 10 
and 11). However, specialized implantation and energy-beam transient annealing can be 
combined to fabricate cells with very low introduction of spurious impurities. 

In the case of processing by normal implantation, contaminants are introduced by 
knock-on recoil effects. Incoming ions which impact with surface contaminant atoms 
can transfer appreciable energy to these atoms, causing them to recoil into the silicon 
lattice. They may later be redistributed by thermal annealing. The atoms which are 
introduced in this manner can originate from processing or handling residues, from native 
oxides and from vacuum system diffusion-pump oil deposits. 

Under NASA Contract NAS3-21276, Spire is preparing special processing 
capability to avoid contaminant introduction. An ion implanter is being modified to 
replace its process station diffusion pump by a cryogenic pump, to minimize carbon 
introduction during implantation. The implanter will be operated in a mode in which 
precleaned wafer surfaces will be in situ sputter-cleaned immediately prior to dopant 
introduction. Transient annealing by pulsed electron beam and pulsed laser methods (see 
refs. 3, 4 and 5) under clean environmental conditions will be used to anneal implant 
damage without thermal elevation of the silicon bulk. It is expected that C and 0 atom 
introduction by this processing will be reduced approximately four orders of magnitude 
from existing levels. 

Some preliminary testing of silicon solar cells fabricated by good implantation and 
annealing techniques prior to preparation of the special capabilities described above has 
shown promise of improved radiation tolerance (see ref. 12). Controlled preparation of 
cells from silicon of best available quality may result in substantial improvements. 



PLANNED DEVELOPMENT 

Present activities will soon cause the efficiency of ion implanted silicon cells to  
rise above 15 percent AM0 and could provide capability for achieving improved radiation 
tolerance. During the next phase of development of ion implanted cells, total  device 
optimization will have to be addressed. Most of the requirements can now be defined. 
Among the needed component elements are  the following: 

Higher open-circuit voltages by optimization of implantation and anneal 
procedures 

Higher current densities by use of texturized front surfaces and advanced 
back layer structures 

Further reduction of contaminant levels and of structural imperfections by 
improved utilization of transient processing methods 
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OPEN-CIRCUIT VOLTAGE IMPROVEMENTS I N  

LOW-RESISTIVITY SOLAR CELLS 
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The Lewis Research Center has been engaged i n  an  at tempt  t o  i d e n t i f y  t h e  
mechanisms l i m i t i n g  t h e  open-c i rcu i t  v o l t a g e  i n  0.1-ohm-cm s o l a r  c e l l s .  I n  t h e  
course  of t h i s  work i t  was found t h a t  a  r a t h e r  complicated m u l t i s t e p  d i f f u s i o n  
process  could produce c e l l s  w i t h  s i g n i f i c a n t l y  improved vo l t ages .  Concurrent 
w i th  t h e  Lewis e f f o r t ,  s e v e r a l  o the r  l a b o r a t o r i e s  have been pursuing a l t e r n a t i v e  
approaches under va r ious  NASA c o n t r a c t s .  The b e s t  Lewis r e s u l t s  t o  d a t e  and 
t h e  b e s t  r e s u l t s  from o t h e r  l a b o r a t o r i e s  a r e  compared i n  f i g u r e  1. Together 
wi th  t h e  Lewis r e s u l t s ,  t h e  f i g u r e  shows t h e  air-mass-zero (AMO) open-c i rcu i t  
vo l t age  a s  a  func t ion  of t h e  s h o r t - c i r c u i t  c u r r e n t  f o r  t h e  Univers i ty  of Flor-  
i d a ' s  charged-oxide, high-low emi t t e r  c e l l  and f o r  t h e  S p i r e  Corpora t ion ' s  ion- 
implanted emi t t e r  c e l l s  and publ ished r e s u l t s  f o r  t h e  Univers i ty  of New South 
Wales' metal-insulator-seminconductor (MIS) c e l l  ( r e f .  1 ) .  To compare t h e  v o l t -  
age c a p a b i l i t i e s  of t h e s e  c e l l s ,  independent of t h e i r  abso rp t ion  and c o l l e c t i o n  
e f f i c i e n c i e s ,  w e  must compare them on t h e  b a s i s  of t h e i r  s a t u r a t i o n  c u r r e n t s  o r ,  
equ iva l en t ly ,  compare t h e i r  v o l t a  e  ou tpu t s  a t  a  cons tan t  cur ren t -dens i ty  l e v e l .  
I f  we a r b i t r a r i l y  choose 25 mA/cmq o r ,  a s  p l o t t e d  i n  f i g u r e  1, 100 mA/4 cm2 a s  
t h e  r e f e rence  c u r r e n t  dens i ty  and assume i d e a l  d iode  c h a r a c t e r i s t i c s ,  we s e e  
t h a t  t h e  h ighes t  v o l t a g e  (648 mV) i s  obtained from t h e  F lo r ida  c e l l .  The Lewis 
c e l l  and t h e  S p i r e  c e l l  y i e l d  about 637 m i l l i v o l t s ,  and t h e  New South Wales c e l l  
about 632 m i l l i v o l t s .  The open-c i rcu i t  v o l t a g e  i s  def ined  throughout t h i s  paper 
a s  t h e  v o l t a g e  obta ined  a t  a  c u r r e n t  d e n s i t y  of 25 mA/cm . 

The Lewis m u l t i s t e p  f a b r i c a t i o n  schedule i s  descr ibed  i n  f i g u r e  2,  a long 
wi th  a  l i s t  of processing cond i t i ons  t h a t  have r e s u l t e d  from a  p a r t i a l  optimi- 
z a t i o n  e f f o r t .  The schedule c o n s i s t s  of t h r e e  s t e p s ,  a l l  of which have been 
found t o  be  necessary.  The f i r s t  s t e p  i s  a  r e l a t i v e l y  deep d i f f u s i o n .  This  
primary d i f f u s i o n  i s  followed by an ac id-e tch  removal of t h e  e m i t t e r  s u r f a c e  
such t h a t  t h e  f i n a l  s h e e t  r e s i s t a n c e  i s  i n  t h e  10- t o  12-ohm/ range.  The 
e tch ing  s t e p  i s  then  followed by a  s h o r t ,  low-temperature secondary d i f f u s i o n .  
F i n a l  j unc t ion  depths  ranged from 1 t o  4 micrometers.  

A s  s t a t e d ,  t h e  schedule has no t  been completely optimized. Consider,  f o r  
example, t h e  t ime of t h e  primary d i f f u s i o n .  A s  shown i n  f i g u r e  3,  w e  have found 
a  d i r e c t  c o r r e l a t i o n  between t h e  primary d i f f u s i o n  t ime and t h e  open-c i rcu i t  
vo l tage .  A s  can be seen ,  t h e  h ighes t  v o l t a g e  was obtained f o r  t h e  longes t  d i f -  
f u s i o n  t ime ( i . e . ,  637 mV f o r  a  65-hr d i f f u s i o n ) .  

A s  t h e  d i f f u s i o n  t ime i s  lengthened,  c e l l  f a b r i c a t i o n  becomes inc reas ing ly  
cumbersome. It was decided,  t h e r e f o r e ,  f o r  experimental  expediency, t o  inves- 
t i g a t e  t h e  mechanisms a s soc i a t ed  wi th  t h e  i n c r e a s e  i n  d i f f u s i o n  t ime t h a t  l ead  



t o  improved vo l t ages .  The i d e n t i f i c a t i o n  of t h e s e  mechanisms should permit  u s  
t o  achieve  t h e  increased  vo l t ages  i n  more convent ional  s t r u c t u r e s .  

The f i r s t  s t e p  i n  t h e  i n v e s t i g a t i o n  was t o  determine which reg ion  of t h e  
c e l l  was r e s p o n s i b l e  f o r  v o l t a g e  c o n t r o l  ( i . e . ,  base ,  e m i t t e r ,  o r  dep le t ion  r e -  
g ion) .  S ince  t h e  c e l l s  f a b r i c a t e d  by t h e  m u l t i s t e p  technique e x h i b i t  i d e a l  
diode c h a r a c t e r i s t i c s ,  d e p l e t i o n  r eg ion  e f f e c t s  w e r e  r u l e d  ou t .  

To determine t h e  degree  of c o n t r o l  exerc ised  by t h e  base  and e m i t t e r  com- 
ponents of t h e  s a t u r a t i o n  c u r r e n t ,  s e v e r a l  experiments were performed. I n  f i g -  
u r e  4  t h e  open-circui t  v o l t a g e  i s  p l o t t e d  a s  a func t ion  of t h e  base  d i f f u s i o n  
l eng th  a s  measured by t h e  X-ray technique f o r  c e l l s  r ece iv ing  a 4-hour, 950' C 
primary d i f f u s i o n .  The o t h e r  f a b r i c a t i o n  cond i t i ons  f o r  t h e s e  c e l l s  a r e  a s  
i nd ica t ed  i n  f i g u r e  3 .  Superimposed on t h e  d a t a  i n  f i g u r e  4  a r e  those  ca l cu la -  
t ed  curves t h a t  have been f i t  t o  t h e  d a t a  a t  t h e  p o i n t  i nd ica t ed .  The upper 
curve is  what would be expected i f  t h e  base component of t h e  s a t u r a t i o n  c u r r e n t  
were only 1 0  percent  of t h e  t o t a l  s a t u r a t i o n  c u r r e n t  a s  c a l c u l a t e d  a t  t h e  f i t  
po in t .  Also shown a r e  what would be expected f o r  40 and 100 percent  base  con- 
t r o l .  The c l o s e s t  f i t  occurs  when we assume complete base  c o n t r o l .  

A s i m i l a r  p l o t  f o r  c e l l s  d i f f u s e d  a t  950' C f o r  41 hours i s  given i n  f i g -  
u r e  5. The v o l t a g e s  i n  t h i s  p l o t  a r e  gene ra l ly  h igher  than  those  i n  f i g u r e  4 ,  
an i n d i c a t i o n  of r educ t ion  of t h e  base  s a t u r a t i o n  c u r r e n t  wi th  inc reas ing  d i f -  
f u s i o n  t i m e .  A s i m i l a r  s e t  of c a l c u l a t e d  curves  on t h i s  p l o t  i n d i c a t e  base  
c o n t r o l ,  a l though t h e r e  i s  now some evidence of e m i t t e r  i n f luence .  Best agree-  
ment w i th  t h e  experimental  d a t a  i s  obta ined  f o r  t h e  c a s e  where, a t  t h e  f i t  p o i n t ,  
t h e  base  c o n t r i b u t e s  80 percent  of t h e  device  s a t u r a t i o n  c u r r e n t  and t h e  e m i t t e r  
20 percent .  

These two p l o t s  c o r r e l a t e  w i th  t h e  r e s u l t s  of t h e  s p e c t r a l  response meas- 
urements made both  wi th  0.5-micrometer-wavelength l i g h t ,  which i s  absorbed com- 
p l e t e l y  i n  t h e  e m i t t e r ,  and 0.9-micrometer-wavelength l i g h t ,  which i s  absorbed 
mostly i n  t h e  base.  F igu re  6 shows t h e  r e l a t i o n s h i p  between t h e  open-c i rcu i t  
v o l t a g e  and t h e  monocJromatic 0.5- and 0.9-micrometer s p e c t r a l  responses  f o r  
c e l l s  f a b r i c a t e d  wi th  4-hour, 950' C primary d i f f u s i o n s .  The parameters  t h a t  
a f f e c t  t h e  c u r r e n t  ou tput  from a  given r eg ion  of t h e  c e l l  ( i . e . ,  base o r  e m i t t e r )  
should a l s o  a f f e c t  t h e  v a l u e  of t h e  s a t u r a t i o n  c u r r e n t  from t h a t  reg ion .  I f ,  
t h e r e f o r e ,  t h e  base  component of t h e  s a t u r a t i o n  c u r r e n t  were c o n t r o l l i n g  t h e  
vo l t age ,  w e  would expect a  p o s i t i v e  c o r r e l a t i o n  between t h e  base  c u r r e n t  (0.9- 
urn response)  and t h e  open-c i rcu i t  vo l t age .  That f i g u r e  6 shows such a  c o r r e l a -  
t i o n  i s  f u r t h e r  evidence t h a t  t h e  base  is  v o l t a g e  c o n t r o l l i n g  i n  t h e s e  c e l l s .  

These arguments apply i n  a  s i m i l a r  f a sh ion  t o  t h e  e m i t t e r  reg ion .  The 
l a c k  of c o r r e l a t i o n  between t h e  v o l t a g e  and t h e  e m i t t e r  c u r r e n t  (0.5-urn response)  
i s  c o n s i s t e n t  w i t h  t h e  no t ion  of base  c o n t r o l .  

These cur ren t -vol tage  arguments, a l though convincing, a r e  n o t  abso lu t e ly  
conclusive.  It is conceivable  t h a t  some emitter c u r r e n t  - such as t h e  d i f f u s -  
i v i t y ,  which does n o t  a f f e c t  t h e  e m i t t e r  c u r r e n t  - is  a c t u a l l y  c o n t r o l l i n g  t h e  
c e l l  vo l t age .  However, t o  be  c o n s i s t e n t  w i th  t h e  d a t a ,  t h i s  e m i t t e r  parameter 
would have t o  be  f o r t u i t o u s l y  c o r r e l a t e d  wi th  t h e  base  c u r r e n t  - a  s i t u a t i o n  
which, a l though p o s s i b l e ,  i s  very  u n l i k e l y .  These d a t a ,  t h e r e f o r e ,  a long wi th  



those  presented i n  f i g u r e s  4  and 5,  s t r o n g l y  sugges t  t h a t  t h e  open-c i rcu i t  vol-  
t a g e  of t h e  Lewis m u l t i s t e p  d i f f u s i o n  c e l l  i s  c o n t r o l l e d  by t h e  base component 
of t h e  c e l l  s a t u r a t i o n  c u r r e n t .  

S imi l a r  s p e c t r a l  response - v o l t a g e  p l o t s  f o r  a l imi t ed  sampling of F lo r ida  
high-low e m i t t e r  c e l l s  and S p i r e  ion-implanted c e l l s  a r e  showh i n  f i g u r e  7 .  The 
red response-voltage c o r r e l a t i o n  f o r  t h e  S p i r e  c e l l s  i nd ica t ed  probable base 
con t ro l .  The d a t a  f o r  t h e  F lo r ida  c e l l s ,  on t h e  o t h e r  hand, a r e  no t  very  con- 
c iu s ive .  There does n o t  appear t o  be  t h e  same c o r r e l a t i o n  wi th  r ed  response a s  
f o r  t h e  o t h e r  c e l l s ,  a  p o s s i b l e  i n d i c a t i o n  of e m i t t e r  c o n t r o l .  The r e s u l t s  of 
1-MeV-electron i r r a d i a t i o n  experiments performed a t  Lewis ( r e f .  2) on t h e s e  
t h r e e  c e l l  types support  t h e  above conclus ions  ( i . e . ,  base  c o n t r o l  f o r  t h e  
Lewis and S p i r e  c e l l s  and emi t t e r  c o n t r o l  f o r  t h e  F lo r ida  c e l l s ) .  

The preceding d a t a  suggest  s t r o n g l y  t h a t  t h e  open-c i rcu i t  v o l t a g e  i n  t h e  
Lewis d i f f u s e d  c e l l s  i s  con t ro l l ed  by t h e  base  component of t h e  s a t u r a t i o n  cur-  
r e n t .  It remains now t o  i d e n t i f y  which parameter i n  t h a t  component i s  being 
inf luenced by t h e  primary d i f f u s i o n  t ime i n  such a  way a s  t o  y i e l d  increased  
vo l t ages  as t h e  t ime i s  lengthened. 

Assuming a  high recombination v e l o c i t y  a t  t h e  r e a r  s u r f a c e  of t h e  c e l l ,  
t h e  base s a t u r a t i o n  c u r r e n t ,  IOB, is  given by t h e  well-known express ion:  
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where q  i s  e l e c t r o n i c  charge,  n i  i s  i n t r i n s i c  c a r r i e r  concent ra t ion ,  D i s  d i f -  
f u s i v i t y ,  NA is  acceptor  impuri ty  concen t r a t ion ,  L  i s  d i f f u s i o n  l eng th ,  and d  
i s  base-region width. I n  an a t tempt  t o  i s o l a t e  t h e  vol tage-cont ro l l ing  para- 
meter ,  t h r e e  c e l l s  were s e l e c t e d  t h a t  had widely d i f f e r e n t  open-c i rcu i t  v o l t a g e s  
but  n e a r l y  i d e n t i c a l  base  d i f f u s i o n  l e n g t h s ,  t h i cknesses ,  and r e a r  s u r f a c e  
t rea tments .  The primary d i f f u s i o n  t imes f o r  t h e s e  c e l l s  were 4,  16 ,  and 41  
hours.  Again, t h e s e  c e l l s  and a l l  t h e  c e l l s  d i scussed  i n  t h i s  paper exhib i ted  
i d e a l ,  d i f fu s ion -con t ro l l ed  cur ren t -vol tage  c h a r a c t e r i s t i c s .  It was reasoned 
t h a t  t h e  v o l t a g e  d i f f e r e n c e s  between t h e s e  c e l l s  must be  due t o  d i f f e r e n c e s  i n  
e i t h e r  t h e  boron concent ra t ion  and/or  p r o f i l e  o r  t h e  base minor i ty  c a r r i e r  
d i f  f u s i v i t y .  

The e l e c t r i c a l l y  a c t i v e  boron concen t r a t ion  p r o f i l e s  i n  t h e s e  t h r e e  c e l l s  
were determined i n d i r e c t l y  through a  SIMS' measurement of t h e i r  phosphorus pro- 
f i l e s .  The SIMS d a t a  a r e  shown i n  f i g u r e  8, a long wi th  o the r  d a t a  f o r  t h e s e  
c e l l s .  The d i f f u s i o n  l eng ths  i n  t h e s e  c e l l s  were t h e  same t o  w i t h i n  a  few per- 
cen t ,  a s  were t h e i r  th icknesses .  I n  t h e  f i g u r e  t h e  phosphorus concen t r a t ion  is 
p l o t t e d  a s  a  func t ion  of d i s t a n c e  from t h e  junc t ion .  The p r o f i l e s  near  t h e  
dep le t ion  r eg ion  a r e  unexpectedly s i m i l a r .  I n  f a c t ,  they appear t o  be i d e n t i -  
c a l .  This  anomalous r e s u l t  is  due t o  an  unexplained r e t a r d a t i o n  of t h e  phos- 
phorus d i f f u s i o n  f r o n t  t h a t  i n t e n s i f i e s  a s  t h e  d i f f u s i o n  t ime is  increased .  
Although such r e t a r d a t i o n  phenomena have been repor ted  i n  t h e  l i t e r a t u r e  ( r e f .  
3 ) ,  t h e  mechanisms involved a r e  s t i l l  unc lear .  



The n e t ,  o r  e l e c t r i c a l l y  a c t i v e ,  boron concen t r a t ion  on t h e  base s i d e  of 
t h e  junc t ion  can be obtained by s u b t r a c t i n g  t h e  measured phosphorus concentra- 
t i o n  from t h e  p r e d i f f u s i o n  boron concen t r a t ion ,  S ince  t h e s e  c e l l s  were a l l  
f a b r i c a t e d  from t h e  same s i l i c o n  i n g o t ,  t h e  c a l c u l a t e d  p o s t d i f f u s i o n  n e t  boron 
concent ra t ion  p r o f i l e s  must be i d e n t i c a l .  

We can conclude, t h e r e f o r e ,  t h a t  because t h e  n e t  boron p r o f i l e s ,  t h e  base  
d i f f u s i o n  l eng ths ,  t h e  th icknesses ,  and t h e  r e a r  s u r f a c e  recombination v e l o c i t i e s  
of t h e s e  c e l l s  a r e  i d e n t i c a l ,  t h e  observed v o l t a g e  d i f f e r e n c e s  must be due t o  
d i f f e r e n c e s  i n  t h e  remaining v a r i a b l e  ( i . e . ,  t h e  base  minor i ty  c a r r i e r  m o b i l i t y ) .  
To exp la in  t h e  observed v o l t a g e  i n c r e a s e s ,  one would have t o  invoke a  r educ t ion  
i n  t h e  e l e c t r o n  mob i l i t y  i n  t h e  base  a s  t h e  d i f f u s i o n  t i m e  i s  increased .  

The v a l i d i t y  of t h e s e  conclus ions  could b e  t e s t e d  through a measurement of 
t h e  base mob i l i t y  of t h e s e  t h r e e  c e l l s .  T h e o r e t i c a l l y  t h i s  could be done by 
making independent measurements of t h e  d i f f u s i o n  l e n g t h  and t h e  l i f e t i m e  and 
employing t h e  well-known r e l a t i o n  

where L  i s  d i f f u s i o n  l e n g t h  and T is  minor i ty  c a r r i e r  l i f e t i m e .  Unfortunately,  
a t tempts  t o  measure -r i n  t h e  above c e l l s  us ing  a  t r a n s i e n t  open-circui t -vol tage 
decay technique  were unsuccessfu l  because of ambigui t ies  i n  t h e  i n t e r p r e t a t i o n  
of t h e  decay curves.  We can,  however, p re sen t  some evidence t o  a t t e s t  t o  t h e  
ex i s t ence  of l a r g e  changes i n  minor i ty  c a r r i e r  mob i l i t y  w i th  d i f f u s i o n  t ime.  

The d a t a  presented i n  f i g u r e  9  were obtained a t  Lewis s e v e r a l  yea r s  ago 
during a  s tudy of shallow-junction, 10-ohm-cm devices .  It can be  seen t h a t  a s  
t h e  d i f f u s i o n  t ime was increased ,  t h e  d i f f u s i o n  l eng ths  decreased s i g n i f i c a n t l y .  
However, con t r a ry  t o  what would be expected,  a s  t h e  d i f f u s i o n  l e n g t h s  decreased ,  
t h e  open-c i rcu i t  vo l t ages  increased .  The l i f e t i m e s  of t h e s e  c e l l s  were measured 
using an open-c i rcu i t  v o l t a g e  decay (OCVD) technique,  and t h e  d i f f u s i v i t i e s  c a l -  
cu l a t ed  us ing  equat ion  (2 ) .  The r e s u l t s ,  shown i n  f i g u r e  9 ,  i n d i c a t e  a  l a r g e  
drop i n  t h e  va lue  of D a s  t h e  d i f f u s i o n  t i m e  was increased  from 30 minutes t o  2 
hours.  The decrease  i n  t h e  d i f f u s i v i t y  i n  t h i s  c a s e  was apparent ly  s u f f i c i e n t  
t o  overcome t h e  e f f e c t s  of t h e  decreas ing  d i f f u s i o n  l e n g t h  and t o  produce an  in-  
c r ease  i n  vo l t age ,  even though t h e  d i f f u s i o n  l e n g t h  was seve re ly  degraded. These 
e f f e c t s  a r e  very s i m i l a r  t o  what has  been observed f o r  t h e  p re sen t  Lewis low- 
r e s i s t i v i t y  c e l l s .  It appears  reasonable ,  t h e r e f o r e ,  on t h e  b a s i s  of t h e  d a t a  
presented above, t o  a s c r i b e  t h e  v o l t a g e  l i m i t i n g  r o l e  i n  t h e  Lewis l ow- res i s t i v i ty  
c e l l s  t o  t h e  e l e c t r o n  mob i l i t y  ( d i f f u s i v i t y )  i n  t h e  c e l l  base.  

I n  summary, it appears  t h a t  f o r  both t h e  Lewis d i f f u s e d  e m i t t e r  c e l l  and 
t h e  S p i r e  ion-implanted emi t t e r  c e l l  t h e  base component of t h e  s a t u r a t i o n  cur- 
r e n t  i s  v o l t a g e  c o n t r o l l i n g .  The evidence f o r  t h e  Univers i ty  of F lo r ida  c e l l s ,  
a l though n o t  very  conclus ive ,  sugges ts  emi t t e r  c o n t r o l  of t h e  v o l t a g e  i n  t h i s  
device.  The d a t a  suggest  f u r t h e r  t h a t  t h e  c r i t i c a l  vo l tage- l imi t ing  parameter 
f o r  t h e  Lewis c e l l  i s  t h e  e l e c t r o n  mov i l i t y  i n  t h e  c e l l  base.  The mechanisms 
involved i n  t h e  observed mob i l i t y  changes, however, await  f u r t h e r  s tudy.  
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COMPARISON OF VOLTAGE IMPROVEMENTS I N  0 , l  OHM-CM S I L I C O N  CELLS, 

OPEN-CIRCUIT VOLTAGE (AMO) 

FIGURE 1 

LEWIS CELL FABRICATION SCHEDULE 

1. PRIMARY DIFFUSION 

SURFACE CONCENTRATION 1 x 1 0 ~ ~  C M - ~  

TEMPERATURE 950' C 

T IME > 65 HRS. 

2 .  EMITTER ETCH 

SHEET RESISTANCE 1 0 - 1 2  OHM/D 

3 .  SECONDARY DIFFUSION 

SURFACE CONCENTRATION 2 x 1 0 ~ '  C M - ~  

TEMPERATURE 750' C 

T I M E  1 5  MIN,  

FIGURE 2 



OPEN-CIRCUIT VOLTAGE AS A FUNCTION OF PRINARY DIFFUSION TIME 

950' C PRIMARY DIFFUSION 
ETCHED TO 10-12 OHMS/o 

750 O C - 15 MIN. SECONDARY DIFFUSION 
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FIGURE 3 

INFLUENCE OF BASE DIFFUSION LENGTH OFI VOLTAGE 

4 HOUR DIFFUSION 

BASE DIFFUSION LENGTH (MICROMETERS) 
FIGURE 4 



INFLUENCE OF BASE DIFFUSION LENGTH 0 1  VOLTAGE 

. 6 4 r  4 1  HOUR DIFFUSION 

BASE DIFFUSION LENGTH (MICROMETERS) 

FIGURE 5 

CORRELATION BETWEEN VOLTAGE AND CURRENT FOR SELECTED WAVELENGTHS 
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EFFECT OF DIFFUSION TIME ON MINORITY CARRIER DI FFUSIVITY 

DIFFUSION CONDITIONS 25 L ( ~ )  q. (B)  
"0 c D 

750 - 30 MIN ,523 V 120 UM 
c M2 2,O USEC 72,O 

(A) X-RAY TECHNIQUE 

(B) OCVD TECHNIQUE 

FIGURE 9 



A NEW METHOD FOR MODELING MULTILAYER 

SOLAR CELL STRUCTURES 

M. Wolf and Y .  H. Wu 
Univers i ty  of Pennsylvania 

ABSTRACT 

With t h e  c u r r e n t  t r end  t o  t h e  u s e  of d r i f t  f i e l d s  (BSF) and high-low junc- 
t i o n s  i n  bo th  f r o n t  and base. r eg ions  of t h e  s o l a r  c e l l ,  t h e  need arises f o r  t h e  
r e l a t i v e l y  s imple modeling of s o l a r  c e l l  s t r u c t u r e s  w i th  a t  l e a s t  t h r e e  l a y e r s  
i n  each reg ion .  A beginning of t h i s  had been made i n  t h i s  a u t h o r ' s  paper of 
19631, which t r e a t e d  a one-dimensional, two-layer model i n  c losed  form and 
showed a n  expansion t o  a t h i r d  l a y e r  f o r  a simple case .  The d i r e c t  expansion 
of t h e  closed-form method t o  a d d i t i o n a l  l a y e r s  would be very  cumbersome, bu t  
t h e  expansion method used gave a h i n t  t o  an  approach of layer-by-layer modeling. 
The important  a spec t  i s  t h e  r e p r e s e n t a t i o n  of c u r r e n t  d e n s i t i e s  ac ros s  t h e  l a y e r  
i n t e r f a c e s  by t h e  product of t h e  d e n s i t y  and a  t r a n s p o r t  v e l o c i t y .  The only 
bas i c  cond i t i ons  a r e  t h a t  t h e  i n t e r f a c e  be chosen a t  a  l o c a t i o n  where t h e  
c a r r i e r  d e n s i t y  and t h e  c u r r e n t  a r e  cont inuous a c r o s s  t h e  i n t e r f a c e ;  t h a t  is ,  no 
s u r f a c e  charge  and no s u r f a c e  recombination e x i s t s  a t  t h e  i n t e r f a c e .  I n  addi-  
t i o n ,  t h e  t rea tment  i s  g r e a t l y  eased i f  t h e  i n t e r f a c e  i s  chosen i n  a  space- 
charge, quas i -neut ra l  r eg ion  of t h e  c e l l .  

I n  t h e  c a s e  of low-level i n j e c t i o n ,  space-charge quas i -neu t r a l i t y ,  and 
s p a t i a l l y  cons t an t  m a t e r i a l  parameters ,  inc luding  a n  e l e c t r o s t a t i c  f i e l d  w i t h i n  
a  l a y e r ,  t h e  i n d i v i d u a l  l a y e r  can be  t r e a t e d  a n a l y t i c a l l y ,  and i t s  b a s i c  s o l a r  
c e l l  performance parameter c o n t r i b u t i o n s  eva lua ted  by t h r e e  equat ions .  The 
f i r s t  r e p r e s e n t s  t h e  t ransformat ion  of t h e  t r a n s p o r t  v e l o c i t y  a c r o s s  t h e  l a y e r  
from t h e  o t h e r  boundary, which may be  a n  open s u r f a c e  wi th  a  g iven  s u r f a c e  re- 
combination v e l o c i t y .  The second determines t h e  l igh t -genera ted  c u r r e n t  ou tput  
from t h i s  l a y e r ,  under t h e  in f luence  of t h e  t r a n s p o r t  v e l o c i t i e s  a t  bo th  l a y e r  
boundaries  and of bu lk  recombination. The t h i r d  equat ion  d e s c r i b e s  t h e  flow of 
t h i s  c u r r e n t  a c r o s s  o t h e r  l a y e r s .  I n  c e r t a i n  ca ses  where n o t  a l l  t h e  cond i t i ons  
a r e  m e t  f o r  a  given l a y e r ,  an  a n a l y t i c a l  approach may s t i l l  be  poss ib l e .  Other- 
wise,  numerical methods may have t o  b e  app l i ed  f o r  a given l a y e r .  

The power of t h e  approach is  t h a t  i t  permi ts  a n a l y s i s  of t h e  s o l a r  c e l l ' s  
performance l a y e r  by l a y e r ,  t h a t  i t  g i v e s  a  c l e a r  p i c t u r e  of t h e  ind iv idua l  
l a y e r ' s  i n f luence  on t h e  c e l l  e f f i c i e n c y ,  and t h a t  i t  g r e a t l y  ea ses  t h e  c e l l  
des ign  op t imiza t ion  t a s k .  

The p r i n c i p l e s  of t h e  methodology and r e s u l t s  of i t s  a p p l i c a t i o n  w i l l  b e  
d iscussed ,  inc luding  imp l i ca t ions  on f u t u r e  high-performance s o l a r  c e l l  
s t r u c t u r e s .  

' ~ o l f ,  M. : D r i f t  F i e l d s  i n  Pho tovo l t a i c  So la r  Energy Converter C e l l s .  
Proc. IEEE 51, 1963, pp. 674-693. 





MODELING OF THIN,  BACK-WALL SILICON SOLAR CELLS 

Cosmo R.  Baraona 
~ a t i o n a l  Aeronaut ics  and Space Administrat ion 

Lewis Research Center 

SUMMARY 

The performance of s i l i c o n  s o l a r  c e l l s  wi th  p-n junc t ions  on t h e  noni l lumi-  
nated s u r f a c e  ( i . e . ,  upside-down o r  back-wall c e l l s )  was c a l c u l a t e d .  These 
s t r u c t u r e s  cons i s t ed  of a  uniformly shaped p-type s u b s t r a t e  l a y e r ,  a  p+-type 
f i e l d  l a y e r  on t h e  f r o n t  ( i l luminated)  su r f ace ,  and a  shallow, n-type junc t ion  
on t h e  back (noni l luminated)  su r f ace .  A four - layer  s o l a r  c e l l  model w a s  used 
t o  c a l c u l a t e  e f f i c i e n c y ,  open-c i rcu i t  vo l t age ,  and s h o r t - c i r c u i t  c u r r e n t .  The 
e f f e c t  on performance of p-layer t h i ckness  and r e s i s t i v i t y  was determined. The 
d i f f u s i o n  l eng th  was v a r i e d  t o  s imu la t e  t h e  e f f e c t  of r a d i a t i o n  damage. The r e -  
s u l t s  show t h a t  peak i n i t i a l  e f f i c i e n c i e s  g r e a t e r  than  15  percent  a r e  p o s s i b l e  
f o r  c e l l  th icknesses  of 100 micrometers o r  l e s s .  Af t e r  10  yea r s  of r a d i a t i o n  
damage i n  geosynchronous o r b i t ,  t h i n  (25 t o  50 p t h i c k )  c e l l s  made from 10- t o  
100-ohm-cm m a t e r i a l  show t h e  sma l l e s t  decrease  (-10 percent )  i n  performance. 

INTRODUCTION 

A back-wall, o r  upside-down, s o l a r  c e l l  ( r e f .  1) is  a convent ional  n+-p-p+ 
device  w i t h  i t s  c o l l e c t i n g  p-n junc t ion  on t h e  noni l luminated bottom s i d e  of t h e  
device.  The p+ s i d e  i s  covered wi th  a  gr idded con tac t ;  t h e  n+ reg ion  has f u l l  
a r e a  m e t a l l i z a t i o n .  Back-wall c e l l s  a r e  s i m i l a r  t o  c e r t a i n  high-voltage c e l l  
des igns  t h a t  have c o l l e c t i n g  p-n junc t ions  25 o r  more micrometers from t h e  i l l u -  
minated s u r f a c e  ( r e f .  2 )  o r  t o  i n t e r d i g i t a t e d  back-contact c e l l s  ( r e f s .  3 and 4 ) .  
The i n t e r d i g i t a t e d  c e l l s  t h a t  a r e  most similar t o  t h e  back-wall c e l l  des ign  a r e  
those  w i t h  a f ron t - su r f ace  f i e l d .  S t r u c t u r e s  l i k e  t h e s e  have been prepared f o r  
space use;  hence, i t  i s  of i n t e r e s t  t o  a s s e s s  t h e i r  performance i n  a  r a d i a t i o n  
environment. 

The present  work explores  a n a l y t i c a l l y  t h e  performance of a  range of back- 
w a l l  c e l l  s t r u c t u r e s .  The performance t r ends  of t h e s e  back-wall c e l l  des igns  
a r e  ca l cu la t ed  by us ing  a  four- layer  s o l a r  c e l l  model. This  model has  been used 
previous ly  ( r e f s .  5  t o  8) t o  c a l c u l a t e  s o l a r  c e l l  performance and has shown good 
agreement wi th  experiment. The in f luence  of t h e  back-wall c e l l  t h i ckness ,  t h e  
bulk r e s i s t i v i t y ,  and t h e  r a d i a t i o n  damage c o e f f i c i e n t  on performance was d e t e r -  
mined. The ranges of parameters used i n  t h e  model can be  achieved wi th  p re sen t  
technology. These c a l c u l a t i o n s  a r e  intended t o  g i v e  t h e  scope of t h e  problem 
and t o  i l l u s t r a t e  performance t r ends .  Experimental d a t a  were n o t  a v a i l a b l e  f o r  
comparison. 



THEORETICAL MODEL 

The s o l a r  c e l l  model used f o r  t h e s e  c a l c u l a t i o n s  has been descr ibed  e l s e -  
where ( r e f s .  5  t o  8 ) .  The model i s  based on a  four - layer ,  homojunction semi- 
conductor s o l a r  c e l l .  Layer widths,  impuri ty  concentrat$ons,  s u r f a c e  p r o p e r t i e s ,  
and m a t e r i a l  p r o p e r t i e s  can be  s p e c i f i e d .  Exponential  impuri ty  d i s t r i b u t i o n s  
a r e  assumed so  t h a t  d r i f t  f i e l d  s t r e n g t h s  w i t h i n  each l a y e r  a r e  cons t an t .  

The equat ions  used i n  t h e  model were der ived  by so lv ing  t h e  c o n t i n u i t y  
equat ion:  The c u r r e n t  t r a n s p o r t  equat ion  and a p p r o p r i a t e  boundary cond i t i ons  
were used t o  s o l v e  f o r  t h e  d iode  s a t u r a t i o n  c u r r e n t  d e n s i t y  J O  and f o r  t h e  
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  Jsc. The open-c i rcu i t  v o l t a g e  Voc, maximum 
power Pmax, curve f a c t o r  CF, and  air-mass-zero (AMO) e f f i c i e n c y  were c a l c u l a t e d  
i n  r e f e r e n c e  8. I n  c a l c u l a t i n g  t h e  curve  f a c t o r ,  a  d iode  q u a l i t y  f a c t o r  of 1 
and a  s e r i e s  r e s i s t a n c e  of zero were assumed. For most c e l l s ,  t h i s  r e p r e s e n t s  
about a  3  percent  overes t imate  of power and curve  f a c t o r .  Data i n  t h i s  paper 
were not  ad jus t ed  f o r  t h a t  overes t imate .  The AM0 s o l a r  cons t an t  used was 135.6 
m~Icm2. 

Some of t h e  va lues  used i n  t h e  c a l c u l a t i o n s  a r e  shown i n  f i g u r e  1. Zero 
o p t i c a l  r e f l e c t i o n  and lower f ron t - su r f ace  recombination v e l o c i t y  (S110 cm/sec) 
were used t o  improve c e l l  performance. The p+ f ron t - su r f ace  f i e l d  reg ion  was 
about 1 micrometer deep. The c a r r i e r  concen t r a t ion ,  mob i l i t y ,  and d i f f u s i o n  
l eng th  were c h a r a c t e r i s t i c  of a n  a l loyed  o r  heav i ly  doped d i f f u s e d  reg ion .  The 
n+ and n  r eg ions  were 0.25 micrometer deep and had p r o p e r t i e s  c h a r a c t e r i s t i c  of 
a  shal low d i f f u s e d  junc t ion .  The s u r f a c e  recombination v e l o c i t y  a t  t h e  back 
w a l l  (under t h e  f u l l - a r e a  m e t a l l i z a t i o n )  was l o 8  cm/sec. 

Both f r o n t -  and back-surface recombination v e l o c i t i e s  were assumed t o  be  
cons tan t  and independent of r a d i a t i o n  f luence .  I f  S  increased  w i t h  i r r a d i a t i o n ,  
a d d i t i o n a l  degrada t ion  i n  c e l l  performaace would b e  p red ic t ed  by t h e  four - layer  
model. Complete c o l l e c t i o n  of c a r r i e r s  w a s  assumed wi th in  t h e  d e p l e t i o n  reg ion .  

The p-region bulk  of t h e  c e l l  w a s  a  uniformly doped, f i e l d - f r e e  r eg ion  from 
25 t o  100 micrometers t h i c k .  The p-region r e s i s t i v i t i e s ,  corresponding t o  i n i -  
t i a l  d i f f u s i o n  l eng ths  and r a d i a t i o n  damage c o e f f i c i e n t s  f o r  1-MeV e l e c t r o n s  
( r e f .  9) used i n  t h e  c a l c u l a t i o n s  a r e  shown i n  t a b l e  I .  The i n i t i a l  d i f f u s i o n  
l eng ths  chosen correspond t o  reasonable  minor i ty  c a r r i e r  l i f e t i m e s  f o r  t h e  var -  
i ous  r e s i s t i v i t i e s .  The d i f f u s i o n  l e n g t h  a f  ter a g iven  f  luence  was c a l c u l a t e d  
wi th  t h e  u s u a l  equat ion  ( r e f .  9 ) .  

RESULTS AND DISCUSSION 

Ef f i c i ency  i s  shown as a  func t ion  of f l u e n c e  f o r  25-, 50-, and 100-micro- 
meter-thick, 10-ohm-cm back-wall c e l l s  i n  f i g u r e  2 ,  Almost a l l  t h e  l o s s  i n  
e f f i c i e n c y  i s  due t o  l o s s  i n  J The i n i t i a l  u n i r r a d i a t e d  e f f i c i e n c i e s  a r e  
about 15.2 percent  f o r  25- and 50-micrometer-thick c e l l s  and about  14.1 percent  
f o r  100-micrometer-thick c e l l s .  This  demonstrated t h a t  h igh  beginning-of- l i fe  
(BOL) e f f i c i e n c i e s  a r e  p o s s i b l e  f o r  back-wall c e l l s .  F igure  2  a l s o  shows t h a t  
t h i n  back-wall c e l l s  degrade l e s s  r a p i d l y  than  t h i c k e r  c e l l s .  



A f l u e n c e  of 4x1014 electrons/cm2 corresponds t o  about 10  yea r s  i n  geo- 
synchronous o r b i t  and i s  def ined  h e r e i n  a s  t h e  end-of- l i fe  (EOL) condi t ion .  A t  
end of l i f e  t h e  25-micrometer-thick c e l l  is  13.4 percent  e f f i c i e n t  and t h e  50- 
and 100-micrometer t h i c k  c e l l s  a r e  11.3 and 6.2 percent  e f f i c i e n t ,  r e s p e c t i v e l y .  
Thus, accep tab le  endyo£-life e f f i c i e n c i e s  may be p o s s i b l e  i f  back-wall c e l l s  
a r e  made u l t r a t h i n .  

S imi l a r  c a l c u l a t i o n s  were performed f o r  back-wall c e l l s  made from 1- and 
100-ohm-cm m a t e r i a l .  These c a l c u l a t i o n s ,  a long w i t h  those  f o r  10-ohm-cm c e l l s ,  
a r e  shown i n  f i g u r e  3. E f f i c i ency  i s  p l o t t e d  a s  a func t ion  of r e s i s t i v i t y  f o r  
t h r e e  c e l l  th icknesses .  The beginning-of- l i fe  r e s u l t s  ( f i g .  3 ( a ) )  show t h a t  1 5  
percent  e f f i c i e n c i e s  can be achieved wi th  s e v e r a l  conbina t ions  of th ickness  and 
r e s i s t i v i t y .  However, 100-micrometer-thick c e l l s  made from 1- and 10-ohm-cm 
m a t e r i a l  a r e  l e s s  e f f i c i e n t  because t h e  d i f f u s i o n  l e n g t h  i s  reduced. The end- 
o f - l i f e  r e s u l t s  ( f i g .  3 (b) )  show t h a t  50-micrometer-thick, 100-ohm-cm back-wall 
c e l l s  and 25-micrometer-thick, 10- and 100-ohm-cm back-wall c e l l s  can achieve  
an  e f f i c i e n c y  of 1 3  percent .  This  r e p r e s e n t s  on ly  about a 10  percent  l o s s  i n  
performance over t h e  l i f e  span, compared wi th  1 5  t o  20 percent  f o r  convent ional  
c e l l  des igns .  Therefore,  us ing  t h i n ,  h i g h - r e s i s t i v i t y  m a t e r i a l  appears  t o  y i e l d  
both h igh  BOL and h igh  EOL performances i n  t h e  back-wall c e l l  des ign .  

SUMMARY OF RESULTS 

Ca lcu la t ions  of back-wall s i l i c o n  s o l a r  c e l l  performance w i t h  a four - layer  
model gave t h e  fol lowing r e s u l t s :  

1. Back-wall c e l l s  can achieve  1 5  percent  air-mass-zero beginning-of- l i fe  
e f f i c i e n c y .  

2. Air-mass-zero, end-of- l i fe  e f f i c i e n c y  of 1 3  percent  i s  p o s s i b l e  wi th  
50-micrometer-thick, 100-ohm-cm m a t e r i a l  o r  w i th  25-micrometer-thick, 10- o r  
100-ohm-cm ma te r i a l .  

REFERENCES 

1. Brandhorst ,  H. W . ,  Jr . :  Back Wall So la r  C e l l .  U.S. Pa t en t  4,131,486, 
Dec. 1978. 

2. Neugroschel, A.; and Lindholm, F.A.: Design of High Ef f i c i ency  HLE So la r  
C e l l s  f o r  Space and T e r r e s t r i a l  Appl ica t ions .  So la r  C e l l  High Ef f i c i ency  
and Radia t ion  Damage - 1979. NASA CP-2097, 1979. 

3. Ca rba ja l ,  B.  G. :  High Ef f i c i ency  C e l l  Development. (TI-03-79-16, Texas 
Ins t ruments ,  Inc . ;  NASA Contract  NAS7-100.) NASA CR-158581, 1979. 

4. Anspaugh, Bruce E.; Miyahira,  Tetsuo F.; and Scott-Monck, John A.: Elec- 
t r o n  I r r a d i a t i o n  of Tandem Junc t ion  So la r  C e l l s .  So la r  C e l l  High E f f i -  
c iency  and Radia t ion  Damage - 1979. NASA CP-2097, 1979. 

5. Wolf, M.: D r i f t  F i e l d s  i n  Photovol ta ic  Solar  Energy Converter C e l l s .  Proc.  
IEEE, v o l .  51, May 1963, pp. 674-693. 



6. Godlewski, M. P.;  Baraona, C. R., and Brandhorst ,  H. W. ,  Jr.: The D r i f t  
F i e l d  Model Applied t o  t h e  Lithium-Containing S i l i c o n  S o l a r  Cel l .  Tenth 
Pho tovo l t a i c  S p e c i a l i s t s  Conference, I n s t i t u t e  of E l e c t r i c a l  and Elec- 
t r o n i c s  Engineers ,  Inc. , 1974, pp. 378-383. 

7. Godlewski, M. P.; Baraona, C. R . ;  and Brandhorst,  H. W . ,  Jr.: Low-High 
Junc t ion  Theory Applied t o  S o l a r  Ce l l s .  Tenth Pho tovo l t a i c  S p e c i a l i s t s  
Conference, I n s t i t u t e  of E l e c t r i c a l  and E l e c t r o n i c s  Engineers,  Inc . ,  
1974, pp. 40-49. 

8. Baraona, C .  R.; and Brandhorst,  H. W . ,  Jr.: Analysis  of E p i t a x i a l  D r i f t  
F i e l d  N on P S i l i c o n  So la r  C e l l s .  Twelfth Photovol ta ic  S p e c i a l i s t s  
Conference, I n s t i t u t e  .of E l e c t r i c a l  and E lec t ron ic s  Engineers,  I n c . ,  
1976, pp. 9-14. 

9. Srour ,  J. R.; e t  a l . :  Damage Coef f i c i en t s  i n  Low R e s i s t i v i t y  S i l i con .  
(NRTC-75-23R, Northrup Research and Technology Center ,  NASA Contract  
NAS3-17849. ) NASA CR-134768, 1975. 

10. Miyahira,  T .  I?.; and Anspaugh, B. :  E l ec t ron  Radia t ion  Degradation of Re- 
cent  So la r  C e l l  Designs. Th i r t een th  Photovol ta ic  S p e c i a l i s t s  Confer- 
ence, I n s t i t u t e  of E l e c t r i c a l  and E lec t ron ic s  Engineers,  I n c . ,  1978, 
pp. 463-464. 

TABLE I. - BACK-WALL CELL MODELING PARAMETERS 
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R e s i s t i v i t y ,  
ohm- cm 

1 
10 

100 
* 

I n i t i a l  
d i f f u s i o n  

length ,  
IJm 

100 
200 
600 

Damage 
c o e f f i c i e n t ,  
e l ec t ron -1  

2 .0x10-~0  
4 .  5x10-l1 
1 . o x ~ o ' ~ ~  



Figure 1.- Cross section of thin, four-layer backwall cell. Air-mass-0 il lumination. 

APPROX. 1 w { 

APPROX. 0 -25 UM { 

AM0 

EFFICIENCY 

( X I  

1 MEV ELECTRON FLUENCE (EIC~)  

Figure 2.- Efficiency as func t ion  of f luence for 10-ohm-cm backwall cells. 
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Figure 3. - Efficiency as function of resistivity for backwall cells. 



DESIGN CONSIDERATIONS FOR THE TANDEM JUNCTION SOLAR CELL* 

W. T. Matzen, B. G .  Carbaja l ,  and R. W. Hardy 
Texas Instruments, Inc .  

SUMMARY 

S t ruc tu re  and opera t ion  o f  the  Tandem Junct ion  Ce l l  (TJC) are described. 
The impact o f  us ing  o n l y  back contac ts  i s  discussed. A model i s  presented 
which exp la ins  opera t ion  o f  t he  TJC i n  terms o f  t r a n s i s t o r  ac t i on .  The 
model i s  app l i ed  t o  p r e d i c t  TJC performance as a  f u n c t i o n  o f  phys ica l  
parameters. 

INTRODUCTION 

The Tandem Junct ion  Solar  Ce l l  (TJC) i s  a  back contac t  c e l l  which has 
e x h i b i t e d  h igh  e f f i c i e n c y  i n  t e r r e s t r i a l  a p p l i c a t i o n s  ( r e f .  1,2). A model 
has been presented which exp la ins  opera t ion  o f  t h e  TJC and prov ides general 
design c r i t e r i a  ( r e f .  3 ) .  The model i s  app l i ed  here t o  p r e d i c t  TJC 
performance i n  terms o f  phys ica l  parameters. 

SYMBOLS 

The I n t e r n a t i o n a l  System o f  U n i t s  i s  used throughout.  

D i f f u s i o n  c o e f f i c i e n t  
Generation r a t e  f o r  c a r r i e r s  as a  f u n c t i o n  o f  depth 
Satura t ion  cu r ren t  f o r  co l lec tor -base j u n c t i o n  
S h o r t - c i r c u i t  c u r r e n t  
To ta l  photon generated c u r r e n t  
Photon generated cu r ren t  a t  co l lec tor -base j u n c t i o n  
Photon generated cu r ren t  a t  emi t ter-base j u n c t i o n  
S h o r t - c i r c u i t  c u r r e n t  dens i t y  
Thermal energy 
D i f f u s i o n  Length 
M i n o r i t y  c a r r i e r  concent ra t ion  as a  f u n c t i o n  of d is tance 
Gradient o f  m i n o r i t y  c a r r i e r  concent ra t ion  as a  f u n c t i o n  o f  d is tance 
Magnitude o f  e l e c t r o n i c  charge 
Distance normal t o  sur face 
Emi t te r  j u n c t i o n  depth 
Rase w id th  
Open c i r c u i t  vo l tage 
M i n o r i t y  c a r r i e r  1  i f e t i m e  
Normal ( fo rward)  cu r ren t  t r a n s f e r  r a t i o  
Inverse c u r r e n t  t r a n s f e r  r a t i o  
I n j e c t i o n  e f f i c i e n c y  o f  emi t ter-base j u n c t i o n  

* This work was p a r t i a l l y  supported by the Low-Cost So lar  Array P ro jec t ,  
J e t  Propuls ion Laboratory, Cal i f o r n i a  I n s t i t u t e  o f  Technology, sponsored by 
the U.S. Department o f  Energy through an in teragency agreement w i t h  NASF. 



TJC STRUCTURE 

As i l lus t ra ted  i n  the cross section of Figure 1 ,  the TJC consists of 
a P-type base w i t h  a t h i n  N+ region a t  the front surface and interdigitated 
P+ and N+ regions a t  the back. The front  N +  region i s  uncontacted. Current 
i s  collected a t  the N+ and P+ contacts a t  the back of the c e l l .  The front 
surface i s  texturized. Refraction of incident l i gh t  and reflection a t  the 
back surface give a long optical path so that  a high percent of the l igh t  
i s  absorbed, even in very t h i n  c e l l s .  

Benefits of using contacts on only the back surface include: 

o Elimination of metal shadowing 
o Potential of low ser ies  resistance 
o Convenience of interconnect 

Additionally, high short c i r cu i t  current and open c i r cu i t  voltage have been 
achieved in very thin ce l l s .  An inherent limitation of back contact ce l l s  
i s  that  good performance i s  dependent upon high lifetime. 

TRANSISTOR MODEL FOR THE TJC 

Operation of the TJC i s  explained by the basic t rans is tor  model shown 
i n  Figure 2 .  In the cross section of Figure ? ( a ) ,  the front N+ region 
corresponds to  the emitter,  the P-region t o  the base, and the back N+ 
region t o  the collector.  The current sources I and IAc in Figure 2 ( b )  
resul t  from car r ie r  generation i n  the vicini ty  o emitter-base and collector- 
base junctions, respectively. 

BE 

Generation and flow of car r ie rs  i s  i l lus t ra ted  in Figure 3. When 
car r ie rs  are generated i n  the emitter,  holes diffuse to  the base region. 
For short-circui t  conditions, the holes move by f i e lds  through the base t o  
the P+ contact. To maintain charge neutral i ty ,  a potential i s  bui l t  up  
across the junction such that  electrons are injected from emitter t o  base i n  
approximately equal quantit ies.  Carrier generation in the base also 
contributes to  the emitter-base junction potential;  a boundary condition for  
base-generated car r ie rs  i s  tha t  net flow of electrons across the emitter- 
base junction i s  zero (assuming emitter injection efffciency i s  unity, 
as discussed in a l a t e r  section).  

From the equivalent c i r cu i t  of Figure 2 (b ) ,  the short  c i r cu i t  
current i s  



where aN i s  the forward (normal) current  t r ans f e r  r a t i o .  Most of the 
current  i s  generated very close t o  the  surface. As a f i r s t  order approxima- 
t i on ,  the  t o t a l  photon-generated current  IA  i s  a t  the emit ter  junction so 
t h a t  

Open c i r c u i t  voltage determined from the Ebers-Moll re1 a t ionship  
(ref .  4), i s  

'CS (I-aNaI) 

where I i s  the sa turat ion current  of the  collector-base junction. In 
principF2, V ~ C  can be made qui te  high i f  forward and inverse current  t rans fe r  
r a t i o s ,  aN and a I ,  approach unity.  

High measured values of shor t  c i r c u i t  current ,  open c i r c u i t  voltage, 
and good response a t  shor t  wavelength are consis tent  w i t h  the t r ans i s t o r  
model . 

DESIGN CONSIDERATIONS 

The t r ans i s t o r  model provides a famil iar  frame of reference fo r  
optimizing the TJC s t ruc ture  and estimating performance. Short c i r c u i t  
current ,  in Equation 2 ,  i s  re la ted t o  physical parameters of the  ce l l  by 
expressing current  t r ans f e r  r a t i o  as  

a~ =YE 1 
cosh W - 

I 

where W i s  base width, L i s  diffusion length f o r  minority ca r r i e r s  in the 
base, and YE i s  in ject ion eff ic iency for  the  emitter-base junction. Values 
of near unity can be obtained using heavily-doped emit ters .  

From equations 2 and 4 ,  short  c i r c u i t  current  i s  approximated as 

1 
ISC = IA cosh .- W 

L 
( 5 )  

A more accurate calculation has been carr ied out using the c a r r i e r  
continuity equation 

dLN - q N + G ( X )  = 0 
q D 7  T 



The car r ie r  generation function, G(X), has been adapted to  the TJC by 
including the e f fec ts  of refraction and reflection. The continuity 
equation i s  solved by a computer routine to  obtain short-circuit  current 
due t o  car r ie rs  generated in the base. Boundary conditions are 

I 
N ( X E )  = 0 (assuming yE = 1.0) 

where X E  i s  emitter junction depth and W i s  base width. Emitter generation 
current i s  obtained from the t rans is tor  model. 

Short-circuit current density i s  plotted in Figure 4 as a function of 
base width for several constant values of diffusion length. The solid l ines 
are resul ts  from the computer solution; the t rans is tor  approximation from 
Equation 5 i s  shown by the dotted l ines .  For small values of W/L the two are 
essent ial ly  coincident. The t rans is tor  model deviates for  large values of 
W/L b u t  s t i l l  gives a useful engineering estimate. Measured values for  
several ce l l s  are  shown in Figure 4. These follow predicted trends and are 
within l imits  of l ifetime measurement. 

Dependence of open c i rcu i t  voltage on cell  parameters can be calculated 
from Equation 3 ,  using values of short-circuit  current density obtained 
from Figure 4. 

SUMMARY 

A conceptual model has been described which explains operation of 
the Tandem Junction Cell. Structural optimization follows t rans is tor  
design principles . 

Short-circuit current density has been calculated in terms of the 
physical parameters of the c e l l .  Estimates from the basic t rans is tor  model 
are quite close t o  values determined from a computer solution. Measured 
resul ts  follow predicted trends and are within reasonable accuracy of 
physical constants. 

The t rans is tor  model can a1 so be used to  cal uclate open c i r cu i t  voltage. 

Measured values of TJC parameters a f t e r  exposure to  a simulated space 
environment will be presented in the next session by Bruce Anspaugh. 
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THIN CELLS FOR SPACE* 

G .  S t o r t i ,  J .  Wohlgemuth ,  a n d  C .  W r i g l e y  
S o l a r e x ,  I n c .  

ABSTRACT 

R e s e a r c h  a n d  p i l o t  l i n e  p r o d u c t i o n  e f f o r t s  d i r e c t e d  t o w a r d s  
t h e  f a b r i c a t i o n  o f  h i g h  e f f i c i e n c y  u l t r a t h i n  s i l i c o n  s o l a r  c e l l s  
( 5 0  urn) a r e  r e p o r t e d .  The  r e s e a r c h  e f f o r t s  h a v e  r e s u l t e d  i n  con-  
v e n t i o n a l  u l t r a t h i n  c e l l s  w i t h  AM0 e f f i c i e n c i e s  e x c e e d i n g  1 4 %  a n d  
c o p l a n a r  b a c k  c o n t a c t  c e l l s  w i t h  AM0 e f f i c i e n c i e s  up  t o  1 1 . 7 % .  
The  p r i m a r y  m e c h a n i s m s  l i m i t i n g  e f f i c i e n c y  h a v e  b e e n  d e t e r m i n e d  i n  
b o t h  t y p e s  o f  c e l l s ,  a n d  t h e y  a r e  d i s c u s s e d  w i t h i n  t h e  c o n t e x t  o f  
f u r t h e r  i m p r o v i n g  e f f i c i e n c y .  R e s u l t s  o f  p i l o t  l i n e  p r o d u c t i o n  
o f  c o n v e n t i o n a l  u l t r a t h i n  c e l l s  a r e  a l s o  p r e s e n t e d .  A v e r a g e  AM0 
e f f i c i e n c i e s  o f  1 2 %  h a v e  b e e n  r e a d i l y  a c h i e v e d  f o r  2 0 0 0 - c e l l  p r o -  
d u c  t i o n  r u n s .  

INTRODUCTION 

A s i g n i f i c a n t  a d v a n c e  i n  s i l i c o n  s o l a r  c e l l  t e c h n o l o g y  f o r  
s p a c e  a p p l i c a t i o n s  h a s  b e e n  t h e  f a b r i c a t i o n  o f  h i g h  e f f i c i e n c y  
u l t r a t h i n  ( 5 0  pm) c e l l s  t h a t  a r e  n e a r l y  i n d e p e n d e n t  o f  b a s e  
r e s i s t i v i t y  ( R e f . l , 2 ) .  T h i s  i n c l u d e s  t h e  c o n v e n t i o n a l  u l t r a -  
t h i n  c e l l  w h i c h  i n c o r p o r a t e s  a - h i g h - l o w  p+ - p  j u n c t i o n  a t  t h e  
r e a r  o f  t h e  c e l l  a n d  t h e  c o p l a n a r  b a c k  c o n t a c t  c e l l  w h i c h  h a s  
h i g h - l o w  p+ - p  j u n c t i o n s  b o t h  o n  t h e  f r o n t  a n d  o n  c e r t a i n  r e g i o n s  
a t  t h e  b a c k  o f  t h e  c e l l .  A s  a c o n s e q u e n c e  o f  t h e  new t e c h n o l o g y ,  
t h e  power  t o  m a s s  r a t i o  h a s  i n c r e a s e d  d r a m a t i c a l l y  o v e r  t h a t  o f  
c o n v e n t i o n a l ,  200 pm t h i c k  s p a c e  c e l l s .  I n  a d d i t i o n ,  c o n v e n t i o n -  
a l  u l t r a t h i n  c e l l s  h a v e  b e e n  f o u n d  t o  b e  p a r t i c u l a r l y  r e s i s t a n t  
t o  r a d i a t i o n  damage  b e c a u s e  t h e  d i s t a n c e  t h a t  t h e  m i n o r i t y  c a r r i e r  
m u s t  t r a v e l  t o  t h e  c o l l e c t i n g  j u n c t i o n  i s  r e l a t i v e l y  s h o r t .  

No l e s s  i m p o r t a n t  h a v e  b e e n  t h e  b r e a k t h r o u g h s  i n  m a n u f a c t u r -  
i n g  t e c h n o l o g y  t h a t  h a v e  r e s u l t e d  i n  h i g h l y  p r o d u c i b l e  c o n v e n -  
t i o n a l  u l t r a t h i n  c e l l s  ( R e f .  3 ) .  S o l a r e x  h a s  f a b r i c a t e d  s e v e r a l  
t h o u s a n d  o f  t h i s  t y p e  o f  c e l l .  

* Work p e r f o r m e d  f o r  J e t  P r o p u l s i o n  L a b o r a t o r i e s ,  C o n t r a c t  
9 5 4 8 8 3  a n d  NASA L e w i s  R e s e a r c h  C e n t e r ,  C o n t r a c t  NAS3-21250. 



I n  t h i s  p a p e r ,  we p r e s e n t  r e s u l t s  o f  r e s e a r c h  e f f o r t s  on  b o t h  
t h e  c o n v e n t i o n a l  a n d  c o p l a n a r  b a c k  c o n t a c t  c e l l s  a n d  o f  t h e  p i l o t  
l i n e  p r o d u c t i o n  e f f o r t s  o n  t h e  c o n v e n t i o n a l  c e l l s .  A l s o ,  we 
d i s c u s s  t h e  p r i n c i p a l  l o s s  m e c h a n i s m s  a f f e c t i n g  c e l l  e f f i c i e n c y  
i n  b o t h  t y p e s  o f  c e l l s .  

RESEARCH EFFORTS 

a. C o n v e n t i o n a l  U l t r a t h i n  C e l l s  - The b a s i c  p r o c e s s i n g  
s e q u e n c e  i s  s e e n  i n  F i g u r e  1. S i l i c o n  w a f e r s  a r e  t h i n n e d  down 
a n d  t e x t u r e d  u s i n g  NaOH a n d  K O H - i s o p r o p a n o l  e t c h e s ,  r e s p e c t i v e l y .  
The  s l i c e s  a r e  t h e n  d i f f u s e d  a t  860°C u s i n g  PH3 a s  t h e  d i f f u s a n t  
s o u r c e .  Aluminum p a s t e  i s  t h e n  s i l k  s c r e e n e d  o n  o n e  s i d e ,  c u r e d  
a t  9 0 ' ~  f o r  o n e - h a l f  h o u r  a n d  f i r e d  a t  8 5 0 ° c  f o r  a p p r o x i m a t e l y  
t h i r t y  s e c o n d s .  A f t e r  c l e a n i n g  u p  t h e  a l l o y  r e s i d u e ,  s t a n d a r d  
Ti-Pd-Ag c o n t a c t s  a n d  a  T a 2 0 5  AR c o a t i n g  a r e  d e p o s i t e d  o n  t h e  
c e l l s .  U s i n g  t h i s  p r o c e s s  t e c h n i q u e ,  c e l l s  h a v i n g  AM0 e f f i -  
c i e n c i e s  g r e a t e r  t h a n  1 3 %  a t  AM0 a r e  c o n s i s t e n t l y  o b t a i n e d .  F i g -  
u r e  2 s h o w s  t h e  I - V  c h a r a c t e r i s t i c s  o f  t h e  b e s t  o f  t h e s e  c e l l s  
( n  = 1 4 . 1 %  a t  250C) .  F o r  c o m p a r i s o n  p u r p o s e s ,  t h e  I - V  c u r v e  o f  
a  n o n - t e x t u r e d  t h i n  c e l l  w h i c h  h a d  e v a p o r a t e d  a l u m i n u m  a s  a  s o u r c e  
f o r  b a c k  s u r f a c e  f i e l d  f o r m a t i o n  i s  shown .  A s  c a n  b e  s e e n  i n  t h e  
f i g u r e ,  t e x t u r i n g  i n  a  j u n c t i o n  w i t h  a n  e f f e c t i v e  b a c k  s u r f a c e  
f i e l d  p r o d u c e s  a  s i g n i f i c a n t  i n c r e a s e  i n  c u r r e n t  b e c a u s e  o f  a  
r e d u c t i o n  i n  r e f l e c t i o n  a n d  t h e  g e n e r a t i o n  o f  m i n o r i t y  c a r r i e r s  
c l o s e r  t o  t h e  j u n c t i o n .  

T h i s  i s  f u r t h e r  s e e n  i n  F i g u r e  3 ,  w h e r e  t h e  s p e c t r a l  r e s p o n s e  
o f  t h e  two c e l l s  i s  shown .  The  m a j o r  d i f f e r e n c e  i n  t h e  two c u r v e s  
i s  t h e  r e f l e c t i o n ,  a l t h o u g h  a t  l o n g  w a v e l e n g t h s  ( A  > . 8 5  pm) t h e r e  
i s  a d d i t i o n a l  c u r r e n t  c o l l e c t i o n  b e c a u s e  o f  t h e  r e f r a c t i o n  o f  
t h e  e n t r a n t  l i g h t .  

T e x t u r e d  c e l l s  h a v i n g  o p e n  c i r c u i t  v o l t a g e s  g r e a t e r  t h a n  
600  mV h a v e  b e e n  f a b r i c a t e d  when A 1  p a s t e s  h a v e  b e e n  t h e  s o u r c e  
f o r  b a c k  s u r f a c e  f i e l d  f o r m a t i o n .  T h i s  i s  c o n s i d e r a b l y  b e t t e r  
t h a n  t h e  o p e n  c i r c u i t  v o l t a g e s  o b t a i n e d  when e v a p o r a t e d  A 1  i s  
u s e d  a s  t h e  s o u r c e .  A t  p r e s e n t ,  t h e  m a t e r i a l  p r o c e s s e s  r e s p o n s i -  
b l e  f o r  t h e  d i f f e r e n c e  a r e  n o t  known.  

b .  C o p l a n a r  Back  C o n t a c t  C e l l  - I n  a n o t h e r  p r o g r a m ,  S o l a r e x  
h a s  b e e n  f a b r i c a t i n g  c o p l a n a r  b a c k  c o n t a c t  c e l l s  - t h a t  i s ,  c e l l s  
i n  w h i c h  t h e  c o n t a c t s  t o  b o t h  t h e  n+ a n d  p+ r e g i o n s  a r e  l o c a t e d  o n  
t h e  b a c k  o f  t h e  c e l l s .  The  m o t i v a t i o n  f o r  t h e  d e v e l o p m e n t  o f  
t h i s  t y p e  o f  c e l l  i s  t h e  h i g h  c o s t  a s s o c i a t e d  w i t h  s o l a r  c e l l  
a s s e m b l y .  



The  p r o c e s s  s e q u e n c e  f o r  t h i s  c e l l  i s  s e e n  i n  F i g u r e  4 .  A f t e r  
t h i n n i n g  w i t h  a  N a O H  e t c h ,  a b o r o n  d o p e d  s i l i c o n  d i o x i d e  l a y e r  i s  
d e p o s i t e d  on t h e  f r o n t  o f  t h e  s l i c e  a n d  a n  un -doped  o x i d e  l a y e r  
o n  t h e  b a c k .  I n  a  s e r i e s  o f  p h o t o l i t h o g r a p h y  s t e p s ,  p o r t i o n s  o f  
t h e  b a c k  o x i d e  a r e  r emoved  f o r  p h o s p h o r u s  d i f f u s i o n  a n d  h i g h - l o w  
p+ - p  j u n c t i o n  f o r m a t i o n  w i t h  e v a p o r a t e d  A 1  a s  t h e  s o u r c e .  The  
r e s u l t a n t  n+ a n d  p+ r e g i o n s  a r e  t h e n  m e t a l l i z e d  w i t h  Ti-Pd-Ag t o  
p r o v i d e  c o n t a c t s  t o  t h e  c e l l .  The  f r o n t  o x i d e  i s  t h e n  r emoved  a n d  
a  Ta2O5 a n t i - r e f l e c t i o n  c o a t i n g  a p p l i e d .  

F i g u r e  5  shows  t h e  b a s i c  p a t t e r n  o f  t h e  n + ,  - p ,  a n d  p+ r e g i o n s  
a t  t h e  b a c k  o f  t h e  c e l l s .  W i t h  a s t e p  a n d  r e p e a t  o f  20  m i l s ,  t h e  
n+ r e g i o n  i s  1 6  m i l s  w i d e  a n d  t h e  p+ r e g i o n  2  m i l s  w i d e .  T h e  two 
r e g i o n s  a r e  s e p a r a t e d  by p - r e g i o n s  t h a t  a r e  1 - m i l  i n  w i d t h .  

The  b e s t  c e l l  t h a t  h a s  b e e n  p r o d u c e d  a f t e r  f i v e  m o n t h s  o f  
f a b r i c a t i o n  e f f o r t  i s  s e e n  i n  F i g u r e  6 .  The  AM0 e f f i c i e n c y  o f  
t h i s  p l a n a r  c e l l  i s  1 1 . 7 %  a t  25OC. R e s i s t i v i t y  o f  t h e  b a s e  s i l i -  
c o n  i s  a p p r o x i m a t e l y  552 -cm. C u r r e n t  d e n s i t i e s  a r e  p r e s e n t l y  
l i m i t e d  b y  l e s s  t h a n  op t imum o p t i c a l  c o u p l i n g  a n d  by  l o w  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 .  A s p o t  s c a n  h a s  shown m i n i m a  i n  t h e  
c u r r e n t  o u t p u t  o v e r  t h e  p+ r e g i o n s .  

The  d i f f u s i o n  l e n g t h  i n  t h e  s i l i c o n  i s  a  c r i t i c a l  p a r a m e t e r  
f o r  h i g h  e f f i c i e n c y  c o p l a n a r  b a c k  c o n t a c t  c e l l s .  T a b l e  I shows  
t h e  i n f l u e n c e  o f  d i f f u s i o n  l e n g t h  o n  t h e  c u r r e n t  d e n s i t y  f o r  a  
16 -1 -2 -1  mask c o n f i g u r a t i o n  a n d  f o r  t h r e e  c e l l  t h i c k n e s s e s .  Re- 
f l e c t i o n  i s  a s s u m e d  t o  b e  z e r o ,  a n d  t h e  r e c o m b i n a t i o n  v e l o c i t i e s  
a t  t h e  p  a n d  p+ s u r f a c e s  a r e  i n d i c a t e d .  N o t  s u r p r i s i n g l y ,  when 
t h e  d i f f u s i o n  l e n g t h  d e c r e a s e s  t o  t h e  same o r d e r  a s  t h e  c e l l  
t h i c k n e s s  o r  t h e  d i s t a n c e  b e t w e e n  t h e  c e n t e r  o f  p+ r e g i o n  a n d  t h e  
e d g e  o f  t h e  n+ r e g i o n ,  t h e  c u r r e n t  d e n s i t y  i s  s t r o n g l y  a f f e c t e d .  

PILOT LINE FABRICATION EFFORTS 

I n  c o n j u n c t i o n  w i t h  r e s e a r c h  e f f o r t s  o n  c o n v e n t i o n a l  u l t r a -  
t h i n  c e l l s ,  S o l a r e x  h a s  b e e n  p r o d u c i n g  n o n - t e x t u r e d  5 0  pm t h i c k  
c e l l s  i n  a  p i l o t  l i n e  e f f o r t .  S e v e r a l  t h o u s a n d  c e l l s  h a v e  b e e n  
f a b r i c a t e d .  The  r e s u l t s  o f  t h e  m o s t  r e c e n t  p r o d u c t i o n  r u n s  as  
s e e n  i n  F i g u r e  7 ,  r e p r e s e n t i n g  a t o t a l  o f  f i v e  t h o u s a n d  c e l l s .  
The  s i g n i f i c a n t  i n c r e a s e  i n  o u t p u t  power  t h a t  o c c u r r e d  d u r i n g  t h e  
s e c o n d  q u a r t e r  w a s  d u e . t o  c o n t r o l l i n g  c e l l  f l e x u r e  d u r i n g  h i g h  
t e m p e r a t u r e  p r o c e s s i n g .  The  h i g h  power  l e v e l s  s e e n  i n  some c e l l s  
d u r i n g  t h e  f o u r t h  q u a r t e r  was  t o  a  l a r g e  e x t e n t  d u e  t o  e f f e c t i v e  
b a c k  s u r f a c e  f i e l d s  f o r m e d  f r o m  e v a p o r a t e d  a luminum.  

I n  t h e  c o m i n g  y e a r ,  p i l o t  l i n e  p r o d u c t i o n  o f  t e x t u r e d  c e l l s  
u s i n g  A 1  p a s t e s  f o r  b a c k  s u r f a c e  f i e l d  f o r m a t i o n  i s  p l a n n e d .  A 
s u b s t a n t i a l  i n c r e a s e  i n  a v e r a g e  c e l l  e f f i c i e n c y  i s  e x p e c t e d  a s  a  
c o n s e q u e n c e .  



LOSS MECHANISMS 

The  c u r r e n t  d e n s i t y  a n d  f i l l  f a c t o r  o f  t h e  c o n v e n t i o n a l  
u l t r a t h i a  c e l l s  h a v e  b e e n  m a x i m i z e d .  T h e  o p e n  c i r c u i t  v o l t a g e  
r e m a i n s  a t  c o n s i d e r a b l y  l e s s  t h a n  t h e o r e t i c a l l y  e x p e c t e d  v a l u e s  
b e c a u s e  t h e  e m i t t e r  r e c o m b i n a t i o n  c u r r e n t  i s  h i g h .  I n c r e a s e d  
o p e n  c i r c u i t  v o l t a g e s  c a n  b e  e x p e c t e d  w i t h  t h e  i n c o r p o r a t i o n  o f  
a  h i g h - l o w  e m i t t e r  a s  h a s  r e c e n t l y  b e e n  d o n e  b y  N e u g r o s c h e l ,  
e t  a l .  ( R e f .  4 ) .  

F o r  t h e  c o p l a n a r  b a c k  c o n t a c t  c e l l  w i t h  f r o n t  s u r f a c e  f i e l d ,  
b e t t e r  o p t i c a l  c o u p l i n g  a n d  l a r g e r  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 r e  n e e d e d  t o  m a x i m i z e  t h e  c u r r e n t  d e n s i t y .  F i l l  f a c t o r s  
a r e  a t  s a t i s f a c t o r y  l e v e l s .  Open c i r c u i t  v o l t a g e s  a r e  low f o r  t h e  
same r e a s o n  a s  w i t h  t h e  c o n v e n t i o n a l  t h i n  c e l l s .  H i g h - l o w  e m i t t e r  
r e g i o n s  s h o u l d  c o n s i d e r a b l y  i m p r o v e  t h e  o p e n  c i r c u i t  v o l t a g e .  

SUMMARY AND CONCLUSIONS 

U l t r a t h i n  h i g h - e f f i c i e n c y  c o n v e n t i o n a l  a n d  c o p l a n a r  b a c k  
c o n t a c t  c e l l s  h a v e  b e e n  f a b r i c a t e d .  C o n v e n t i o n a l  c e l l  e f f i c i e n c i e s  
h a v e  e x c e e d e d  1 4 % ,  a n d  c o p l a n a r  b a c k  c o n t a c t  c e l l  e f f i c i e n c i e s  
h a v e  r e a c h e d  1 1 . 7 % .  N o n - t e x t u r e d ,  c o n v e n t i o n a l  u l t r a t h i n  c e l l s  
h a v e  b e e n  p r o d u c e d  i n  p i l o t  l i n e  q u a n t i t i e s ,  A v e r a g e  e f f i c i e n c i e s  
o f  t h e s e  c e l l s  h a v e  r e a c h e d  1 1 . 6 % .  

M a j o r  i n c r e a s e s  i n  e f f i c i e n c y  m u s t  come b y  i n c r e a s i n g  t h e  
o p e n  c i r c u i t  v o l t a g e  o f  b o t h  t y p e s  o f  c e l l s .  F u r t h e r  w o r k  i n  
o p t i m i z i n g  o p t i c a l  c o u p l i n g  a n d  m a i n t a i n i n g  h i g h  m i n o r i t y  c a r r i e r  
d i f f u s i o n  l e n g t h  i s  r e q u i r e d  f o r  h i g h  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 i e s  i n  c o p l a n a r  b a c k  c o n t a c t  c e l l s .  

T h i n  c e l l s  o f f e r  s u b s t a n t i a l  a d v a n t a g e s  w i t h  r e s p e c t  t o  h i g h  
power  t o  m a s s  r a t i o s .  A l s o ,  t h e  g r e a t  f l e x i b i l i t y  o f  t h e  c e l l s  
a l l o w s  f o r  c o m p a c t  l a u n c h  c o n f i g u r a t i o n s  o f  l i g h t w e i g h t  a r r a y s .  
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1. E F F E C T  O F  D I F F U S I O N  LENGTH ON THE SHORT C I R C U I T  CURRENT 
DENSITY O F  COPLANAR BACK CONTACT CELLS O F  D I F F E R E N T  
THICKNESSES 

MASK CONFIGURATION: 1 6  m i l  - nC; 1 m i l  - p;  2 m i l  - p+ 

1 m i l  - p 

ASSUMPTIONS: 

1. PLANAR FRONT SURFACE 

2.  NO REFLECTION 

3 .  V s ( p )  = 1 0 0 0  cm/s 

4. v ~ ( ~ + )  = 1 0 0  c m / s  
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ALUMINUM PASTE ALLOY 

( 8 5 0 ~ ~  f o r  3 0  s e c )  

I 

CONTACT FORMATION 

( T i - P d - A g )  + 
ANTI-REFLECTION COATING 

FIGURE 1: PROCESS SEQUENCE FOR CONVENTIONAL, TEXTURED ULTRATHIN C E L L  
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F IGURE 2 :  I -V  CHARACTERISTICS OF PLANAR AND 

TEXTURED 5 0 ~ ~  THICK SILICON CELLS. 
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FIGURE 3: SPECTRAL RESPONSE OF PLANAR AND 

TEXTURED 5 0 ~ ~  THICK SILICON CELLS, 
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FIGURE 4: PROCESS SEQUENCE FOR THE COPLANAR BACK CONTACT CELL 
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N+ - REGION WIDTH: 16 MILS ( 4 9 6 ~ ~ )  
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P - REGION WIDTH: 1 M I L  ( 2 5 ~ ~ )  

FIGURE 5: 01 FFUSED REGION AND CONTACT CONFIGURATION 
OF COPLANAR BACK CONTACT CELL. 
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FIGURE 6: I-V CHARACTERISTICS AT 2 5 O ~  OF THE BEST 5 0 ~ ~  

THICK COPLANAR BACK CONTACT CELL. 
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FIGURE 7: AM0 POWER OUTPUT AT 25OC AS A FUNCTION 

OF QUARTERLY PILOT LINE PRODUCTION EFFORTS 

FOR PLANAR, 5 % ~  THICK SILICON CELLS. 
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HIGH EFFICIENCY CELL GEOMETRY 

. R.N.  H a l l  
General  E l e c t r i c  Company 

SUMMARY 

A new s i l i c o n  s o l a r  c e l l  is  d e s c r i b e d  which h a s  an  a r r a y  of smal l -area  
conduc t ion  p a t h s  t o  t r a n s p o r t  c u r r e n t  d i r e c t l y  th rough  t h e  wafer  t o  m e t a l  
e l e c t r o d e s  on t h e  back.  T h i s  d e s i g n  e l i m i n a t e s  g r i d  shadowing and many of 
t h e  o t h e r  l o s s e s  i n h e r e n t  i n  c o n v e n t i o n a l  c e l l s .  E a r l y  e x p e r i m e n t a l  u n i t s  
w i t h o u t  t e x t u r i n g  o r  a n t i r e f l e c t i o n  c o a t i n g s  have shown 13.3% e f f i c i e n c y  
under  AM1 i n s o l a t i o n .  

INTRODUCTION 

The f r o n t  s u r f a c e  g r i d  of a c o n v e n t i o n a l  s o l a r  c e l l  c a u s e s  l o s s e s  i n  
e f f i c i e n c y  due  t o  shadowing and s e r i e s  r e s i s t a n c e  a long  t h e  g r i d  l i n e s .  
Fur thermore,  i t  r e q u i r e s  h i g h - r e s o l u t i o n  p a t t e r n i n g  and y i e l d s  a  non-planar 
f r o n t  s u r f a c e .  These  problems a r e  e l i m i n a t e d  i n  t h e  "Polka Dot C e l l "  
d e s c r i b e d  below i n  which t h e  c u r r e n t  c o l l e c t e d  a t  t h e  f r o n t  j u n c t i o n  i s  
c a r r i e d  th rough  t h e  c e l l  v i a  a n  a r r a y  of smal l -a rea  i n t e r c o n n e c t s  t o  a  
j u n c t i o n  of t h e  same t y p e  which c o v e r s  most of t h e  r e a r  s u r f a c e .  

DESCRIPTION 

The geometry of t h i s  c e l l  i s  shown i n  f i g u r e  1, which i l l u s t r a t e s  t h e  
~ f p  c o n f i g u r a t i o n .  The c e l l s  are made by p a t t e r n i n g  t h e  backs  of < loo>  
s i l i c o n  w a f e r s  and a n i s o t r o p i c a l l y  e t c h i n g  t o  produce pyramidal  i n d e n t a t i o n s  
which b a r e l y  p e n e t r a t e  th rough  t h e  f r o n t  s u r f a c e .  The wafer  is  d i f f u s e d  t o  
produce a t h i n  N+ j u n c t i o n  on t h e  f r o n t  s u r f a c e  and a  deeper  one  over  t h e  
back e x c e p t  f o r  a r e a s  which a r e  masked and i o n  implanted P+ t o  make c o n t a c t  
w i t h  t h e  s u b s t r a t e .  The c e l l  i s  completed by d e p o s i t i n g  m e t a l l i z a t i o n  over  
t h e  e n t i r e  back of t h e  c e l l  and p a t t e r n i n g  i t  t o  s e p a r a t e  t h e  N+ and P+ 
c o n t a c t  a r e a s .  The f r o n t  can b e  t e x t u r e d  and AR coa ted  t o  r e d u c e  r e f l e c t i o n  
l o s s e s .  

The power d e l i v e r e d  by t h e  c e l l ,  expressed  as P = IscVocf, i s  expected 
t o  b e  i n c r e a s e d  r e l a t i v e  t o  t h a t  of a c o n v e n t i o n a l  c e l l  through improvements 
i n  each o f  t h e s e  c e l l  c o e f f i c i e n t s .  The s h o r t - c i r c u i t  c u r r e n t  Isc w i l l  be  
i n c r e a s e d  by e l i m i n a t i o n  of g r i d  shadowing. A l a r g e r  o p e n - c i r c u i t  v o l t a g e  
Voc due t o  improved e m i t t e r  e f f i c i e n c y  i s  expec ted  through e l i m i n a t i o n  of t h e  
S = boundary c o n d i t i o n  t h a t  would e x i s t  under  a m e t a l l i z e d  g r i d  a r e a .  The 



absence of j unc t ion  degrada t ion  caused by impur i t i e s  coming from t h e  g r i d  
m e t a l l i z a t i o n  should f u r t h e r  i nc rease  both  of t h e s e  parameters.  The r e a r  
j unc t ion  i s  made deep enough t o  avoid such degradat ion.  

The f i l l  f a c t o r  f  is  mainly determined by t h e  product RsA, where Rs is  
t h e  s e r i e s  r e s i s t a n c e  of t h e  c e l l  and A i s  i t s  a rea .  Rs has  two p r i n c i p a l  
components, one caused by spreading r e s i s t a n c e  i n  t h e  f r o n t  N+ reg ion  around 
t h e  in t e rconnec t  openings, and t h e  o t h e r  a s soc i a t ed  wi th  l a t e r a l  c u r r e n t  f low 
i n  t h e  s u b s t r a t e .  

SERIES RESISTANCE ANALYSIS 

The spreading r e s i s t a n c e  can be  evaluated by imagining t h e  c e l l  t o  be 
d iv ided  i n t o  squares  of s i d e  "a" surrounding each in te rconnect  opening, a s  
i l l u s t r a t e d  i n  f i g u r e  2. These openings a r e  squares  of s i d e  "b". W e  w i l l  
approximate t h e  performance of t h i s  s u b c e l l  by t h a t  of a c i r c u l a r  c e l l  of t h e  
same a r e a ,  so i t s  i n n e r  and o u t e r  r a d i i  a r e  b l G  and a / & r e s p e c t i v e l y .  We 
assume t h a t  photocurren t  d e n s i t y  J is  generated uniformly over t h e  s u r f a c e  
of t h e  s u b c e l l  and f lows r a d i a l l y  inward t o  t h e  in te rconnect  opening through 
t h e  N+ l a y e r  which has  a shee t  r e s i s t a n c e  po. Rs w i l l  b e  evaluated by - 

2 express ing  t h e  power l o s t  i n  t h e  N+ reg ion  i n  t h e  form, P = I Rs. The power 
d i s s i p a t e d  i n  each c i r c u l a r  zone of l eng th  d r  is  caused by photocurrent  
c o l l e c t e d  i n  t h e  annular  a r e a  o u t s i d e  r ,  so  t h e  t o t a l  power l o s t  i n  each 
s u b c e l l  i s  given by 

from which Rs can be eva lua ted .  Mult iplying by a 2  t o  g e t  t h e  RsA product ,  
we f i n d  

To i n d i c a t e  t h e  magnitude t o  be  expected f o r  t h i s  r e s i s t a n c e  l o s s ,  w e  t a k e  a 
0.6 mrn ( app ropr i a t e  f o r  a 200 p t h i c k  c e l l ) ,  a /b  = 20, and p a =  200 ohmlsquare, 
which g ives  RsA = 0.26 ohm-cm2. Th i s  l o s s  would reduce t h e  output  of a s i l i c o n  
c e l l  by l e s s  than  2%. 

The l o s s  due t o  c u r r e n t  flow i n  t h e  s u b s t r a t e  can be  c a l c u l a t e d  
s i m i l a r l y .  For a wafer of t h i ckness  t and r e s i s t i v i t y  p having an  a r r a y  
of p a r a l l e l  l i n e  c o n t a c t s  a d i s t a n c e  d a p a r t ,  we f i n d  



Subs t r a t e  con tac t s  could convenient ly be placed between every o the r  i n t e r -  
connect row, g iv ing  d = 2a. However, f o r  i n i t i a l  experiments we have chosen 
t o  omit every 8 t h  row and p lace  t h e  con tac t s  t h e r e ,  corresponding t o  d = 8a. 

2 For a wafer r e s i s t i v i t y  of 0.25 ohm-cm t h i s  g ives  RsA = 0.24 ohm-cm . 
The combined e f f e c t  of t h e s e  two Rs components would be t o  reduce t h e  

f i l l  f a c t o r  from i t s  i d e a l  va lue  of 0.83 t o  0.80, assuming Voc = 0.6 v o l t s  
and Jsc = 40 m ~ / c m ~ .  

EXPERIMENTAL RESULTS 

Ear ly  experimental c e l l s  have been made by T . J .  So l tys  of t h i s  l abora to ry  
i n  both t h e  N+P and P% conf igura t ions .  C e l l s  made without t ex tu r ing  o r  
a n t i r e f l e c t i o n  coa t ings  have shown Jsc = 29.3 d / c m 2 ,  Voc = 0.588 v o l t s ,  and 
f = 0.77 under 100 m~/cm2 of AM1 i l l umina t ion ,  corresponding t o  a conversion 
e f f i c i e n c y  of 13.3%. 



HIGH EFFICIENCY SOLAR CELL GEOMETRY 

N-TYPE" P-TYPE I 

F i g u r e  1. C r o s s - s e c t i o n  o f  t h e  Po lka  Dot s o l a r  c e l l ,  
shown u p s i d e  down. The N+ m e t a l l i z a t i o n  a c t u a l l y  
c o v e r s  most o f  t h e  back s u r f a c e  o f  t h e  ce l l .  

F i g u r e  2 ,  S u b c e l l  used  f o r  c a l c u l a t i n g  series r e s i s t a n c e .  



SILICON SOLAR CELLS FOR SPACE USE: PRESENT PERFORMANCE AND TRENDS 

P.A.  I l e s ,  F .F .  Ho and S. Khemthong 
Photoelectronics Corporation of America 

FABRICATION METHODS 

Much of modern s i l i con  device technology has been applied t o  make current  
space ce l l  s .  This technology includes the use of 1 arge s ing le  c ry s t a l s  ( u p  t o  
10 K g ) ,  s l i c ed  by advanced ID saws, mechanized pol ishing methods and cleaning, 
and di f fus ion in microprocessor-controlled furnaces. Contacts and coatings 
a r e  deposited in large  evaporators using e lect ron beam-heated sources, and 
w i t h  semi-automatic control of layer proper t ies .  Cells  a r e  processed through 
most of t h i s  sequence in  large  s l i c e  (%3")  form. The combination of these 
processes has been shown to  re ta in  proven leve l s  of space worthiness and 
qua1 i ty  control .  

BAS I C PRODUCTION CELL DESIGN 

The surface f i n i sh  i s  e i t h e r  polished o r  textured.  The back surface may 
be of high ref lec tance (BSR) o r  include an e l e c t r i c  f i e l d  (BSF). S l i c e  thick- 
nesses a r e  generally 8-12 mils ,  and r e s i s t i v i t i e s  2-10 ohm-cm a r e  used mostly. 
The gr id  pat tern  designs a re  determined with a id  of computer programs and 
using photo1 i thographic ( o r  shadow masking) methods, we1 1 control led pat terns  
of narrow, close-spaced l i ne s  of high conductance a r e  obtained. 

PRESENT PERFORMANCE 

AM0 O u t p u t  ( P m )  

Values above 21.5 mW/cm2 (%16%) have been achieved. For production runs, 
c e l l s  in  the  range 19-20 mW/cm2 a r e  speci f ied  with increased frequency, 
although c e l l s  in the  range 15-17 mW/cm2 a r e  s t i l l  required. These output 
values a r e  those measured a t  control led  temperatures (25-2S°C). Recently, 
more a t t en t ion  has been paid t o  the  o rb i t a l  output ,  determined largely  by the  
value of s o l a r  absorptance f o r  the c e l l .  

Solar  Absorptance (aS)  

The highest output c e l l s  ( textured surface) have retained high as  values 
(>0.87 even with BSR). Recently s i gn i f i c an t  decrease in a s  (down t o  0.72) 
have been achieved f o r  production non-textured c e l l s  with high output, 
obtained by an e f f ec t i ve  BSF, and the  output of such c e l l s  can exceed 95% of 
t h a t  of textured c e l l s .  Special ly designed c e l l s  have had as values down t o  



0.66. The same as control has been extended to thin cell  s (%2 mi 1 s )  , and in 
fac t  the optimum combination of Pm and as has been achieved for  such ce l l s .  
Figure 1 shows the Pm (measured a t  25OC) versus achieved values of as for  
various production ce l l s .  Typical Pm and as ranges are indicated. The 
c i rc les  indicate the orbi ta l  power output fo r  the Pm and as values a t  the 
centroid of the dashed rectangle. 

Radiation Resistance 

The radiation resistance i s  controlled by the bulk r e s i s t iv i ty ,  and to  a 
lesser  extent by the ce l l  design. The r e s i s t iv i ty  used i s  between 2 and 10 
ohm-cm, where the best combination of BOL and EOL performance i s  realized. A 
major influence on radiation resistance i s  the cel l  thickness, and dramatic 
increases in radiation resistance have resulted from use of s i l icon s l ices  
thinner than 4 mils. 

T h i n  Cell Development 

The ce l l  processes which give high output have been successfully applied 
to  thin s l  ices.  Mechanical yields have improved s ignif icant ly,  and the 
e lec t r ica l  output has increased to  within 95% of tha t  of similarly processed 
thicker cel l  s ,  with considerable increase (1 6-23%) in radiation reistance; in 
f ac t  the highest power output a f t e r  fluences %loi5 1 Mev electrons/cm2 i s  
obtained for  2 mil-thick ce l l s .  Also the power-to-weight ra t ios  have 
increased from 0.35 W/g to 1 . 7  W/g ( fo r  ce l l s  with contacts).  

PRESENT DEVELOPMENT TRENDS 

The thin cel l  advances have led to  several associated trends, including 
the development of sui table  array-formation methods, and increased study of 
reverse-i l'luminated structures ( interdigi ta ted contacts, tandem junction 
c e l l s ) .  

Efficient ce l l s  for  use with concentrators ( u p  to 16% a t  40 AM0 suns) 
have been made, and are  ready for  space-use i f  required. These ce l l s  combine 
much of current space cel l  technology with modifications (such as computer 
aided grid design) required for  operation a t  higher insolation 1 eve1 s .  Cells 
with enhanced IR output are  also available for  combination in high performance 
tandem cel l  concentrator systems. 

Several contact variations are available,  including soFe with improved 
high temperature performance ( for  use in laser-hardening, ES bonding or  
possible annealing of radiation damage), or with both contacts on the back 
surface (wraparound or reverse i 11 uminated) . A1 so present cell  technology can 
be adjusted to  allow good bonding by soldering or by several different  welding 
techniques. 



The increased voltage avai lable  from highly doped s i l i con  i s  being 
evaluated t o  check the overall  e f f e c t  on output ,  and the extent  of the 
increased s e n s i t i v i t y  t o  radia t ion damage. Technology i s  a1 so avai 1 able  t o  
compare VHJ ce l l  s d i r e c t l y  with 50 um c e l l s .  

INCREASED CAPACITY, LONER COST ARRAYS 

Although much of the  present low cost  t e r r e s t r i a l  c e l l  technology i s  not 
ye t  ready f o r  space-use, the present  production capacity using the  methods 
1 i s ted  above can accommodate c e l l  production schedules f o r  mu1 t i  -1 00 KbJ 
missions. There i s  associated promise of space ce l l  cos ts  below $30/watt 
( f o r  s l i g h t  relaxation i n  non-technical spec i f i ca t ions  b u t  no reduction in 
performance) even before addit ional  automation i s  introduced. I 

T h u s ,  in summary, s i l i con  so l a r  c e l l  technology has continued t o  develop, 
and provides a sound base fo r  present and projected fu tu re  space missions. 



MAXIMUM POWER Ai'lD ABSORPTANCE RANGES 
FOI: PRODUCT1 3N CELLS 

( O r l ~ i t a l  Power f o r  Or iented F l a t  Array 
Shown as C i r c l e s )  
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LASER TECHNIQUES IN PHOTOVOLTAIC RESEARCH* 

R .  T. Young, R .  F.  Wood, R .  D . Westbrook, J .  Narayan, and C . W. White 
Sol id State Division, Oak Ridge National Laboratory 

SUMMARY 

High-power laser  pulses are being used t o  replace the conventional high 
temperature furnace processing for  the p-n junction formation s tep i n  h i g h -  
speed, low-cost solar  cell  fabrication. Three different  approaches to junction 
formation have been used: (1 ) laser  anneal ing of ion-implanted Si in which 
laser  radiation i s  used to remove the radiation damage and to recover the 
electr ical  ac t iv i ty  in the implanted layer; ( 2 )  a process in which a thin film 
of dopant i s  f i r s t  deposited on the substrate and then incorporated into the 
near-surface region by laser-induced diffusion; and (3) a process in which a 
heavily doped anlorphous s i l icon layer i s  deposited on the Si substrate and 
epitaxial l y  regrown from the me1 ted substrate 1 ayer by 1 aser radiation. We 
have demonstrated that  a l l  three methods provide sui table  candidates for  high 
efficiency Si solar  ce l l s .  

INTRODUCTION 

Approximately two years ago a t  the photovoltaic conference in Luxembourg, 
we described the use of high-power laser  pulses to anneal the l a t t i c e  damage 
in ion-implanted Si solar c e l l s  ( re f .  1 ) .  We demonstrated that  pulsed laser  
annealing i s  superior to  conventional thermal annealing for  the removal of 
l a t t i c e  damage, fo r  the recovery of e lectr ical  ac t iv i ty ,  and for  the preserva- 
tion of the minority car r ie r  1 ifetime in the substrate,  and we showed that  
th i s  superiority resulted in improved solar cel l  performance. Pulsed laser  
anneal ing i s  now understood (ref .  2 )  t o  take place by a mechanism involving 
the ultrarapid melting of the en t i re  damaged layer and subsequent liquid-phase 
epitaxial regrowth from the underlying perfect substrate. The dopant profiles 
a re  usually broadened considerably by pulsed laser  annealing and th is  can be 
readily explained quantitatively by dopant diffusion in the molten s t a t e .  An 
understanding of the importance of near-surface me1 ting by laser  heating led 
to the developnient ( refs .  3-6) of two other laser-assisted junction formation 
techniques, i  .e.,  laser-induced diffusion of dopant films and laser-induced 
recrystal l izat ion of doped amorphous films to  form epitaxial junctions. These 
techniques are  important because they are  much simpler and more easi ly  auto- 
mated processes than e i ther  thermal diffusion or ion implantation. This i s  

'~esearch sponsored by the Division of Materials Sciences, U .  S. Department 
of Energy under contract W-7405-eng-26 with the Union Carbide Corporation. 



p a r t i c u l a r l y  advantageous f o r  s o l a r  c e l l s  which r e q u i r e  high-volume, low-cost 
f a b r i c a t i o n  processes t o  become economical ly  compe t i t i ve  i n  t e r r e s t i a l  a p p l i -  
ca t ions .  I n  t h i s  paper we rev iew and compare the  th ree  l ase r -ass i s ted  junc- 
t i o n  fo rmat ion  techniques and d iscuss t h e i r  a p p l i c a t i o n s  t o  s o l a r  c e l l  f a b r i c a -  
t i o n .  Throughout t h i s  work, t h e  l a s e r  anneal ing was performed i n  a i r  w i t h  t he  
Q-switched ou tpu t  o f  a ruby  l a s e r  ( A  = 0.694 p, T = 15-60 nsec). A f t e r  t he  
samples were exposed t o  t he  l a s e r  pulses, t h e  p e r f e c t i o n  o f  t he  e m i t t e r  reg ions 
was s tud ied  by t ransmiss ion  e l e c t r o n  microscopy (TEM) , and t h e i r  e l e c t r i c a l  
parameters were determined by van de r  Pauw measurements. The dopant p r o f i l e s  
were obta ined by secondary i o n  mass spectrometry (SIMS) o r  anodic o x i d a t i o n  
and s t r i p p i n g  technique. The r e s u l t i n g  j u n c t i o n  c h a r a c t e r i s t i c s  were s tud ied  
by I - V  and C - V  measurements on mesa d iode s t ruc tu res .  F i n a l l y  s o l a r  c e l l s  
were f a b r i c a t e d  and t e s t e d  under AM1 i l l u m i n a t i o n .  

JUNCTION FORMATION BY I O N  IMPLANTATION AND LASER ANNEALING 

I n  t h i s  method, energe t ic  dopant ions a re  a l lowed t o  impinge on a S i  sub- 
s t r a t e  and l a s e r  r a d i a t i o n  i s  used t o  remove the  r a d i a t i o n  damage and t o  b r i n g  
the  dopant ions i n t o  e l e c t r i c a l l y  a c t i v e  s u b s t i t u t i o n a l  s i t e s .  The r e s u l t i n g  
dopant p r o f i l e  and j u n c t i o n  depth a re  determined by t h e  as-implanted p r o f i l e ,  
which i s  c o n t r o l l e d  by the  s topp ing  power f o r  t he  dopant p a r t i c l e s  i n  s i l i c o n  
and t h e  imp lan ta t i on  energy, and by t h e  du ra t i on  of t he  laser- induced sur face  
m e l t i n g  which i s  c o n t r o l l e d  by the  l a s e r  parameters such as energy d e n s i t y  and 
pulse d u r a t i o n  t ime. The i n f l u e n c e  o f  the  l a s e r  energy dens i t y  on the  dopant 
p r o f i l e  behavior  i s  g iven  i n  f i g u r e  1 which shows r e s u l t s  f o r  samples implanted 
w i t h  l l B  (35 keV, 1 x 1016 c r 2 )  and subsequent ly annealed w i t h  l a s e r  pulses 
i n  t he  energy d e n s i t y  range o f  0.64 J/cm2 t o  3.1 J/cm2. A t  a l a s e r  energy 
dens i t y  %.6 J/cm2, t h e  boron p r o f i l e  i s  i n d i s t i n g u i s h a b l e  from t h a t  o f  t he  as- 
implanted specimen. Evidence t h a t  t h e  anneal ing was incomplete i n  t h i s  sample 
was obta ined f rom van der  Pauw measurements and f rom TEM which showed t h a t  
o n l y  30% o f  t he  expected e l e c t r i c a l  a c t i v i t y  had been obtained, and t h a t  
s i g n i f i c a n t  damage i n  t h e  form o f  d i s l o c a t i o n  loops remained. Complete anneal- 
i n g  was achieved w i t h  energy d e n s i t i e s  o f  1.1 J/cm2 and grea ter ;  t he  p r o f i l e s  
were then almost f l a t  topped i n  t h e  sur face  r e g i o n  w i t h  t h e  pene t ra t i on  depth 
i nc reas ing  as the  energy dens i t y  was increased. 'F igure 2 g ives t h e  comparison 
o f  dopant p r o f i l e s  obta ined f rom samples implanted w i t h  boron a t  5 keV and 
35 keV and annealed w i t h  l a s e r  pulses o f  1.7 J/cm2. These r e s u l t s  i n d i c a t e  
t h a t  i n  o rder  t o  o b t a i n  a d e f e c t - f r e e  shal low j u n c t i o n  by the  ion- imp lan ta t ion ,  
laser-anneal i n g  technique, t h e  imp1 a n t a t i o n  energy should be kept  low and the  
l a s e r  energy j u s t  h igh  enough t o  m e l t  t he  sur face  l a y e r  which conta ins t h e  
damaged region.  So la r  c e l l s  w i t h  convers ion e f f i c i e n c i e s  o f  14-15% can be 
r o u t i n e l y  f a b r i c a t e d  by t h i s  technique. Parameters o f  a t y p i c a l  c e l l  made 
f rom S i  implanted w i t h  7 5 ~ s +  (5 keV, 2 x 1015 c r 2 )  and annealed w i t h  one 
pulse o f  a ruby l a s e r  a re  Is, = 33.6 ma/cm2, Voc = 565 mV and FF = 0.76 and 
a r e s u l t i n g  conversion e f f i c i e n c y  o f  14.5%. The c e l l s  were f a b r i c a t e d  w i t h  
s i n g l e - l a y e r  Ta205 a n t i r e f l e c t i o n  coat ings  and no back sur face  f i e l d s .  



JUNCTION FORMATION BY LASER-INDUCED DIFFUSION 

In t h i s  technique, th in  (50-100 f i )  films of dopants such as  boron and 
aluminum a re  f i r s t  vacuum-deposited on the subs t ra te  and then driven in to  the  
near-s-urface region by laser-induced surface melting and diffusion.  Trans- 
mission electron microscopy and e l ec t r i c a l  measurements show t h a t  the dopants 
a r e  dissolved in the  s i l i con  l a t t i c e  and e l e c t r i c a l l y  activated.  Resultant 
emitter  regions w i t h  appropriate sheet  r e s i s t i v i t i e s  (30-100 n/U) f o r  so la r  
ce l l  appl icat ions  can be obtained and the dopant prof i les  a re  nearly ideal f o r  
h i g h  ef f ic iency ce l l s .  Figure 3 gives the boron concentration prof i l e  a f t e r  
l a s e r  i r rad ia t ion  w i t h  pulses of 1.5 J/cm2. This p rof i l e  has a high dopant 
concentration near the  surface region and an intermediate region decreasing 
toward the  junction. The high potential  ba r r i e r  near the  surface will  r e f l e c t  
the minority c a r r i e r s  from the  surface and minimize surface recombination 
losses. The r e su l t s  of I-V and reversed-biased C-V measurements on Al-depos- 
i t ed ,  laser-annealed mesa diodes a r e  given in f igure  4. The near uni t  value 
of A ,  t he  small reverse-bias current  and the  good agreement between the  meas- 
ured and expected junction potent ia ls  suggest t h a t  a defect-free junction was 
obtained. Solar c e l l s  were fabr icated and tes ted and the e f f ic ienc ies  were 
found to  be comparable t o  o r  s l i g h t l y  lower than those of the ion-implanted 
laser-annealed ce l l s .  The e f fec t s  on ce l l  performance of impurities in the 
dopant source and of surface contamination during deposition a r e  not c lea r  a t  
the present time. 

FORMATION OF EPITAXIAL p-n JUNCTION BY PULSED-LASER RADIATION 

In a more recent study,  we have demonstrated t ha t  l a s e r  radiat ion can be 
used f o r  epi taxia l  regrowth of a doped amorphous s i l i con  layer  deposited on a 
s i l i con  subst ra te .  A s ing le  pulse from a ruby l a s e r  w i t h  an energy density 
of 1.8 J/cm2 was su f f i c i en t  t o  recrystal  1 i z e ,  w i t h  almost perfect  crys ta l  1 i n -  
i t y ,  an As-doped amorphous s i l i con  layer  deposited on a (100) subst ra te  to  a 
depth of about 3000 a. Junction charac te r i s t i cs  determined by I-V and C-V 
measurements showed t h a t  a perfect  junction w i t h  a low leakage current  was 
achieved. Use of t h i s  technique f o r  junction formation provides many advan- 
tages normally a t t r ibu ted  t o  ion implantation, such as r e l a t i ve ly  easy con- 
t ro l  of dopant concentration and junction depth. Figure 5 shows dopant pro- 
f i l e s  measured by Hall e f f ec t  measurements in combination w i t h  gnodic oxida- 
t ion and s t r ipping techniques f o r  the  cases of 1000 a and 2000 A deposited 
layers annealed w i t h  pulses of 1.55 J/cm2 and 1.78 J/cm2, respectively. The 
dopants have spread deeper in to  the  subs t ra te  i n  a manner very s imilar  t o  
dopant red i s t r ibu t ion  i n  As-implanted laser-anneal ed samples ( re f .  2) .  The 
so l id  l i n e  i n  the  f igures  a r e  calculated prof i les  using techniques described 
i n  reference 2. The l iqu id  phase di f fus ion of As was calculated from ideal 
as-deposi ted p rof i l es  (dotted 1 ines )  without considering the possible compl i -  
cations due t o  t h i n  i n t e r f ac i a l  oxygen layers between the  subs t ra te  and de- 
posited layers.  The agreement between the  experimental and calculated pro- 
f i l e s  i s  very good. From these r e su l t s ,  i t  appears t h a t  junction parameters 
can ea s i l y  be controlled w i t h  t h i s  method by a var ia t ion of the  dopant con- 
centra t ion i n  the  evaporant source, the  thickness of the  deposited l ayer ,  and 



the energy density of the  l a s e r  radia t ion.  Solar  c e l l s  have not ye t  been 
fabricated w i t h  this  technique. However, from the  r e su l t s  described above, 
we an t i c i pa t e  t ha t  i t  should provide another a l t e rna t i ve  method f o r  high 
eff ic iency so l a r  ce l l  fabr ica t ion.  Extensive s tud ies  of the  e f f ec t s  of sub- 
s t r a t e  o r ien ta t ion  on recrystal  1 i za t ion ,  i n t e r f ac i a l  problems such as the  
presence of Si02 o r  hydrocarbons, and the  influence of the  various dopant 
impurities and residual gas atoms (such as H 2 ,  N 2 ,  and 02) on the  regrowth 
behavior a r e  current ly  underway. 

CONCLUSIONS 

In conclusion, high-quality p-n junctions can be formed by the  use of 
l a s e r  pulses t o  anneal radia t ion damage, induce di f fus ion,  a l loying,  and re- 
growth of films deposited on s i l i con  subst ra tes .  Due t o  the  s impl ic i ty  and 
low cost  of t h i s  type of processing, we expect t h a t  the  methods discussed 
here, a f t e r  f u r t he r  development, wil l  be extremely useful i n  the  1 arge-vol ume 
fabr icat ion of high-efficiency so l a r  c e l l s .  
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SUMMARY OF SILICON HIGH EFFICIENCY SOLAR CELL WORKSHOP 

Henry W.  Brandhorst, J r .  
National Aeronautics and Space Administration 

Lewis Research Center 

I t  was agreed tha t  the maximum practical s i l icon solar cel l  efficiency was 

20 percent (AMO) with the hopes that  18 percent could be achieved by the end of 

CY80. (The role played by a NASA RFP tha t  sought to  develop an 18-percent ce l l  

by that  same time in th i s  assessment may never be known:) I t  was agreed that  

open-circuit voltage was the f inal  limiting barrier to  achievement of th i s  goal. 

The l i s t  of voltage limiting mechanisms was not shortened; in f a c t ,  additions 

such as the need to  match dopant to  l a t t i c e ,  minority car r ie r  diffusivi  ty ,  and 

band narrowing due to  junction f i e ld  were made to  the mechanisms outlined a t  

previous workshops. The growing 1 i s t  of mechanisms underscored the need for  a 

focussed attack on the problems. The participants did believe tha t  0.7 V i s  

s t i  11 a reasonable goal . 
The quality of the available s i l icon material was thought to  be adequate 

to  achieve 18 percent efficiency now. However, before 20 percent could be a- 

chieved, improvement in minority car r ie r  l ifetime and in reduction of unwanted 

impurities such as carbon and oxygen would have to  be made. 

A number of device structures thought capable of achieving 18 percent e f f i -  

ciency surfaced. I t  i s  c lear  in any of these structures tha t  the design of e- 

mitters and base structures must be carefully controlled to  achieve high per- 

formance. The use of 0.1 n-cm material with or without back surface f i e l d  was 

s t i l l  recommended, although concerns were expressed about the radiation res i s -  
+ + 

tance of t h i s  structure.  The use of n -p-p structures with p-base r e s i s t iv i -  

t i e s  above 0.1 n-cm were thought to  also be pract ical .  However, care must be 

taken in both design of the emitter (including HLE s t ructures)  and in achieving 
+ a perfect p layer before these structures can reach 18 percent. Also, the use 

of thin ce l l s  ( ~ 5 0  pm) was an integral part  of th i s  discussion. Perhaps the 

cell  that  culminated th i s  trend was the thin n-i-p cel l  (50 pm) tha t  should have 
+ + 

the aforementioned advantages of the n -p-p structures plus radiation resis-  

tance due to  the use of in t r ins i c  s i l icon.  In addition to  these somewhat con- 



vent iona l  s t ruc tures ,  bo th  the  i n t e r d i g i t a t e d  back contac t  w i t h  e i t h e r  a tandem 

j u n c t i o n  o r  a f r o n t  sur face f i e l d  and the  v e r t i c a l  j u n c t i o n  c e l l  under develop- 

ment by t h e  U.S. A i r  Force were f e l t  capable o f  ach iev ing  18 percent  AM0 

e f f i c i e n c i e s .  

One h igh  performance c e l l  design t h a t  was discussed incorpora ted  the  f o l -  

lowing fea tures :  use ma te r ia l  o f  about 20 n-cm r e s i s t i v i t y  w i t h  a 1.0-msec 
+ t 

l i f e t i m e  and th ickness < I00  pm; form an n -n-p-p s t r u c t u r e  keeping a l l  sur face 

concentrat ions below 10' process w i t h  "cool I '  processing steps - i . e., 

those t h a t  do n o t  r e q u i r e  long times a t  h igh  temperatures - such as var ious 

pulsed processing procedures; use a m i r r o r  back surface; pass iva te  sur face w i t h  

a charged ox ide o r  s i l i c o n  ox ide -n i t r i des ;  use low metal coverage on t h e  sur face 

(<1 percent  coverage). This s t r u c t u r e  served t o  focus the  d iscuss ion  and l e d  

t o  su r fac ing  o f  the  v a r i e t y  o f  mechanisms and approaches l i s t e d  p rev ious l y .  

Whether t h e  design i s  f e a s i b l e  o r  n o t  i s  specu la t ive  a t  t h i s  t ime. Most o f  t he  

bas ic  fea tures  o f  t h i s  s t r u c t u r e  were aimed a t  e l i m i n a t i n g  the adverse mechan- 

isms and e f f e c t s  thought t o  l i m i t  the  performance o f  present  devices. 

I t  was agreed t h a t  h igh  b e g i n n i n g - o f - l i f e  e f f i c i e n c y  and h igh  e n d - o f - l i f e  

e f f i c i e n c y  were n o t  incompatible. S p e c i f i c  c e l l  designs t h a t  might  encompass 

both o f  these d i ve rse  demands were the  n- i - .p  c e l l  and the  v e r t i c a l  j u n c t i o n  

c e l l .  

Several R&T areas were surfaced. The need t o  develop low carbon and oxy- 

gen s i l i c o n  ( w i t h  concentrat ions below 1015 c f 3 )  was stressed. The need f o r  a 

ma te r i a l s  r e p o s i t o r y  t h a t  could serve as a common, c o n t r o l l e d  source o f  mater- 

i a l s  f o r  i n v e s t i g a t o r s  was a l so  noted. As mentioned prev ious ly ,  there  i s  a need 

t o  develop "cool" ,  c lean processes t h a t  do n o t  harm the  l i f e t i m e  i n  the  good 

ma te r ia l .  The a b s o r p t i v i t y  problem lead ing  t o  increased o r b i t a l  temperatures 

was h i g h l i g h t e d  as a need t h a t  could be solved by the  development o f  b e t t e r  

a n t i  r e f 1  e c t i o n  coat ings.  As a c o r o l l a r y ,  a means f o r  comparing competing c e l l  

designs by determin ing performance a t  o r b i t a l  temperatures was des i red  so t h a t  

the  benef i ts  o f  an improved technology cou ld  be r e a l i z e d  i n  f l i g h t .  F i n a l l y ,  

the  need f o r  a measurement round-robin was surfaced. An e r r o r  o f  5 percent  i n  

performance measurement s p e l l s  the  d i f fe rence between an 18-percent c e l l  and 



a 17-percent ce l l .  T h u s ,  verification of the achievement of an 18-percent cel l  

will require a careful measurement program. The round-robin was envisioned as 

a f i r s t  step in th is  process. 



WORKSHOP QUESTIONS 

H I G H  E F F I C I E N C Y  S I L I C O N  SOLAR CELLS 

o WHAT I S  MAXIMUM PRACTICAL E F F I C I E N C Y  (AM01 OF S I L I C O N  SOLAR CELLS? 

o WHAT MECHANISM(S1 I S  P R I M A R I L Y  L I M I T I N G  THE VOLTAGE? 

o DO WE SEE ANOMALIES SUGGESTING A NEW MECHANISM? 

o DO WE NEED HIGHER Q U A L I T Y  S I L I C O N  TO ACHIEVE 1 8 %  E F F I C I E N C Y ?  

o WHAT APPROACHES LOOK BEST TO A C H I E V E  1 8 %  BEGINNING OF L I F E  E F F I C I E N C I E S ?  

o CAN WE GET BOTH 1 8 %  BOL AND H I G H  END-OF-L IFE EFFICIENCY? 

o WHAT RESEARCH ON OTHER S I L I C O N  DEVICES HAS A POTENTIAL  IMPACT ON SILICON 
SOLAR CELLS? 

o WHAT AREAS OF RESEARCH OR TECHNOLOGY SHOULD GET MORE ATTENTION? 

F i g u r e  I 



AN INTERIM REPORT ON THE 

NTS-2 SOLAR CELL EXPERIMENT* 

Richard L. Statler and Delores H. Walker 
Naval Research Laboratory 

SUMMARY 

Solar cell modules on the NTS-2 satellite have experienced 
more than 642 days of orbital time in a planned 3 year mission in a 
20,190 km (10,990 NM) circular orbit at an inclination of 63.5 
degrees. Complete I-V curve data are obtained from the fourteen 
solar cell modules together with a record of panel temperature and 
sun inclination. The data are corrected for sun angle, solar 
intensity, and cell temperature effects. No instrumental problems 
have occured, and only one solar cell module has failed completely. 

INTRODUCTION 

The Navigation Technology Satellite-Two (NTS-2) is the second 
in a series of developmental satellites that are forerunners of the 
DOD NAVSTAR Global Positioning System (GPS). NAVSTAR GPS is being 
developed to provide extremely accurate navigation information on a 
24 hour basis with worldwide coverage in all types of weather 
conditions. NTS-2 was launched on 23 June 1977 into a circular 
orbit of altitude 20,190 km at an inclination of 63.50. 

The purpose of the solar cell experiment is to obtain flight 
data on (1) state-of-the-art solar cell configurations which embody 
improvements in solar cell efficiency through new silicon surface 
and bulk technology, (2) improved coverslip materials and coverslip 
bonding techniques, and (3) short and long-term effects of 
ultraviolet rejection filters vs. no filters on the cells. In 
addition, it is deemed important to obtain (4) comparative 
degradation data on a developmental type of liquid epitaxy 
gallium-aluminum-arsenide solar cell, and (5) confirmation of the 
predicted space radiation effects in this orbit. 

DESCRIPTION OF EXPERIMENTS 

The NTS-2 solar cell experiment contains 13 modules of 

*This work is supported by the Space Applications Branch of the 
Naval Research Laboratory, by the Air Force Aero Propulsion 
Laboratory, and by the Space and Missile Systems Organization. 
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silicon cells and 1 module of gallium-arsenide solar cells. Each 
module consists of five 2 x 2 cm cells connected in series. The 
modules are mounted on two 1/4-inch thick aluminum homeycomb panels, 
as shown in Figure 1. There is also an experimental blocking diode 
which is a 1 x 2 cm planar device with a polished aluminized 
surface. Experiment 12 is comprised of this diode in series with 
experiment 11. The panels are thermally isolated from the 
spacecraft structure; therefore, in order to allow for heat 
dissipation which can only be accomplished by thermal radiation from 
the front panel surface, the modules were evenly spaced on the panel 
and the intervening regions were coated with a white thermal control 
coating, Dow Corning 92007, which covers 52 percent of the panel 
surf ace. 

Temperatures are monitored at the rear surface of four cells 
by means of three thermistors and one wire resistance thermometer. 
The thermistors are accurate to within + 3 degrees C up to 100 
degrees C, and the wire thermometer is accurate to within - + 2 
degrees C to above 120 degrees C. 

The experimental panels are continuously illuminated by the 
sun (except during the biannual eclipse season of 25 days). The 
experiment is mounted on the satellite surface which faces the 
direction of travel about the earth, and twice during each orbit the 
satellite is rotated 180 degrees in yaw so that the paddles (and 
experiment) face the sun. Figure 2 shows the location of the panels 
on the spacecraft. 

Table I gives a brief description of the experiments showing 
the type and thickness of the solar cell, the type and thickness of 
the coverslip, the nature of the coverslip to cell bonding, the 
interconnect material, and the beginning-of-life (BOL) cell 
efficiency. 

EXPERIMENTAL RESULTS 

This report includes data through 642 days in orbit. This 
period began 7 July 1977 until 14 April 1979. 

The current-voltage characteristics of the solar cell arrays 
are telemetered in real time as the satellite passes over the 
tracking station at Blossom Point, Maryland. The electronic circuit 
measures the I-V curve for each module in sequence reading out 
current-voltage values for evenly-spaced points from Isc to 
V .  Each cell module is short-circuited except when it is being 
stepped through the I-V curve. The average value of Isc measured 
in space on the first day of exposure agreed with the solar 
simulator values to 1.41 + 0.99 percent. The agreement between 
voc on initial space exposure and the solar simulator values was 
1.24 + 2.02 percent. The average error between Pm measurements on 
the ground and the first day in orbit was 3.33 - + 3.17 percent. 



Unpredicted Module Degradation 

Several modules exhibited unusual and unpredictable behavior 
in orbit. The first observation was in the I-V curve of the 
gallium-arsenide module on the first day in orbit. It was observed 
that the PM had decreased 12.3 percent from the pre-launch value, 
as Voc had dropped 6.8 percent. Because of the good agreement 
among the other modules with ground data, we did not think this was 
due to measnrement error. We believed there was a possibility for 
physical change in the cell module in the time between the last 
ground calibration with a solar simulator and the space measurement 
(145 days). Between day 1 and day 80 in orbit the GaAs cell module 
showed a significant amount of PM and Voc recovery, which we 
believe is related to the method of interconnection of the GaAs 
cells. They were series-connected by means of a metal-filled epoxy, 
rather than by soldering or welding a metal interconnect. Figure 3 
shows the space performance of the GaAs module. The performance of 
Hughes gallium arsenide cell has generated a great deal of 
interest. The gallium arsenide cell is a high-efficiency solar cell 
whose efficiency is less affected by high temperature than are 
silicon cells. GaAs is expected to be harder to radiation and is 
therefore ideal for space applications. The problems of surface 
recombination and low lifetime in the diffused region are largely 
overcome by the addition of a GaAlAs window. 

Three experiments have sustained unpredictably large 
degradations. The first of these, the Solarex Space Cell, 
Experiment 8, experienced an open-circuit of the module on the 69th 
day, causing the complete loss of subsequent data. Fortunately this 
failure occurred during a time while data were being recorded, 
allowing the abrupt manner in which it failed to be observed. 
Analysis of the data acquisition system showed that no single point 
failure of the data system could result in both voltage and current 
data loss. Therefore it is presumed the module open-circuited. 

A second anomaly was the sudden onset of increased 
degradation rate in the Solarex vertical junction cell, Experiment 7 
(Figure 4). At this time there have been four sudden drops in the 
maximum power output of the vertical junction cells. These large 
decreases have occurred around day 20 in orbit, near day 180, then 
day 300, and finally day 540. Investigations performed at AFAPL 
suggest that these unusually large losses in maximum power are the 
result of cell surface disintegration due to thermal cycling of 
adhesive-bonded coverslipped cells. The data in Figure 4 seem to 
support this hypothesis. The abnormal drops in power occur at 
approximately the same time as the maximum duration of the eclipse. 
As the cells experience increasingly longer periods of extreme cold, 
more of the junction is destroyed resulting in power loss. The : 

breakdown of the junction is thought to be related to the type of 
adhesive used to bond the coverslip. Following each drop in PM 
the power output stabilizes quite well until the next maximum 



duration of the eclipse. The decrease in PM output of the 
vertical junction cell by day 642 was 66.6 percent. 

The third unusual occurrence is the large degradation rate 
for Experiment 5, the COMSAT CNR cell covered with a 12 mil (0.305 
cm) fused silica coverslip which has no ultraviolet cut-off filter. 
The COMSAT textured cell was flown both with and without an 
ultraviolet rejection filter in order to evaluate the effect of the 
filter. The PM of this cell has decreased to 37.6 mW after 642 
days, while Experiment 6, an identical module except for the 
addition of the ultraviolet cut-off filter on the coverslip, has a 
PM of 53.8 mW (Fig. 5). Laboratory measurements at COMSAT 
Laboratories did not show a substantial difference with or without a 
filter. If the degradation seen in the I,, of these cells were 
caused by particle radiation in the cell, the Voc would be 
severely degraded. Also, the curve fill factor would be smaller 
than it is for the less damaged cell. However the Voc of the 
cells with and without the uv filter is not markedly different, and 
the fill factor gt day 642 is identical at 100 degrees C. Therefore 
we conclude that coverslide adhesive darkening may be a prime cause 
in this degradation. The degradation appears to be caused by an 
optical transmission loss factor, not a p-n junction effect. 

Predictable Radiation Degradation of Solar Cell Modules 

The remaining eleven cell modules have operated very 
satisfactorily; the rate of degradation which we attribute primarily 
to radiation damage has been greater than was predicted from several 
trapped radiation models. We have made estimates of the space 
radiation fluence based upon solar cell parameter degradation in 
four modules, namely Experiment 1, the OCLI conventional cell; 
Experiment 2, the Spectrolab Helios cell; Experiment 3, the 
Spectrolab textured hybrid cell and Experiment 10, the OCLI violet 
cell. 

Among the experiments of primary interest is the Spectrolab 
"Helios" back field cell, Experiment #2. This cell was space 
qualified as one of the experiments aboard the NTS-1 satellite. The 
"Helios" cell is presently in use as the main power source on NTS-2 
and is in use in other satellite programs. As of day 642, the 
maximum power output of the Spectrolab Helios cell (NTS-2) has 
decreased by 23.3 percent. Interestingly, although the Spectrolab 
Helios cell degraded less than a conventional cell in Is, and 
PM, it has degraded more in Voc. This behavior has been 
reported previously for solar cells with a p+ layer at the back 
contact in laboratory studies.The power output of the Helios p+ 
solar cell, Experiment 2, is plotted along with the predicted 
degradation in Fig. 6. It is readily observed that the cells are 
degrading slightly faster than predicted. 

The 1-MeV electron equivalent fluence shown in Table 2 was 
obtained by fitting solar cell parameter to radiation damage curves 



(ref. 1) for generic types of solar cells. The equivalent fluence 
values obtained from this experiment are all substantially higher 
than the equivalent fluence listed in reference 1, which bases 
fluence calculation on the BE4 trapped electron model, For 12 mil 
fused silica shielding and infinite backshieldin , reference 1 lists 
a 2 MeV electron equivalent fluence of 3.3 x 101ge/cm2-year. 

Experiments 3 and 4 were designed to distinguish between cell 
degradation effects due to adhesive bonding vs. FEP Teflon bonding. 
There is an improvement with the Teflon bonded coverslip (17.6 
percent PM degradation) using "as sawn fused silica" instead of 
the traditional polished and uv filtered Corning 7940 fused silica 
(degradation in PM 20.6 percent). These data are presented in 
Figure 7. 

Another coverslip evaluation is made in Experiments 1 and 13 
which use an OCLI conventional cell, Experiment 1 with an adhesive 
bonded Corning 7940 fused silica coverslip and Experiment 13 with an 
electrostatic bonded Corning 7070 glass coverslip. There was a 
substantial initial loss in BOL Ply with the electrostatic bonding 
technique at the time the module was fabricated. A direct 
comparison between the final results is therefore not valid. 

A more complete listing of parametric data as a function of 
radiation fluence may be obtained in reference 2. An abridged data 
table is included as Table 111. 

In experiments of this type, there is a compelling urge by 
the observer to make an overall comparison and a list of cells in 
the order of their "best performance". Best performance cannot be 
simply defined to be a universally acceptable criterion. What we 
have done is prepare a bar graph (Fig. 8) which shows the maximum 
power of each cell type as measured on the solar simulator before 
launch and space data after 642 days. The cells are arranged in 
decreasing order according to power at day 642. It is readily seen 
that this does not imply that the original efficiency of the cells 
is in the same order. 

CONCLUSIONS 

The overall performance of the flight experiment and the data 
acquisition system continue to be excellent. Several important 
conclusions which have been reached concerning the new cell 
technologies are listed below. 

1. The Spectrolab Helios p+ (Exp. 2) cell with an 
adhesive-bonded 0.0254 cm ceria microsheet coverslip is 
an excellent solar cell for the GPS natural 
environment. The Spectrolab textured hybrid cell (Exp. 
4) with an FEP bonded 0.0152 cm "as-cut" quartz 
coverslip is equally satisfactory for this orbit. 



There are three other types of silicon cells which can be 
classed as production cells, or nearly production, whose 
PM exceeds the Helios (Exp. 2) and hybrid (Exp. 4) 
output. These are in ascending order of PM: the 
Spectrolab textured HESP, no p+ (Exp. 14) with 
adhesive-bonded 0.030 Corning 7940 coverslip; the OCLI 
violet cell (Exp. 10) with an adhesive-bonded 0.030 cm 
Corning 7940 coverslip; and the Spectrolab textured 
Helios p+ (Xxp. 9), with a back surface reflector and 
an FEP bonded 0.030 cm as cut quartz coverslip. 

3. The FEP Teflon bonded "as-cut" quartz coverslip permits 
very high cell power output, with no evidence of any 
problems, performing as well as adhesive-bonded Corning 
7940 with uv filter for radiation shielding and optical 
transmission. 

4. The GaAs cell (Exp. 15) is fourth in rating of power 
output at day 642. Despite the difficulty with low Voc 
and PM during the first month after launch, it has 
recovered sufficiently to show its value in this 
radiation environment. However more reliable 
interconnect than epoxy is obviously needed. 

5. Lithium-doped p-on-p solar cells show better PM output 
than 2 ohm-cm n-on-p cells in this space electron 
environment. This was not expected, since p/n (Li) cells 
have not annealed as well for electron exposures in the 
laboratory as they have for heavy particle exposures such 
as protons and neutrons. The high panel temperature ( 
100 degrees C) may have produced partial annealing of the 
radiation damage. 

Some unresolved findings that are of sufficient importance to 
justify further investigation are: 

I. Unexpectedly large Is, loss in the COMSAT CNR cell with 
the adhesive bonded coverglass of Corning 7940 having no 
uv filter. 

2. Thermal cycling damage in the vertical junction solar 
cell. 
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Table I - NTS-2 Solar Cell Experiments 

Efficiency 
2 8 ~ c  (%) 

10.7 

11.5 

10.5 

11.1 

14.5 

14.6 

13.0 

12.8 

14.2 

13.5 

10.8 

N A 

10.2 

13.6 

13.6 

Interconnect 

Cu/Ag 

Moly /Ag 
(.0025) 
Moly /Ag 
(.0025) 
Moly/Ag 
(.0025) 
Ag, thermo- 
compression 
bonding 
Ag; thermo- 
compression 
bonding 
Ag mesh 

Ag mesh 

Ag mesh (.003) 

Cu/Ag 

Aluminum 
(.0025) Ultra- 
sonic welding 
N A 

Cu/Ag 

Moly/Ag (.0025) 

Aluminum GPD 
(.0025), epoxy 

Exp. 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

1 2  

13  

14  

1 5  

- 

Thick- 
ness 
(cm) 

0.025 

0.0228 

0.020 

0.020 

0.025 

0.025 

0.030 

0.025 

0.030 

0.025 

0.020 

N A 

0.025 

0.030 

0.0305 

Cell Type 

OCLI Conventional, 2 ohm-cm 

Spectrolab "Helios" pf 
15-45 ohm-cm 
Spectrolab Hybrid Sculptured 
7-14 ohm-cm 
Spectrolab Hybrid Sculptured 
7-14 ohm-cm 
Comsat Non-Reflecting, p+ 
Textured, 1.8 ohm-cm 

Comsat Non-Reflecting, p+ 
Textured, 1.8 ohm-cm 

Solarex Vertical Junction, p + ,  
1.5 ohm-cm 
Solarex Space Cell, p+ 
2 ohm-cm 
Spectrolab "Helios" pf 
Sculptured, BSR, 10 ohm-cm 
OCLI Violet, 2 ohm-cm 

Spectrolab PIN Li-doped 
15-30 ohm-cm, A1 contacts 

Spectrolab Planar Diode 
in series with Exp. 11 
OCLI Conventional, 2 ohm-cm 

Spectrolab HESP, no p' , 
Sculptured, 2 ohm-cm 
Hughes Gallium-Alummum 
Arsenide 

Coverslip 
(cm) 

Corning 7940, AR 
and UV, (0.030) 
Ceria microsheet 
w/o AR, (0.025) 
Corning 7940, AR 
and UV, (0.0152) 
Corning 7940, w/o 
AR or UV, (0.0152) 
Corning 7940, AR, 
w/o UV ( .030) 

Corning 7940, AR 
and UV (.030) 

Ceria microsheet 
w/o AR (.0152) 
Ceria microsheet 
w/o AR (0.0152) 
Corning 7940 (.030) 
w/o AR or UV 
Corning 7940 (.030) 
AR and UV 
Corning 7940, AR 
and UV, (0.015) 

N A 

Corning 7070 (.028) 

Corning 7940, AR 
and UV (0.0305) 
Corning 7940, AR 
and UV, (0.0305) 

Coverslip Bond 
(cm) 

R63-489 

DC 93-500 

DC 93-500 

FEP Teflon (0.0051) 

R63-489 

R63-489 

Sylgard 182 

Sylgard 182 

FEP teflon (.003) 

R63-489 

Silicone 

N A 

Electrostatic 
bonding 
R63-489 

DC 93-500 



Table I1 .- NTS-2 Equivalent Fluence (1 - MeV e/cm2) Predictions* 

OCLI Conventional 2 C2 -cm, 10 mil cell, 12  mil FS Coverslip 

*Cell data at 5 0 ' ~  

BOL Fluence 
at  200 days 

1.5 X lo14 
3 X 1013 
1.3 X 1014 

Isc 
v~~ 
P m 

136.0 mA 
548 mV 
56.5 mW/4 cm2 

Spectrolab Helios, 10 C2 -cm, 9 mil cell, 10 mil Ceria Coverslip 

Fluence 
at 1 yr 

2.7 X 10l4 
5.5 x l 0 l3  
2.4 x 1014 

Fluence 
at  3 yr 

8.2 X 1014 
1.6 x l 0 l 4  
7.1 x 1014 

BOL Fluence 
at 200 days 

1.3 X lo i4  
1 X 1013 
9 X 1013 

1, 
Voc 
P m 

154 mA 
545 mV 
60.5 mW/4 cm2 

Spectrolab Textured Hybrid, 8 mil cell, 6 mil FS Coverslip 

Fluence 
at 1 yr 

2.4 X 1014 
1.8 X 1013 
1.6 X 1014 

Fluence 
at  3 yr 

7.1 X 1014 
5.5 x l 0 l 3  
4.9 x l 0 l 4  

BOL Fluence 
at  200 days 

5.0 X 1014 
5.0 X 1014 
3.3 X 1014 

I, 
VOC 
p m 

156 mA 
522 mV 
53.8 mW/4 cm2 

OCLI Violet 

Fluence 
at 1 yr 

9.1 X 1014 
9.1 x 1014 
6.0 X 1014 

Fluence 
at 3 yr 

2.7 X l 0 l 5  
2.7 X 1015 
1.8 x lo i5  

Fluence 
at 1 yr 

1.8 x 1014 
3.7 x l 0 l 3  
1.4 X 1014 

Fluence 
a t  200 days 

1 X 1013 
2 X 1013 
7.5 X 1013 

BOL Fluence 
at  3 yr 

5.5 x l 0 l4  
1.1 x 1014 
4.1 X 1014 

Isc 
Voc 
P m 

166 mA 
552 mV 
67.5 mW/4 cm2 



Table 111. NTS-2 SOLAR CELL EXPERIMENT 

EXP 
NO. CELL TYPE 

OCLI 2 ohm-cm 

SPECTROLAB 
Helios (NTS-2) 

SPECTROLAB Text. 
Hybrid 

SPECTROLAB Text. 
Hybrid, FEP 

COMSAT CNR 
No filter 

COMSAT CNR 

MAXIMUM POWER (MW) * 

PRE- % LOSS FROM FILL FACTOI 
LAUNCH DAY 1 DAY 642 PRE-LAUNCH AT 100 C 
53.1 56-3 40.2 24.3 ,674 

7 SOLAREX VJ 63.1 62.2 21.1 66.6 . 435 
9 SPECTROLAB Text. 66.6 70.0 51,6 21.8 .690 

Helios BSR 

10 OCLI Violet 67.5 66.6 50.8 24.7 .645 

11 Lithium, P/N 53.2 55.8 42.5 20.1 ,682 

13 OCLI 2 ohm-cm 47.0 46.8 37.0 21.3 -559 
ESB coverslide 

14 SPECTROLAB HESP 63.3 63.8 47.0 25.8 .677 

15 HRL AlGaAs 70.0 61.4 50.0 28.6 ,752 

*The power data are corrected to 500C and one sun intensity air mass 
zero. 



Figure 1. The NTS-2 solar cell experiment modules mounted on aluminum 
honeycomb panels. 

EXPERIMENT 

Figure 2. The NTS-2 satellite with solar arrays deployed. 



Figure 3. Maximum power, short-circuit current, and open-circuit 
voltage degradation of the Hughes gallium arsenide solar 
c e U .  
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Figure 4. Maximum power, short-circuit current, and open-circuit 
voltage degradation of the Solarex vertical junction solar 
cell. 
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CORNING 7940 FUSED SILICA COVERSLIP 
CELL TEMPERATURE 50°C 
ESTIMATED FLUENCE: 2 x 1014 I-MeV elcm2 

X W I  FILTER 
0 W I O  FILTER 

DAYS IN ORBIT 

Figure 5. Short-circuit current of the COMSAT non-reflective cell, 
with and without an ultraviolet filter. 
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Figure 6. Maximum power degradation of the NTS-2 Spectrolab Ifelios 
solar cell. 



NTS-2 SOLAR CELL EXPERIMENT 

SPECTROLAB TEXTURED HYBRID CELLS 

Figure 7. Short-circuit and open-circuit voltage degradation of the 
Spectrolab textured hybrid solar cells (Exp. 3 and 4 ) .  
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Figure 8. Maximum power before launched and after 642 days in orbit, 
corrected to 50°C and 1 sun AMO. 
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ELECTRON IRRADIATION OF TANDEM JUNCTION 

SOLAR CELLS* 

Bruce E. Anspaugh, Tetsuo F.  Miyahira and John A.  Scott-Monck 
J e t  Propul s i  on Laboratory 

California I n s t i t u t e  of Technology 

SUMMARY 

The e l ec t r i c a l  behavior of 100 micron thick tandem junction so l a r  ce l l  s 
manufactured by Texas Instruments has been studied a s  a function of 1 MeV 
electron fluence, photon i r r ad i a t i on ,  and 60°C annealing. These c e l l s  a r e  
found t o  degrade rapidly w i t h  r ad ia t ion ,  the  most serious loss  occurring in 
the blue end of the  c e l l ' s  spectral  response. No photon degradation was 
found t o  occur, but the  c e l l s  did anneal a smal i amount a t  60°C. 

INTRODUCTION 

The Texas Instrument tandem junction so l a r  c e l l  ( r e f .  1 ) i s  constructed 
with a junction on the  f ron t  surface and a junction on the  rear  surface i n  an 
n+pn+ configuration. The f ron t  surface,  usually textured,  has no grid l i ne s  
or  contacts of any kind. An n' layer  i s  diffused i n  a f inger l ike  pattern on 
the rea r  surface which leaves both n and p material exposed f o r  purposes of 
contact deposition. This construction,  w i t h  contacts only on the  rear  surfaces 
permits simplif ied ce l l  interconnection during panel construction. An addi- 
t ional  advantage i s  t ha t  these c e l l s  have worked qu i te  well a t  thicknesses 
down t o  100 microns. Their performance a f t e r  1 MeV electron i r r ad i a t i on ,  
annealing, and photon exposure i s  the  subject  of t h i s  paper. 

We have i r rad ia ted  and measured three  TI tandem junction c e l l s  using the  
JPL Dynamitron as  a source of 1 MeV elect rons .  I-V curves and spectral  response 
measurements were made as a function of f l  uence, photon i r rad ia t ion  and 60°C 
anneal. A1 1 three  ce l l  s had textured,  contact1 ess f ron t  surfaces.  They were 
furnished mounted on t h i n  ceramic subs t ra tes .  Cell 20-2 was made of 3 ohm-cm 
CZ s i l i con ,  100 microns th ick,  area 4 cm2, and c e l l s  34-1 and 38-1 were 6 ohm- 
cm CZ s i l i c o n ,  110 microns th ick ,  area 4 cm2. P contacts were A1-Ti-Pd-Ag 
and n contacts were Ti-Pd-Ag. All junction depths f ron t  and back were reported 
to  be approximately 0.25 t o  0.3 microns deep. 

*The research described i n  t h i s  paper was carr ied out a t  the  J e t  Propulsion 
L.aboratory , Cal i fo rn ia  I n s t i t u t e  of Technology, under NASA Contract NAS7-100. 



IRRADIATION 

The resu l t s  of the irradiated data are plotted in figures 1 to  3, showing 
Is,, Voc and Pmax vs. 1 MeV electron fluence. A1 1 measurements are AMO, 28"C, 
made w i t h  an Aerospace Controls Model 302 f i l t e red  xenon simulator. The ce l l s  
were annealed for  16 hours a t  60°C a f t e r  the cumulative fluence reached 
2x1014 e/cm2. The values a f t e r  anneal in are  used i n  the plots. The changes 8 in Isc and Pmax a r e  dramatic. After 101 e/cm2, ce l l s  which began with e f f i -  
ci encies of 11.84%, 8.96%, and 13.47.% have been reduced to 0.67%, 1.99%, and 
0.81%, respectively. Cell 20-2 made of 3 ohm-cm material i s  seen to be the 
most vulnerable. I t  dropped to  an efficiency of 1.69% a f t e r  2x1013 e/cm2, 
then decreased in output slowly with fluence. The two 6 ohm-cm ce l l s  did not 
decrease as rapidly until exposed to  somewhat greater fluences, b u t  when they 
f e l l  the i r  output coincided with that  of the 3 ohm-cm c e l l .  The Voc behavior 
of a l l  three ce l l s  has roughly the same trend as shown by Figure 2, b u t  the 
undulations in the cel l  38-1 curve could possibly be due to  a thermal contact 
problem involving the cell/ceramic structure.  

ANNEALING A N D  PHOTON EFFECTS 

All three c e l l s  were annealed a t  60°C a f t e r  higher fluence exposures. All 
ce l l s  showed positive annealing a f t e r  t h i s  treatment in a l l  cases, with the 
6 ohm-cm c e l l s  showing a greater e f fec t  than the 3 ohm-cm cell ( t h i s  duplicates 
the behavior of conventional structure c e l l s ) .  The annealed 6 ohm-cm ce l l s  
showed improvements in Isc of between 7 and 27%, in Pmax between 9 and 37% and 
in Voc between 0.7 and 4.8%. The annealing in the 3 ohm-cm cell  was between 
1.5 to  5% in Isc, 5 to  17% in Pmax and 1.2 to  2.5% in V o c .  

Cell 20-2 was subjected to  a 3-day exposure to  tungsten l ight  following the 
1015 e/cm2 fluence and to a 35 hour l i gh t  exposure following the 1016 e/cm2 
fluence. No reverse annealing was observed, b u t  there was evidence of damage 
recovery of roughly 2% in Isc and Voc and 5-1 0% in Pmax. 

SPECTRAL RESPONSE 

The spectral response measurements are  taken using a chopped monochromatic 
l igh t  beam as an excitation source. Cell output goes to a lock-in amplifier 
tuned to  the l ight  chopper frequency. This permits flooding the solar cell  
under t e s t  with a dc l igh t  level to check for  injection level effects .  
(Standard space quality ce l l s  do not normally show injection level effects  
either before or a f t e r  electron i r rad ia t ion) .  

Figures 4 and 5 show the spectral responses of ce l l s  20-2 and 38-1 as a 
function of radiation fluence. Both ce l l s  also exhibit  a bandwide injection 
dependence which, although not shown, nearly disappears a f t e r  exposure t o  
fluences greater than 1x1014 e/cm2. Figure 6 shows the spectral response of 



cell  34-1. I t s  injection de endence i s  remarkably strong and remains important i unti 1 f l  uences of nearly 101 e/cm2 have been reached. A1 1 curves shown in 
figure 6 would be shifted upward b u t  by a decreasing amount as the fluence 
increases. I t  appears then quite probable tha t  these ce l l s  have large concen- 
t ra t ions of trapping levels.  

Figures 4-6 show tha t  as radiation fluence i s  increased, spectral response 
i s  diminished a l l  across the band, b u t  most importantly they exhibit  complete 
loss in the blue end of the spectrum a f t e r  fluences of only 1014 e/cm2. This 
contrasts strongly with the behavior of standard ce l l s  where the loss occurs 
only in the red end of the spectrum and the blue response remains unchanged. 

CONCLUSIONS 

While i t  i s  usually dangerous to  draw far-reaching conclusions based on 
so small a sample s ize ,  certain general statements can reasonably be made con- 
cerning the ce l l s  we have studied. 

1 .  A1 though these cell  s are  a t t rac t ive  for  the i r  possible ease in panel 
assembly, they are not yet suitably developed for  use in a radiation 
envi ronment. 

2. Varying b u t  strong concentrations of trapping levels appear to  be 
introduced in these ce l l  s .  

3. TI has shown that  the presence of the front  junction i s  necessary for  
the high i n i t i a l  performance of these ce l l s .  The mechanism introduced 
by the junction must ac t  to  force e i ther  majority or minority car r ie rs  
toward the rear surface of the cell  for  collection by the rear junc- 
t ion. Whatever the force i s ,  i t  i s  readily destroyed by relat ively 
low electron fluences. One possible mechanism for  producing such a 
force i s  the existence of charged surface s t a t e s  on the front surface. 
These surface s t a t e s  are  highly affected by 1 MeV electron i r radiat ion 
and will probably be affected by electrons having energy below the 
displacement threshold. The surface s t a t e  hypothesis may easi ly  be 
tested by i r radiat ion with electrons having energies below 100 key. 

4. Following i n i t i a l  loss  of the force mechanism, the ce l l s  exhibit  a 
more gradual loss in spectral response (primarily blue) which i s  con- 
s i s t en t  with a decreasing diffusion length and loss in the a b i l i t y  
of car r ie rs  to  traverse the thickness of the c e l l .  
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FIGURE 1. ISC VS 1 MeV ELECTRON FLUENCE FOR 

TANDEM JUNCTION SOLAR CELLS (AMO, 28°C)  
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FIGURE 2. VOC VS 1 MeV ELECTRON FLUENCE FOR 

TANDEM JUNCTION SOLAR CELLS (AMO, 28°C) 
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F I G U R E  3 .  PMAX VS 1 MeV ELECTRON FLUENCE FOR 

TANDEM J U N C T I O N  SOLAR C E L L S  (AMO, 28 " C )  
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F I G U R E  4.  SPECTRAL RESPONSE O F  CELL 20-2 
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FIGURE 5. SPECTRAL RESPONSE OF CELL 38-1 
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F IGURE 6. SPECTRAL RESPONSE OF CELL 34-1 
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RADIATION DAMAGE I N  HIGH-VOLTAGE SILICON SOLAR CELLS 

I rv ing  Weinberg, C l i f f o r d  K. Swartz, and Vic tor  G. Weizer 
Nat iona l  Aeronautics and Space Administrat ion 

Lewis Research Center 

During t h e  p a s t  s e v e r a l  yea r s ,  t h e  NASA Lewis Research Center has  con- 
ducted a  program t o  achieve  high open-circui t  v o l t a g e  Voc i n  s i l i c o n  s o l a r  
c e l l s .  To d a t e ,  t h r e e  c e l l  designs have been developed under t h i s  program and 
air-mass-zero (AMO) open-c i rcu i t  vo l t ages  of approximately 645 m i l l i v o l t s  have 
been achieved. Although t h e  program has been d i r e c t e d  p r imar i ly  toward dem- 
o n s t r a t i n g  increased  Voc, t h e  e f f e c t s  of t h e  p a r t i c u l a t e  space r a d i a t i o n  envi- 
ronment on c e l l  performance a r e  an ever  p re sen t  concern. Hence, we have de t e r -  
mined t h e  performance, a f t e r  exposure t o  1-MeV-electron i r r a d i a t i o n s ,  of t h e  
t h r e e  c e l l  designs emerging from t h i s  program. 

EXPERIMENTAL PROCEDURE 

The s a l i e n t  f e a t u r e s  of t h e  c e l l s  a r e  given i n  t a b l e  I. The ion-implanted 
and high-low e m i t t e r  (HLE) c e l l s  have thermally grown s i l i c o n  d ioxide  (Si02)  on 
t h e i r  f r o n t  su r f aces ;  t h e  d i f fused  c e l l s  have no f ront -sur face  oxide. The oxide  
on t h e  HLE c e l l s  was formed by us ing  a  temperature-time schedule t h a t  r e s u l t s  
i n  a  n e t  p o s i t i v e  charge,  i n  t h e  oxide ,  nea r  t h e  oxide-s i l icon  i n t e r f a c e  
( r e f .  1 ) .  The p o s i t i v e  oxide charge induces an accumulation l a y e r  a t  t h e  s i l -  
icon s u r f a c e  and thus  e s t a b l i s h e s  t h e  n+n high-low emitter junc t ion .  

P r e i r r a d i a t i o n  AM0 parameters a r e  l i s t e d  i n  t a b l e  11. Dif fus ion  l eng ths  
were measured by an X-ray e x c i t a t i o n  technique wi th  250-keV X-rays ( r e f .  2 ) ;  
t he  AMO-current-voltage measurements were obta ined  wi th  a xenon-arc s o l a r  
s imula tor .  S p e c t r a l  response d a t a  were obta ined  by us ing  a  f i l t e r -whee l  s o l a r  
s imula tor  ( r e f .  3 ) .  Both X- and e l e c t r o n  i r r a d i a t i o n  r e s u l t  i n  changes i n  
oxide charge ( r e f s .  4  and 5 ) .  Therefore,  only one of each p a i r  of oxide- 
coated c e l l s  w a s  exposed t o  X- i r rad ia t ion  f o r  d i f f u s i o n  l eng th  measurement. 
However, a l l  c e l l s  were exposed t o  1-MeV-electron i r r a d i a t i o n s  t o  a  maximum 
f luence  of 1015 cm-2. 

RESULTS AND DISCUSSION 

A t y p i c a l  d a t a  p l o t  used t o  determine t h e  d i f fus ion - l eng th  damage c o e f f i -  
c i e n t  i s  shown i n  f i g u r e  1. Table I11 summarizes t h e  damage c o e f f i c i e n t s  
obtained f o r  each c e l l  design.  Comparison wi th  previous  damage c o e f f i c i e n t  
eva lua t ions  ( r e f .  6) i n d i c a t e s  t h a t  t h e  damage c o e f f i c i e n t s  ob ta ined  f o r  t h e  
present  high-Vo, c e l l s  a r e  t y p i c a l  of 0.1-ohm-cm p-type s i l i c o n .  

P l o t s  of normalized s h o r t - c i r c u i t  cu r r en t  Is, and Voc a s  a  func t ion  
of 1-MeV-electron f luence  a r e  shown i n  f i g u r e s  2 and 3 ,  r e spec t ive ly .  Data 
f o r  a  10-ohm-cm c e l l  a r e  included f o r  comparison. This  c e l l  showed a decrease  



i n  output  t y p i c a l  of t h a t  r e s i s t i v i t y .  I n  gene ra l ,  performance degradat ion un- 
der  i r r a d i a t i o n  was h ighes t  f o r  t h e  HLE c e l l s ,  w i th  t h e  g r e a t e s t  degradat ion 
being noted f o r  t h e  X-rayed HLE c e l l .  For t h e  ion-implanted c e l l s ,  t h e r e  was 
no measurable d i f f e r e n c e  between t h e  X-rayed and non-X-rayed c e l l  performance. 
Both d i f f u s e d  and ion-implanted c e l l  designs degraded a t  approximately t h e  same 
r a t e .  The Is, and Voc degrada t ion  d a t a  f o r  t h e  HLE c e l l s  appear t o  be anom- 
a lous  because t h e  d i f fus ion - l eng th  damage c o e f f i c i e n t  K is approximately t h e  
same f o r  a l l  c e l l  designs.  However, K is  l a r g e l y  a  measure of t h e  degradat ion 
occurr ing  i n  t h e  c e l l s  base region.  Hence, i n  a t tempt ing  t o  understand t h e  ob- 
served  increased  degradat ion of t h e  HLE c e l l s ,  we must cons ider  damage occurr ing  
i n  t h e  e m i t t e r  and oxide i n  a d d i t i o n  t o  t h a t  occurr ing  i n  t h e  base region.  

The sources  of Is, degradat ion a r e  c l a r i f i e d  by p l o t s  of t h e  normalized 
shor t -  and long-wavelength s p e c t r a l  response shown i n  f i g u r e s  4 and 5. Since 
s i g n i f i c a n t  Isc degradat ion of t h e  HLE c e l l s  occurs  a t  bo th  long- and shor t -  
wavelengths,  we concluded t h a t  Is, degrada t ion  of t h e  HLE c e l l s  occurs  i n  both  
p-type base  and n-type emi t t e r .  On t h e  o t h e r  hand, Is, degradat ion of t h e  
ion-implanted and d i f fused  c e l l s  occurs  predominantly a t  long wavelengths and 
t h e r e f o r e  predominantly i n  t h e  base reg ion .  This  tends  t o  exp la in  t h e  observed, 
r e l a t i v e l y  h igher  Is, degradat ion i n  t h e  HLE c e l l s  d e s p i t e  t h e  approximate 
e q u a l i t y  of K va lues  f o r  a l l  c e l l  des igns .  

Calcu la t ions  a r e  i n  progress  t o  determine t h e  c e l l  reg ion  i n  which Voc 
degradat ion occurs .  Prel iminary r e s u l t s  i n d i c a t e  t h a t  Voc degrada t ion  occurs  
predominantly i n  t h e  e m i t t e r  region f o r  t h e  HLE c e l l s  and i n  t h e  base reg ion  
f o r  t he  ion-implanted and d i f fused  c e l l s .  

For t h e  HLE c e l l s ,  one source of t he  increased  Isc and Voc degradat ion 
under i r r a d i a t i o n  is  t h e  use of a  r e l a t i v e l y  deep (10 pm), n-type emi t t e r .  The 
damage c o z f f i c i e n t  f o r  n-type s i l i c o n  i s  an o rde r  of masnitude g r e a t e r  than  
t h a t  f o r  p-type s i l i c o n  ( r e f .  7) .  Since about 75 percent  of t h e  incoming op t i -  
c a l  r a d i a t i o n  i s  absorbed i n  t h e  10-micrometer-wide HLE n-region, t h e  inc reased  
s u s c e p t i b i l i t y  of n-type s i l i c o n  t o  r a d i a t i o n  damage i s  r e f l e c t e d  i n  t h e  in- 
creased degradat ion noted f o r  t h e  HLE c e l l s  under 1-MeV-electron i r r a d i a t i o n .  
Thus, a  l a r g e  l o s s  i n  t h e  b lue  s p e c t r a l  response would be  expected and was 
observed . 

Another source  of increased  degradat ion of t h e  HLE c e l l s  i s  t h e  u s e  of a  
charged oxide. It has  been e s t a b l i s h e d  t h a t  i on iz ing  r a d i a t i o n  a f f e c t s  t h e  
charge s t a t e  of Si02 ( r e f s .  4 and 5) .  Hence, so t h a t  t h e  e f f e c t s  of t h e  X- 
i r r a d i a t i o n  on t h e  charged oxide  c e l l s  could b e  explored,  an  a d d i t i o n a l  HLE 
c e l l  was exposed t o  250-keV X-rays f o r  5  minutes ,  and i t s  performance para- 
meters  were determined a s  a  func t ion  of t ime a f t e r  i r r a d i a t i o n  f o r  t i m e s  t o  54 
days ( f i g .  6 ) .  A t  t h i s  t ime,  Voc had degraded by 2 . 3  percent  and Isc by 
approximately 7 percent .  These r e s u l t s  c l e a r l y  show t h a t  t h e  X- i r rad ia t ion  
causes performance degradat ion over and above t h a t  caused by e l e c t r o n  i r r a d i a -  
t i o n .  S ince  X-rays do n o t  damage t h e  s i l i c o n  but  a r e  known t o  damage t h e  oxide  
( r e f s .  4 and 5 ) ,  t h e  performance degradat ion shown i n  f i g u r e  6 is  c l e a r l y  a t -  
t r i b u t a b l e  t o  oxide degradat ion.  

The Is, degrada t ion  shown i n  f i g u r e  6 i s  i n s u f f i c i e n t  t o  account f o r  t h e  
d i f f e r e n c e  i n  t o t a l  sho r t - c i r cu i t - cu r r en t  degrada t ion  between t h e  X-rayed and 



non-X-rayed c e l l s  a f t e r  i r r a d i a t i o n  by 1-MeV e l e c t r o n s  ( f i g .  2) .  One source  of  
t h e  added Is, degrada t ion  could be synergism between t h e  e f f e c t s  of X- and 
e l e c t r o n  i r r a d i a t i o n s .  Another p o s s i b l e  source  of t h e  added degrada t ion  could 
be a  d i f f e r e n c e  i n  t h e  q u a l i t y  of t h e  s i l i c o n  c o n s t i t u t i n g  t h e  e m i t t e r s  of t h e  
two HLE c e l l s  of f i g u r e  2. 

CONCLUSIONS 

The r e s u l t s  of t h e  NASA Lewis Research Center program t o  achieve  h igh  

Voc i n  s i l i c o n  s o l a r  c e l l s  show t h a t  c e l l s  w i t h  a r e l a t i v e l y  deep n-type emit- 
t e r  (high-low e m i t t e r  (HLE) design)  a r e  more s u s c e p t i b l e  t o  r a d i a t i o n  damage 
than o t h e r  high-Voc c e l l  designs.  Use of d i f f u s e d  o r  ion-implanted junc t ions  
l eads  t o  high-Voc c e l l  designs t h a t  a r e  l e s s  s u s c e p t i b l e  t o  r a d i a t i o n  damage. 
These l a t t e r  two types of c e l l s  show degrada t ions  t h a t  a r e  t y p i c a l  of t h e  0.1- 
ohm-cm m a t e r i a l  from which they a r e  f a b r i c a t e d .  Furthermore, exposure t o  
i on iz ing  r a d i a t i o n  causes oxide degrada t ion  and decreased c e l l  performance i n  
c e l l s  t h a t  depend on a charged oxide t o  achieve  s i g n i f i c a n t  c e l l  p rope r t i e s .  
Hence, t h e  combination of a  charged oxide and a r e l a t i v e l y  deep n-type e m i t t e r  
is  not  recommended f o r  i nco rpora t ion  i n t o  a  c e l l  designed f o r  u se  i n  t h e  par- 
t i c u l a t e  r a d i a t i o n  environment of space.  
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TABLE I. - TYPES OF HIGH-OPEN-CIRCUIT-VOLTAGE CELLS 

[Base r e s i s t i v i t y  % 0.1 ohm-cm; a l l  c e l l s  n  on p . ]  

Oxide 

Oxide depth ,  urn 

n-layer depth,  um 

C e l l  t h i c k n e s s ,  urn 

I o n  
implanted 

High-low e m i t t e r  

S i02  + charge 

n e a r  i n t e r f a c e  

Di f fused  

None 

TABLE 11. - PRE-ELECTRON-IRRADIATION AM0 CELL PARAMETERS 

C e l l  
type  

Ion  implanted 

Di f fused  

HLE 

TABLE 111. - DIFFUSION-LENGTH DAMAGE COEFFICIENTS 

(a)  P r e s e n t  d a t a  

C e l l  type  

Ion implanted 

Diffused 

HLE 

Open- 
c i r c u i t  
v o l t a g e ,  

vocy 
mv 

636 

636 

626 

623 

634 

640 

Dif fus ion- length  
damage c o e f f i c i e n t ,  

K 

8 x 1 0 ~ ~ ~  

9 x 1 0 ~ ~ ~  

1 0 x 1 0 - ~ ~  

Short- 
c i r c u i t  
c u r r e n t ,  

Is,' 
rnil/crn2 

34.4 

35.5 

20.3 

19.8 

31.2 

28.6 

(b) Previous  d a t a  - 0.1-ohm-cm c e l l s  

Research 

Srour,  e t  a l .  ( r e f .  6 ) ,  1974 

Lewis d a t a  (unpublished),  1973 

Maximum 
power, 

Pmax, 
mw/cm2 

14.4 

14.5 

9.3 

9.2 

13.5 

1 4  

Dif fus ion- length  
damage c o e f f i c i e n t ,  

K 

7x10-~O t o  8x10-lo 

9x10-'O 

F i l l  
f a c t o r ,  
percent  

65.8 

64.1 

73.3 

74.4 

68 

76.5 

Pre- 
i r r a d i a t i o n  
d i f f u s i o n  

l e n g t h ,  

Lo 9 

um 

--- 

158 

279 

158 

--- 

4 7  

X- i r rad ia ted  

Yes 

X 

X 

X 

X 

No 

X 

X 



1 MEV ELECTROY FLUENCE (CN-2) 

Figure 1. - Diffusion length as function of fluence for ion-implanted cell. 

\o HLE (X-RAYED) 

1 MEV ELECTRON FLUENCE ( ~ 1 . 1 ~ ~ )  

Figure 2. - Normalized I,, versus electron fluence. 
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Figure 3. - Normalized V, electron fluence. 

1 MEV ELECTRON FLUENCE (CM-2) 

Figure 4. - Normalized spectral response at short wavelength. Wavelength, 0.45 micrometers. 



1 MEV ELECTRON FLUENCE CM-2 

Figure 5. - Normalized spectral response at long wavelength (0.9 pm) 
after irradiation with 1-MeV electrons. 

Figure 6. - Voltage and current decay in  HLE cell exposed to 
x-irradiation only. 
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C02 LASER ANNEALING OF 50- pm-THICK 

SILICON SOLAR CELLS 

Frank E. Walker 

Boeing Aerospace Company 

SUMMARY 

A t e s t  program i s  c u r r e n t l y  be ing  conducted t o  determine t h i n  s o l a r  c e l l  

annea l ing  e f f e c t s  u s i n g  a l a s e r  energy source. A C02 continuous-wave (CW) 

l a s e r  has been used i n  annea l ing  exper iments  on 50- vm- th ick  s i l i c o n  s o l a r  

c e l l s  a f t e r  p ro ton  i r r a d i a t i o n .  Tes t  c e l l s  were i r r a d i a t e d  t o  a f l u e n c e  o f  

1 . 0 ~ 1 0 ~ ~  protons/cm2 w i t h  1.9 MeV pro tons .  A f t e r  i r r a d i a t i o n ,  those  c e l l s  

r e c e i v i n g  f u l l  p r o t o n  dosage were degraded by an average o f  30% i n  ou tpu t  

power. I n  annea l ing  t e s t s  l a s e r  beam exposure t imes  on t h e  s o l a r  c e l l  v a r i e d  

f r om  2 seconds t o  16 seconds reach ing  c e l l  temperatures o f  from 400°C t o  

500°C. Under those  c o n d i t i o n s  annea l ing  t e s t  r e s u l t s  showed recove ry  i n  c e l l  

o u t p u t  power o f  f rom 33% t o  go%.* 

INTRODUCTION 

Past i n v e s t i g a t i o n s  have shown p o s i t i v e  annea l ing  e f f e c t s  when r a d i a t i o n  

damaged s i  1 i con  s o l a r  c e l l s  were heated t o  above 4000C f o r  longer  than  10 

minutes ( r e f .  1 and 2 ) .  More r e c e n t l y ,  manufac tu r ing  process induced de fec t s  

i n  semiconductors have been annealed u s i n g  d i r e c t e d  beam energy t o  o b t a i n  t h e  

d e s i r e d  annea l ing  t ime  and temperature ( r e f .  3 ) .  The coherent  beam o f  a l a s e r  

may p r o v i d e  an i d e a l  energy source f o r  s o l a r  c e l l  annea l ing  space a p p l i c a t i o n s  

*This work has been suppor ted by  NASA under Con t rac t  NAS9-15636. 



where annea l ing  ovens o r  a r r a y  enc losures ( r e f .  4 )  m igh t  n o t  be p r a c t i c a l .  A  

l a s e r  p rov ides  t h e  added b e n e f i t  o f  d i r e c t i n g  t h e  anneal ing beam t o  any por-  

t i o n  o f  a  l a r g e  a r r a y  when r e q u i r e d  (such as a  So la r  Power S a t e l l i t e ) .  Th i s  

would a1 low t h e  annea l ing  dev ice  t o  scan t h e  a r r a y  con t i nuous l y  w i t h o u t  

d i s r u p t i n g  panel power genera t ion  as o n l y  a  smal l  segment o f  t h e  a r r a y  i s  

a f f ec ted .  I n - s i t u  annea l ing  o f  s o l a r  a r rays  i n  space has been a  t o p i c  o f  

t e c h n i c a l  s c r u t i n y  f o r  some t ime.  

BACKGROUND 

P r e l i m i n a r y  l a s e r  annea l ing  s t u d i e s  were conducted t o  determine f e a s i b i l -  

i t y  o f  l a s e r  annea l ing  p r i n c i p l e s  as a p p l i e d  t o  t h e  anneal ing o f  r a d i a t i o n  
* damage i n  s i l c o n  s o l a r  c e l l s .  These s t u d i e s  showed p o s i t i v e  annea l ing  

r e s u l t s  f o r  uncovered s o l a r  c e l l s  annealed w i t h  a  scanned DC e l e c t r o n  beam 

( f i g .  1) and w i t h  a  pu lsed  Nd:YAG l a s e r  ( f i g .  2 ) .  Glass covered s o l a r  c e l l s  

w i t h  e l e c t r o s t a t  i c a l  l y  bonded (ESB) Corn ing 7070 cover glasses were annealed 

us ing  a  C02 l a s e r  ( f i g .  3 ) .  These e a r l y  s o l a r  c e l l  l a s e r  anneal ing t e s t s  

i nvo l ved  exposure pe r i ods  o f  f rom 1 0 v s e c  f o r  t h e  e l e c t r o n  beam t o  2 sec f o r  

t h e  C02 l a s e r .  No at tempt  was made t o  op t im i ze  beam parameters o r  t o  de te r -  

mine what e f f e c t ,  i f  any, t h e  s h o r t  du ra t i on ,  h i g h  i n t e n s i t y  l a s e r  exposure 

had on t h e  c e l l  o r  t h e  anneal ing process ( r e f .  5 ) .  

LASER ANNEALING OF THIN CELLS 

F u r t h e r  t e s t i n g  o f  s o l a r  c e l l  annea l ing  u s i n g  a  C02 l a s e r  has been 

conducted t o  address t h e  ques t ions  o f  l a s e r  beam e f f e c t s  on s o l a r  c e l l s  and 

r e p r o d u c i b i l i t y  o f  l a s e r  anneal ing i n  an i n d i v i d u a l  c e l l .  I n  p a r t i c u l a r ,  50- 

um-th ick  s o l a r  c e l l s  were t e s t e d  as a  low mass advanced c e l l  w i t h  p o t e n t i a l  

f o r  a p p l i c a t i o n  i n  t h e  development o f  l a r g e  space power genera t ing  systems. 

Solar  c e l l  types used i n  t h e  annea l ing  t e s t s  a re  descr ibed  i n  t a b l e  1. 

*This work was performed by Sp i re  Corp., Bedford, MA, under c o n t r a c t  t o  Boeing 

Aerospace Company, Sea t t l e ,  MA. 



I n i t i a l  l a s e r  anneal ing t e s t  parameters were de r i ved  f rom thermodynamic 

ana l ys i s  o f  a  50- vm- th ick  s i l i c o n  s o l a r  c e l l  w i t h  a  50- vm- th ick  i n t e g r a l -  

g l ass  cover .  T h i s  s teady s t a t e  thermodynamic model shows i n  f i g u r e  4 t h e  

l a s e r  beam energy d e n s i t y  r e q u i r e d  t o  m a i n t a i n  a  des i r ed  annea l ing  tempera- 

t u r e .  The amount o f  t ime  r e q u i r e d  f o r  a  l a s e r  beam t o  r a i s e  t h e  temperature 

of a  s o l a r  c e l l ,  as a  f u n c t i o n  o f  l a s e r  beam energy dens i t y ,  f r om room tempera- 

t u r e  (280C) t o  an anneal ing temperature o f  5000C i s  p l o t t e d  i n  f i g u r e  5. 

Al though e a r l y  t h e o r e t i c a l  a n a l y s i s  was done f o r  a  50- vm- th ick  c e l l  w i t h  5 0 - ~ m -  

t h i c k  i n t e g r a l - g l a s s  cover, unglassed 50- vm- th ick  s o l a r  c e l l s  were used i n  

these annea l ing  t e s t s  as i n t e g r a l - g l a s s  covers on t h i n  c e l l s  a r e  n o t  

comple te ly  developed. 

TEST PROCEDURES 

F i g u r e  6 shows schema t i ca l l y  t h e  t e s t  set-up. A  C02 l a s e r  capable o f  

g rea te r  t han  150 wa t t s  CW was used as t h e  l a s e r  source. A mechanical s h u t t e r  

was used which u t i l i z e s  two k n i f e  edge s h u t t e r  leaves and a  l i g h t  e m i t t i n g  

diode, photo c e l l  t o  generate a  pu l se  o f  l a s e r  r a d i a t i o n  and an e l e c t r i c a l  

t i m i n g  pu lse,  r e s p e c t i v e l y .  The e l e c t r i c a l  pu l se  was measured w i t h  a  coun te r  

t o  determine t h e  exact  l a s e r  beam p u l s e  leng th .  Wi th  t h e  s h u t t e r  h e l d  open, 

a  sampl ing m i r r o r  was p laced  i n  t h e  beam t o  d e f l e c t  t h e  beam i n t o  t h e  r e f e r -  

ence power t ransducer  which was used t o  measure t h e  t o t a l  raw beam power as a  

re fe rence .  

A  z i n c  se len ide  lens  w i t h  a  5.0 i n c h  f o c a l  l e n g t h  was used t o  spread t h e  

beam. D is tance  C i n  f i g u r e  6 was ad jus ted  t o  g i v e  t h e  r e q u i r e d  power d e n s i t y  

a t  t h e  t e s t  plane. 

The beam t r a v e l s  th rough  a  motor -d r i ven  m i r r o r  arrangement which was com- 

p u t e r  c o n t r o l l e d  and can be used f o r  a l i g n i n g  and c e n t e r i n g  t h e  beam and f o r  

scanning t h e  beam across t h e  ape r tu re  p l a t e  (2mm ape r tu re )  t o  p r o v i d e  power 

d e n s i t y  p r o f i l e  maps o f  t h e  beam. The l a s e r  t e s t  f a c i l i t y  and Coherent 

Opt i cs ,  Ever lase 150 l a s e r  w i t h  t h e  t e s t  set -up on t h e  work t a b l e  above t h e  

l a s e r  cab ine t  a re  p i c t o r i a l l y  i l l u s t r a t e d  i n  f i g u r e  7. 



Electrical parameters of each cell are measured before and after every 

test to provide comparative test parameters. A Spectrolab X-25 Mark I 1  

solar simulator provides illumination on the test cell during electrical 

measurements. 

Each cell is electrically degraded by irradiation of 1.9 MeV protons to 

a f luence of 1.0~1012 protons/cm2 at Boei ngls Radiation Effects Laboratory. 

EVALUATION OF ELECTRICAL DEGRADATION IN 
UNIRRADIATED TEST CELLS DUE TO LASER EXPOSURE 

Before formal laser annealing tests began, 50- vm-thick solar cell test 

specimens were subjected to various laser intensities and exposure durations 

to determine the mechanical effects of thermal shock during laser irradiation. 

Unglassed 50-vm-thick solar cells were found to physically deform in an 

unpredeterminable fashion above 3000C when subjected to a laser beam. Upon 

measuring electrical characteristics (figs. 8 and 9) of test cells after a 5 

second, 100 watt C02 laser exposure that raised the cell temperature to 500°C, 

no reduction in the solar cells1 electrical characteristics was apparent 

within measurement tolerances. 

RESULTS AND DISCUSSION 

Figures 10 through 16 illustrate laser annealing of charged-particle 

irradiated Solarex and O.C.L.I. 50- vm-thick solar cells. Each cell was to be 

irradiated with 1.9 MeV protons to a fluence of 1.0~1012 protons/cm2; however 

cells No. 18, 19, 31 and 32 did not receive full irradiation fluence due to a 

malfunction of the proton source during the irradiation portion of the test 

sequence. Cells No. 18 and 32 had reduced outputs after the laser anneal 

portion of the test due to cell damage. Cell No. 18 was broken and 25% of the 

cell was lost. Cell No. 31 curled during laser exposure to such an extent 

that accurate measurement in our solar simulation test facility was not 

possible. 



The average c e l l  degradat ion i n  ou tpu t  power due t o  i r r a d i a t i o n  was 

30%. Recovery o f  ou tpu t  power as measured a t  t h e  maximum power p o i n t  v a r i e d  

f rom 33% t o  90% a f t e r  l a s e r  annealing. C e l l s  t h a t  were moderately degraded 

appeared t o  recover  more complete ly  than those more severe ly  damaged. 

There was some i n d i c a t i o n  t h a t  longer  exposure t o  t he  anneal ing temperature 

was b e n e f i c i a l  . 

F igu re  17 i l l u s t r a t e s  repeated anneal ing under t he  same t e s t  cond i t i ons  

as app l i ed  t o  those s o l a r  c e l l s  dep ic ted  i n  f i g u r e s  10 through 16. Mote t h a t  

t h i s  c e l l  d i d  no t  recover  as complete ly  a f t e r  t he  second anneal ing as i t  d i d  

a f t e r  t h e  f i r s t .  

F igu re  18 i s  a summary o f  ou tpu t  power va r i a t i ons ,  a t  t he  maximum power 

po in t ,  a f t e r  each step o f  t h e  anneal ing t e s t  sequence f o r  a l l  c e l l s  except 

c e l l  s No. 18 and 32 which were damaged du r i ng  1 aser exposure. 

Test c e l l s  were exposed t o  temperatures g rea te r  than  5000C f o r  var ious  

t ime  per iods;  however, no anneal ing da ta  was obta ined as c e l l s  t es ted  above 

500-600% were broken as a r e s u l t  o f  severe mechanical deformat ion o f  t h e  

c e l l .  The suspect cause o f  t h i s  e f f e c t  i s  thermal expansion d i f f e rences  be- 

tween t h e  s i l i c o n  o f  t h e  c e l l  and t h e  metal  o f  t h e  c e l l  back contact .  Th is  

back con tac t  covers t h e  e n t i r e  back o f  t he  c e l l  hav ing a g rea ter  e f f e c t  than 

t h e  meta l  g r i d  on t h e  f r o n t  c e l l  surface. 

CONCLUSIONS 

Laser anneal ing o f  t h i n  c e l l s  shows promise; however, bas ic  design a l t e r a -  

t i o n s  are requ i red  t o  min imize thermal shock e f f e c t s  o f  sho r t  durat ion,  h igh  

i n t e n s i t y  l a s e r  pulses on t h e  50- pm-thick s o l a r  c e l l .  Fur ther  s tud ies  o f  

anneal ing temperature and du ra t i on  o f  l a s e r  anneal ing on thermo-mechanically 

s t a b l e  t h i n  c e l l s  are suggested. , 
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Figure 1 ; The Effect of Pulsed Laser Anneal on Violet Cell 12f 
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Figure 5 ; Laser Annealing Test Setup With Coherant Optics Everlase 150 C02 Laser 
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Figure 6 ; Steady State Temperature Resulting From Different Energy Densities 
in a 50-w- Thick Solar Cell With 50-pm- Thick Integral Glass Cover 
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Figure 8 ; C 0 2  Laser Annealed Solar Cell Without Coverglass, Solarex Cell No. 44 
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Figure 9 ; C02 Laser Annealed Solar Cell Without Coverglass, Solarex Cell No. 45 
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Figure 10; C 0 2  Laser Annealed Solar Cell Without Coverglass, Solarex Cell No. 16 
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Figure 12; C02 Laser Annealed Solar Cell Without Coverglass, Solarex Cell No. 19 

Figure 73 ; CO2 Laser Annealed Solar Cell Without Coverglass, Solarex Cell No. 20 
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Figure 15 ; C 0 2  Laser Annealed Solar Cell Without Co verglass, 0. C. L. I. Cell No. 32 
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Figure 76; C 0 2  Laser Annealed Solar Cell Without Coverglass, O.C. L. I. Cell No. 33 
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REVERSE ANNEALING IN RADIATION-DAMAGED, 

SILICON SOLAR CELLS 

Irving Weinberg and Clifford K. Swartz 
National Aeronautics and Space Administration 

Lewis Research Center 

INTRODUCTION 

The phenomenon of reverse annealing has been observed in bulk silicon 
(ref. 1) and in silicon solar cells (refs. 2 and 3). To date, however, 
attempts to understand this detrimental effect, in terms of the defects 
formed by particulate radiation, have been unsuccessful. Recently, however, 
sensitive instrumental techniques have been used to gain increased insight 
into the behavior of defects formed in p-type silicon by particulate radia- 
tion (refs. 4-7). Hence, in the present work, we report results using rela- 
tively new information regarding defect formation in boron doped silicon 
(refs. 6 and 7) in calculations which tend to clarify and explain the re- 
verse annealing effects we observe in silicon solar cells. 

EXPERIMENTAL 

Irradiations and isochronal annealing were performed on n+p silicon solar 
cells with 0.1 and 2 ohm-cm boron doped base resistivities. Starting mater- 
ial for the 2 ohm-cm cell was Czochralski grown while the starting material 
for the .1 Q-cm cell was vacuum float zone single crystal silicon. The cells 
were irradiated by 1 Mev electrons to a fluence of 1015 ~ m - ~ .  After irrad- 
iation, the cells were isochronally annealed in 50° C steps, the cells being 
held at each fixed temperature point for 20 minutes. Minority carrier dif- 
fusion lengths and AM0 I-V measurements were obtained at room temperature 
before and after irradiation and after each step in the isochronal anneal. 
Diffusion lengths were measured by an X-ray excitation technique (ref. 8),  
while the AM0 I-V measurements were obtained using a xenon-arc solar simulator. 
Isochronal annealing data are shown in figure 1 where it is seen that reverse 
annealing occurs for the 2 ohm-cm cell at temperatures above 150' C, but is 
absent in the 0.1 ohm-cm cell's data. 

In order to understand these results in terms of properties of the radia- 
tion induced defects, we used a combination of our diffusion length measure- 
ments and defect data obtained from Deep Level Transient Spectroscopy (DLTS), 
(ref. 7). The pertinent diffusion length data for the cells of figure 1 are 
shown in figure 2, where L-2 is reciprocal diffusion length squared, measured 
at room temperature after ikochronal anneal at temperature T, while L-' is 

IRR 



reciprocal diffusion length squared measured at room temperature after irrad- 
iation and before annealing. The DLTS, isochronal annealing data for a 2 ohm- 
cm n+p silicon solar cell are shown in figure 3, while figure 4 shows the DLTS 
data for a 0.3 ohm-cm cell (ref. 7). In figures 3 and 4, Ev is energy at the 
top of the valence band, while Ec is energy at the bottom of the conduction 
band. Regarding the cells used to obtain the DLTS data (ref. 7), starting 
material for the 2 $2-cm cell was Czochalski grown boron-doped silicon, while 
that for the 0.3 Q-cm cell was vacuum float zone boron-doped silicon. 

THEORY 

Derivation of Working Equation 

To obtain an equation relating the present diffusion length data to de- 
fect parameters, such as carrier capture cross sections and relative defect 
concentrations, we use the Shockley-Read-Hall (SRH) theory of recombination 
(refs. 9 and 10). Our starting point is the SRH expression for ~i the car- 
rier lifetime due to the ith single level defect. For low injection condi- 
tions we have (refs. 9 and 10) 

Where Ni is the concentration of the ith defect, no and po are equilib- 
rium electron and hole concentrations, vn are thermal velocities for 
electrons and holes, api and ani are hole ectron capture cross sections 
for the ith defect and ni and pi are calculated from the relations 



Where Nc and Nv are the density of states for the conduction and valence 
bands k is the Boltzmann constant and Ei is the energy level of the ith defect. 
The thermal velocities are obtained from the relations 

Where mh and me are hole and electron effective masses respectively. 

For P type silicon po is measured and no calculated from the relation 

Where nI is the intrinsic carrier concentration. 

Using equations 2, 3 and 4, we find for the defects in figures 3 and 5 
that 

Hence equation 1 simplifies to 

Where % is the relative concentration of the i t h  defect with 



hx being the maximum defect concentration measured by DLTS during the 
isochronal anneal. For example in figure 3, Nmx is obtained from the peak 
amplitude of the Ev + -38 defect (ref. 7). 

Since 

We obtain the required relation 

(7 a), 
(F +) IRR 

Capture Cross Section 

The capture cross sections obtained from DLTS (ref. 7), are listed in 
Table 1. Since the electron capture cross section an for only one defect 
(Ec-0.27 eV) is available from DLTS, we cannot calculate diffusion length 
ratios from equation 8 using only this DLTS result. We have therefore ob- 
tained the necessary additional On values by other methods. 

With respect to the defects at Ev+0.38 and Ev+0.23, temperature depend- 
ent lifetime studies in 1.5 ohm-cm p-type silicon yield values for the ratio 
Cfn/op from which oi, is calculated (ref. 11). From reference 11, for the 
EvM. 38 defect %lop 2 150 and for the defect at E,+0.23, on/ap &' 1300 from 
which the an values for these defects shown in Table 2 are calculated. For 
the remaining defects, values for On were computed by fitting equation 8 to 
the diffusion length data of figure 2 at 250 and 300' C using Ri values from 
figure 3. In this way, the electron capture cross sections for the defects 
at Ev+0.30 and Ev+0.26 were obtained. Thus, the required cross sections for 
all but the defect at Ev+0.2 eV are obtained for use in equation 8. Since 
we cannot evaluate an for this latter defect, it is arbitrarily assumed that 
it can be ignored in subsequent calculations. Similar considerations apply 
to the Ev+0.48 defect in 0.3 ohm-cm p-silicon (fig. 4) i.e., since we cannot 
evaluate an for this defect it is omitted from the calculations. 



RESULTS 

The L'~ ratios, for the 2 S1-cm cell, calculated from equation 8, using 
relative concentrations from figure 3 and capture cross sections from Table 2 
are shown in figure 5. From the figure it is seen that the calculated and 
measured values are in reasonable agreement. From these results, the defect 
responsible for the reverse annealing in 2 ohm-cm p-type silicon is identi- 
fied as the defect at l+!-O.30 eV. Additional calculations were performed 
after conceptually removing this defect, using the remaining cross sections 
of Table 1 and the remaining relative concentrations of figure 3. The result 
is shown in figure 6. 

Calculated values for the 0.3 ohm-cm cell using the data of Table 2 and 
figure 4 are shown in figure 7. These results indicate the absence of reverse 
annealing in this low resistivity cell and are in qualitative agreement with 
our data for the 0.1 ohm-cm cell. Removal of the EvS0.30 defect results in 
calculated values shown by the dotted line of figure 7. Since no DLTS data 
are available for 0.1 ohm-cm p-type silicon, we interpret these 0.3 ohm-cm 
results as an indication of trends when going to lower resistivity p-type 
silicon. 

DISCUSSION 

The good agreement between our experimental and calculated values indi- 
cates the correctness of the mathematical relationship (equation 8) derived 
from the SRH theory. Our results indicate that the defect at Ev+0.30 eV is 
responsible for the observed reverse annealing. Furthermore, its removal 
could result in significant annealing at 200° C for the cells investigated. 
Since the Ev+0.30 defect always appears when the Ec-0.27 defect disappears 
(ref. 7) the two defects are related in the sense that the Ec-0.27 defect 
can be called the "parent" to the E,+O.30 defect. Hence, the atomic consti- 
tution of both defects is of importance. 

The defect at E +0.30 has been tentatively identified as a boron-oxygen- 
vacancy complex (ref, 7). The Ec-0.27 defect increases in concentration with 
increasing boron concentration and has been identified as a boron interstit- 
ial-oxygen interstitial complex (ref. 7). An alternate identification asserts 
that the Ec-0.27 defect is composed of a boron interstitial-boron substitution- 
al pair (ref.12). A firmer identification of the w . 3 0  defect is required 
as well as additional research directed at choosing between competing identi- 
fications for the Ec-0.27 parent defect. Such identifications would be an 
invaluable guide to processing efforts aimed at decreasing the concentration 
of these radiation induced defects. 
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Figure 1.- Isochronal anneal of n+p silicon solar cells after 1-MeV-electron irradiation. 
(p = 1 0 ~ ~ 1 c m ~ ;  time at temperature. 20 mi". 
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Figure 2. - 1 1 ~ ~  ratios from diffusion lengths measured during isochronal anneal. 
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Figure 3. - Relative defect concentrations from DLTS. 
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Figure 4.- DLTS data for 0.3ohm-cm P-Si. 
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Figure 5.- Calculated and measured 1 1 ~ ~  ratios for 2 ohm-cm cells. 
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Figure 6.- Calculated and measured 111' ratios, omitting E, + 0.30 effect. 
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EFFECT OF DOPANTS ON ANNEALING PERFORMANCE OF 

SILICON SOLAR CELLS* 

John A.  Scott-Monck and Bruce E. Anspaugh 
J e t  Propulsion Laboratory 

Cal i fornia I n s t i t u t e  of Technology 

SUMMARY 

Sil  icon so la r  c e l l s  doped w i t h  boron o r  gallium and ranging i n  r e s i s t i v i t y  
from 0.1 t o  20 ohm-cm were i r rad ia ted  w i t h  1 MeV elect rons  t o  fluences up t o  
1x1015 e/cm2. The c e l l s  were then thermally annealed over the range 60-450°C 
i n  order t o  study t h e i r  recovery charac te r i s t i cs .  Spectral response, minority 
c a r r i e r  diffusion length and l i g h t  I-V data were obtained and used t o  develop 
a preliminary model t o  explain the  various annealing stages observed. 

INTRODUCTION 

There has been renewed i n t e r e s t  i n  thermal annealing of so la r  c e l l s  a s  a 
technique fo r  extending s a t e l l i t e  operating l i f e t ime  and a s  a means of i n -  
creasing the  f e a s i b i l i t y  of ce r ta in  advanced mission concepts. Low t h r u s t  
propul sion systems a re  being considered f o r  t ransferr ing 1 arge so l a r  panel s 
from low ear th  t o  geosynchronous o rb i t .  One of the  primary obstacles t o  be 
overcome i s  the severe degradation t h a t  would be experienced by the so l a r  
panels due t o  exposure t o  the radia t ion environment encountered during t r ans f e r .  

Once i n  geosynchronous o r b i t ,  t he  panels would s t i l l  be exposed t o  s u f f i -  
c i en t  radiat ion such t h a t  t h e i r  e l ec t r i c a l  performance would be s ign i f ican t ly  
degraded over a period of years.  This problem i s  presently addressed by over- 
s iz ing panels, a solution which increases cos t  and mass, t o  accommodate the  
reduction i n  power during mission l i fe t ime .  I t  is  doubtful t h a t  t h i s  solution 
can be to le ra ted  fo r  concepts such as SPS which a r e  designed t o  produce and 
del iver  power. Therefore the  idea of recovering radia t ion induced power losses  
in so l a r  panels by thermal annealing becomes an a t t r a c t i v e  pos s ib i l i t y  fo r  
solving t h i s  problem. 

The purpose of t h i s  study was t o  es tab l i sh  the  optimum annealing paray 
meters of time and temperature f o r  producing ce l l  output recovery, A var ie ty  
of c e l l s  representing a l l  space so la r  ce l l  suppl iers  as  well a s  advanced 
experimental samples were investigated.  Included i n  t h i s  survey were devices 
made from gal 1 i u m  doped and boron doped s i l i con .  The c e l l s  ranged in r e s i s t i -  
v i ty  from 0.1 t o  20 ohm-cm and i n  thickness from 50 t o  250 pm. 

*The research described i n  t h i s  paper was carr ied out a t  the J e t  Propulsion 
Laboratory, California I n s t i t u t e  of Technology, under NASA Contract NAS7-100. 
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EXPERIMENTAL METHOD 

Approximately 80 n on p-type s i l icon solar  c e l l s  were investigated in 
twenty-one separate annealing experiments. The preliminary phase used 2 ohm-cm, 
250 pm thick violet  ce l l s  manufactured by OCLI. In subsequent t e s t s ,  c e l l s  
from Spectrolab, Inc. and Solarex Corp. were included, as well a s  advanced 
experimental gal 1 ium doped solar  ce l l  s  received from WPAFB. Spectral response, 
minority ca r r i e r  diffusion length (Ln) using the method of reference 1 ,  and 
I-V data, taken under AM0 conditions a t  28"C, were i n i t i a l l y  recorded. 

L 

The samples were then irradiated w i t h  1 MeV electrons in vacuum using 
the JPL Dynami tron. Fl uences employed were general l y  1 ~ 1 0 7 4  or 1 xl0l~e/cm2. 
A complete description of the faci l  i t y  and experimental technique i s  given in 
reference 2. After i r radiat ion,  spectral response and L n  data were taken on 
a sampling basis, while I-V curves under AM0 a t  28°C were obtained for  a l l  
cell  s .  

Thermal annealing was done i n  dry nitrogen with the ce l l s  mounted on a 
quartz boat within the constant temperature zone of a diffusion furnace. 
Typical annealing times were 30 minutes, although in some experiments c e l l s  
were annealed for  up t o  64 hrs a t  a given temperature. In i t i a l  annealing was 
begun a t  200°C in most cases and a f t e r  re test ing the samples, heating was 
increased in 50°C increments u p  t o  a f inal  temperature of 450°C. For annealing 
temperatures below 200°C the ce l l s  were mounted to  a temperature controlled 
heater block in vacuum and I-V data was obtained u ~ i n g  the solar simulator 
that  i s  part  of the JPL Dynamitron t e s t  f a c i l i t y  as  described in reference 2. 
I-V data was obtained a f t e r  each annealing step, and when appropriate i t  was 
supported with spectral response and Ln measurements. Unirradiated control 
ce l l s  were included in the annealing t e s t s  t o  guarantee tha t  factors such as 
anti  reflection coating transmission changes or contact punchthrough were not 
influencing the data taken. 

RESULTS AND DISCUSSION 

The experiments reveal a complicated recovery pattern for both gallium and 
boron doped s i l  icon solar  ce l l s .  There are  marked differences between the two 
dopants a t  annealing temperatures of 60°C. Extremely low res i s t iv i ty  (0.1-0.2 
G-cm) gal 1 i  um and boron doped s i  1 icon cel l  s  display a unique form of recovery 
as compared t o  higher base r e s i s t i v i t y  devices. Based on our investigations 
of isochronal and isothermal behavior of these samples, i t  appears that  sig- 
nificant recovery of radiation induced degradation does not take place until 
exposure to  a temperature of a t  l eas t  350°C for  a period greater than 30 minutes. 

The data presented here i s  in terms of short c i r cu i t  current, although 
open ci rcui t voltage and maximum power were a1 so monitored. Unfortunately, 
many of the ce l l s  made w i t h  titanium-palladium-silver contacts showed evidence 
of shunting due t o  contact punchthrough a t  annealing temperatures of 400°C, 
which compromised a l l  but the short c i r c u i t  current data. Fortunately, the 



spectral response and minority car r ie r  diffusion length measurements were not 
influenced by t h i s  problem. Cell s which had chromi um-go1 d-si 1 ver or tantal  um- 
pal 1 adium-si lver contact systems did not show any signs of shunting even a f t e r  
30 minutes a t  450°C. 

The annealing behavior of c e l l s  made from gallium and boron doped s i l icon 
i s  shown in figures 1 through 3. The data i s  given in terms of the unannealed 
fraction of short c i r cu i t  current, Io-!t/!o-Im, versus annealing temperature, 
where I. i s  the current prior to  i r radiat ion,  I t  i s  the current being annealed 
a t  temperature t, and I@ i s  the current a f t e r  i r radiat ion.  Positive annealing 
i s  defined as a reduction in the unannealed fract ion,  while negative or 
reverse annealing i s  an increase in the unannealed fraction. Figure 1 shows 
the e f fec t  of 30 minute heat treatments over the range 200 to  450°C for  0.10- 
0.20 ohm-cm gal 1 i um and boron doped ce l l  s ,  while figures 2 and 3 provide data 
for 2 ohm-cm and 10 ohm-cm gallium and boron doped ce l l s  over the range 60 to  
450°C. Additional data was obtained fo r  20 ohm-cm gallium doped ce l l s ,  b u t  i t  
i s  not given since i t  matched precisely the information derived from 10 ohm-cm 
gallium doped ce l l s .  These plots represent a number of individual experiments 
involving in most cases, a t  leas t  three c e l l s  of each type. Due to the signi- 
ficance of the measurements made a t  60°C, these data are included, a1 though 
i t  represents 16 hrs a t  temperature while the other points are fo r  30 minutes 
a t  temperature. 

Onset of Annealing 

The lowest temperature for  which there i s  substantial data i s  60°C. We 
observed positive annealing in a l l  boron doped samples tested regardless of 
base r e s i s t iv i ty .  This has been reported previously ( r e f .  3 ) .  However, with 
gallium doped s i l icon solar  ce l l s  the type of annealing (posit ive or negative) 
was related to  base r e s i s t iv i ty ,  with 2 ohm-cm ce l l s  losing additional output, 
10 ohm-cm ce l l s  remaining the same, while 20 ohm-cm devices showed a s l igh t  
increase in output. Both back surface f i e ld  and conventional l y  processed 
samples performed similarly.  Additional experiments comparing 2 ohm-cm gallium 
and boron doped s i l icon solar c e l l s  confirmed the original resu l t s  with respect 
to the type of annealing produced a t  60°C. In the l a t t e r  experiments the 
samples were held a t  60°C for  64 hrs a f t e r  they had been irradiated with 1 x 1 0 ~ ~  
1 !lev electrons/cm2. Table 1 summarizes the information taken from a l l  experi- 
ments. 

Intermediate Annealing Stage 

The original annealing experiments began a t  200°C for  an a rb i t r a r i ly  
selected time of 15 minutes. Significant reverse annealing was observed in 
2 ohm-cm boron doped c e l l s  regardless of manufacturer or thickness (50-250 m) .  
The output of the samples was now lower than a f t e r  the i r radiat ion.  Spectral 
response and minority car r ie r  diffusion 1 ength measurements conf i rmed our 
electr ical  data. Other experiments using 10 ohm-cm samples did not show evi- 
dence of reverse annealing under these conditions. Cell output remained the 
same as a f t e r  the i r radiat ion.  Further, more detai 1 ed investigations revealed 
that  the onset of reverse annealing in 2 ohm-cm boron doped s i l icon took place 



somewhere between 120 and 140°C and was extremely rapid ( l e s s  than one minute). 
In another t e s t ,  samples of 10 ohm-cm boron doped s i l icon were irradiated to  
1x1014 e/cm2 and then heated for  16 hrs a t  200°C. A1 though i n  absolute terms 
the amount of reverse annealing observed was small (1.4 mA average), re la t ive  
to  the amount of i n i t i a l  loss i n  current from the i r radiat ion (3.2 mA average), 
i t  was very s ignif icant  (>40 percent). Thus i t  appears tha t  heating c e l l s  tha t  
had been irradiated to  200°C led to  an additional loss in output, a s i tuat ion 
not unl i ke photon induced degradation i n  irradiated f loa t  zone s i l  icon solar  
ce l l s  ( r e f .  4 ) .  

The data given in  figure 3 appears to  be in conf l ic t  with our observations 
concerning reverse annealing i n  10 ohm-cm si l icon,  b u t  i t  should be noted tha t  
these samples received a 60°C soak fo r  16 hrs,  which according to  our model, 
discussed in a l a t e r  section, would modify the cel l  Is behavior a t  200°C. 
Further discussion of reverse annealing in 10 ohm-cm samples will be found in 
the section ent i t led  "Additional Observations". 

There i s  no additional s ignif icant  change in cel l  output fo r  2 and 10 
ohm-cm boron doped samples until  a temperature of 350°C i s  reached. Our work 
indicates that  the next annealing stage i s  located very close to  350°C i n  point 
of fac t .  In one annealing experiment the ce l l s  were inadvertently heated to  
only 340°C for  30 minutes, and they did not show any signs of recovery. The 
gal 1 ium c e l l s  by comparison show a gradual recovery of output over t h i s  tempera- 
ture  range as can be seen in figures 2 and 3. 

The behavior of the low res i s t iv i ty  samples i s  in sharp contrast ( f ig .  1 ) .  
The amount of reverse annealing appears to  increase with temperature, peaking 
a t  300°C fo r  gal 1 ium and 350°C for  boron doped s i l icon ce l l s .  The f ac t  that  
neither group was or iginal ly  heated a t  60°C i s  regrettable in l i g h t  of our 
proposed model . 

Final Recovery Stage 

With the exception of the 0.1 ohm-cm sample, a1 1 c e l l s  showed a s ignif icant  
amount of positive anneal ing a t  350°C, and a t  450°C had recovered from 75 to 
90 percent of the radiation induced degradation in output. The absolute 
amount of recovery appears ta  be related to  base r e s i s t iv i ty  f o r  both dopants, 
with the higher r e s i s t iv i ty  ce l l s  displaying the greatest  recovery. 

Since the purpose of this work i s  t o  define practical parameters fo r  
producing recovery from the effects  of radiation, we feel that  a minimum 
temperature of 350°C i s  required. New investigations a re  necessary in order 
to  determine i f  longer exposures a t  temperatures such as 350°C can duplicate 
the e f fec ts  of shorter times a t  more elevated temperatures. Table 2 shows the 
correlation between Ln and electr ical  output for  a typical annealing experiment. 
Figure 4 shows the spectral response variation over th i s  same run. 



Additional Observations 

A se r ies  of experiments was performed to observe the e f fec t  of increasing 
the annealing time a t  a particular temperature. I t  was found tha t  over f i f t y  
percent of the original degradation caused by 1x1014 e/cm2 could be eliminated 
by heating the ce l l s  fo r  approximately one hour a t  350°C. In some cases there 
were only relat ively small improvements i n  output a f t e r  30 minutes, b u t  one 
hour seemed to maximize recovery a t  t ha t  temperature. Since many ce l l s  showed 
evidence of contact punchthrough a t  %400°C, we were reluctant to  t r y  the same 
t e s t  above 400°C. 

The behavior of boron doped two ohm-cm back surface f i e ld  devices was 
similar to  that  seen for  conventional ce l l s .  The ten ohm-cm boron doped f i e ld  
ce l l s  appeared to  display a greater amount of output recovery a t  a given 
temperature than did 10 ohm-cm conventional sampl es.  Hopefully more data of 
higher r e s i s t i v i t y  boron doped f i e ld  c e l l s  will be available in the near future.  

The absolute magnitude of the strong reverse annealing described in two 
ohm-cm boron doped c e l l s  irradiated and then heated to  200°C for  30 minutes 
does not seem to be a function of fluence, which offers  additional support for  
our proposed model. The average additional degradation in current measured 
for a population of 12 ce l l s  was 7.0 mA when 'rradiated to  1x1014 e/cm2. 
Another group of 14 ce l l  s irradiated t o  1x1 OIS e/cm2 degraded by an average of 
7.7 mA a f t e r  being heated to  200°C for  30 minutes. 

Proposed Model 

O u r  observations can be explained in a qual i ta t ive manner by postulating 
a pair of competing mechanisms to account for  the low temperature reverse 
annealing seen in most boron and gallium doped s i l icon solar c e l l s .  S t i l l  
another mechanism dominates a t  higher temperatures (350°C and greater) t o  
complete t h i s  model. I t  i s  assumed tha t  one of the mechanisms, defined as B, 
a1 lows migrators to  couple with radiation induced recombination s i t e s  t h u s  
increasing or  enhancing the i r  capture cross sections. This would tend t o  
reduce minority car r ie r  diffusion length. The new recombination complex i s  
postulated to  be thermally s table  up to  temperatures of ~350°C. 

In competition with th i s  mechanism i s  another mechanism, defined as G ,  
which provides migrators that  seek out the very same recombination s i t e s ,  and 
i f  the recombination s i t e  has not been already enhanced, the G-type migrator 
couples with i t  in such a manner as to  reduce or neutralize i t s  capture cross 
section. This would resu l t  in an increase in minority car r ie r  diffusion length, 
As with the B-type complex, the G-type complex i s  thermally s table  up  t o  
temperatures of ~350°C. Once a recombination s i t e  has become G or B-type, i t  
i s  no longer susceptible to further coup1 ing with e i ther  migrator. 

We assume tha t  the B-type migrator i s  associated with the dopant i t s e l f  
while the G-type migrator i s  some other species contained within the c rys ta l .  
The concentration of both migrators i s  postulated t o  be relat ively small with 
respect t o  the concentration of radiation induced defects, and depending on 



the temperature a t  which B-type migrators a re  triggered, the re la t ive  concen- 
t ra t ions of B and G-type migrators i s  f a i r l y  similar.  

Examining the data reported for  boron doped samples i t  can be argued tha t  
the positive annealing that  takes place a t  60°C i s  due t o  G-type migrators. 
However, when a temperature suff ic ient  t o  t r igger  B-type occurs, they now 
dominate, which i s  what has been seen, namely an abrupt additional loss  in 
diffusion length a t  a temperature of ~120-140°C. The magnitude of reverse 
annealing i s  greater for  2 ohm-cm a s  compared to  10 ohm-cm c e l l s ,  which i s  
explained by arguing tha t  B-type migrators a re  related to  dopant concentration. 
The f ac t  that  heating 10 ohm-cm c e l l s  a t  60°C prior to  heat treatment a t  200°C 
mi t igates  reverse or negative anneal ing i s  explained by arguing that  type-G 
migrators have had suff ic ient  time to  occupy nearby recombination s i t e s ,  thus 
preventing type-By which does not e x i s t  in very high concentrations, from 
becoming fu l ly  activated. The saturation in reverse annealing over the range 
of 250 to  350°C i s  also explained by arguing that  both types of migrators have 
now occupied as many recombination s i t e s  as they can reach. The idea tha t  the 
concentration of type-B migrators i s  less  than the number of recombination 
s i t e s  available also might account fo r  the re la t ive  constant loss of 7-8 mA 
observed i n  2 ohm-cm c e l l s  exposed to  f l  uences of 1x1014 and 1 x1 o1 e/cm2. 

The gallium doped cell  behavior a t  60°C can be explained by arguing that  
B-type migrators are  triggered a t  a lower temperature, and do not enhance the 
capture cross section of radiation induced recombination centers a s  greatly 
as do B-type migrators in boron doped s i l icon.  However, the B-type are  s t i l l  
related to  the dopant concentration, thereby accounting fo r  the reverse 
annealing in 2 ohm-cm ce l l s  and the s l igh t  positive annealing in 20 ohm-cm 
gallium doped c e l l s  a t  60°C. With higher temperatures the G-type migrators 
dominate and saturate ,  explaining the slow positive anneal ing observed i n  both 
2 and 10 ohm-cm gal 1 i um doped samples . 

A t  350°C, a new dominant mechanism i s  triggered which breaks up the B and 
G-type complexes and also begins eliminating the radiation induced recombina- 
tion centers. This explained the s imilar i ty  in behavior of 2 and 10 ohm-cm 
gallium and boron doped samples over the annealing range of 350 to  450°C. 

This model must a lso account fo r  the behavior of the very low r e s i s t i v i t y  
ce l l s  doped with boron and gallium i n  order to  be worthy of f ~ r t h e r ~ c o n s i d e  a- 5 t ion. The boron doped sample showed a very high etch p i t  count (10 per cm ) 
indicating a high dislocation density. The gall ium doped samples exhibited 
s t r ia t ions  caused by the method used to  incorporate the dopant. I t  i s  proposed 
that  the dislocations and s t r i a t ions  acted to  pin or  impede the triggering 
of type-B mi grators until  suf f ic ien t  additional thermal energy a1 lowed them 
to be released. I t  i s  s ignif icant  tha t  the peak reverse annealing observed 
for low r e s i s t i v i t y  samples showed the same trend as for  other samples, namely 
gallium doped a t  lower temperatures. In addition, the difference in t r i g -  
gering temperatures between the two dopants was *50°C, very close to  the 
difference observed in higher r e s i s t iv i ty  c e l l s .  



CONCLUSIONS 

The model we have proposed t o  account f o r  our experimental findings i s  
extremely unsophisticated. I t  i s  hoped t h a t  fu ture  work will y ie ld  su f f i c i en t  
information t o  allow the  iden t i f i ca t ion  of the  B and G-type migrators. This 
e f f o r t  has yielded a great  deal of pract ical  information concerning annealing 
which w i  11 a s s i s t  us i n  establ  ishing techniques f o r  providing on panel heating 
i n  order t o  reduce o r  el iminate radia t ion damage t o  so l a r  c e l l s .  A great  deal 
of work remains t o  determine whether there  i s  any re la t ionship  between fluence 
and annealing which could be useful i n  an engineering sense, e.g. a r e  there  
advantages to  annealing a f t e r  lower fluences. Of even greater  importance is 
the need f o r  deta i led information on the annealing charac te r i s t i cs  of proton 
i r rad ia ted  so la r  c e l l s .  The grea tes t  challenge s t i l l  has ye t  t o  be addressed, 
t h a t  i s  designing a so la r  panel which can s t i l l  function e f fec t ive ly  a f t e r  
being thermal l y  annealed. 
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AFTER 60°C HEATING 

( ) - l o s s  

C e l l  Type 

2 n-cm Ga 
2 n-cm Ga 

10 n-cm Ga 
20 a-cm Ga 
2 n-cm B 
2 n-cm B 

10 n-cm 6 

TABLE 1 

CORRELATION BETWEEN CELL OUTPUT AND DIFFUSION LENGTH 

Sample S ize  

6 
6 
6 
6 
2 
2 
2 

Time 
( h r s  

16 
64 
16 
16 
16 
6 4 
16 

TABLE 2 

18 0 

Condi t i  on 

P r e - i r r a d i a t i o n  
4 = 1 x 1074 
200°C 15 min. 
200°C 45 min. 
250°C 15 min. 
300°C 15 min. 
350°C 15 min. 
350°C 45 min. 

6 samples 2 ohm-cm boron doped, 250 pm t h i c k  

voc 
(mv) 

594 
571 
560 
560 
561 
562 
573 
589 

la) 
148.2 
137.7 
131.3 
130.5 
130.2 
129.8 
135.1 
144.0 

P 
Tit) 
69.3 
60.6 
57.9 
57.5 
57.4 
57.6 
60.9 
66.5 

L n 
(urn) 

96.8 
61.9 
42.3 - 
- 
- 

61 .O 
83.2 
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HIGH-ENERGY ELECTRON-INDUCED DAMAGE PRODUCTION 

AT ROOM TEMPERATURE I N  ALUMINUM-DOPED SILICON 

J. W. Corbe t t ,  L.-J. ~ h e n g * ,  A. Jaworowski, 
J. P. Karins ,  Y.  H. ~ e e ? ,  L. ~ i n d s t r ~ m f ,  

P. M. ~ o o n e y s ,  G. Oehrlein,  and K. L. ~ a n g l l  

I n s t i t u t e  f o r  t h e  Study of Defects  i n  So l id s  
Department of Physics  

S t a t e  Univers i ty  of New York a t  Albany 

ABSTRACT 

DLTS and EPR measurements a r e  r epo r t ed  on aluminum-doped s i l i c o n  t h a t  
has  been i r r a d i a t e d  a t  room temperature w i th  high-energy e l e c t r o n s .  Compari- 
sons a r e  made t o  comparable experiments on boron-doped s i l i c o n .  Many of t h e  
same d e f e c t s  observed i n  boron-doped s i l i c o n  a r e  a l s o  observed i n  aluminum- 
doped s i l i c o n ,  b u t  we have observed s e v e r a l  n o t  observed, inc luding  t h e  alu-  
minum i n t e r s t i t i a l  and aluminum-associated d e f e c t s .  Damage product ion model- 
ing ,  inc luding  t h e  dependence on aluminum concent ra t ion ,  w i l l  b e  presented.  

INTRODUCTION 

The radiat ion-induced d e f e c t s  i n  s i l i c o n  r e spons ib l e  f o r  t h e  de t e r io ra -  
t i o n  of s o l a r  c e l l s  a r e  mainly impuri ty-associated d e f e c t s  such a s  t h e  vacancy- 
oxygen-carbon complex ( t h e  K-center) ( r e f .  1 ) .  One way t o  improve the  rad ia-  
t i o n  t o l e r a n c e  of s i l i c o n  c e l l s  i s  t o  remove the  undesired impur i t i e s ,  espec- 
i a l l y  oxygen and carbon from t h e  s t a r t i n g  m a t e r i a l  and t o  prevent  t h e i r  i n t r o -  
duc t ion  dur ing  t h e  c e l l  f a b r i c a t i o n  processes .  A l t e r n a t i v e l y ,  a way t o  re-  
duce t h e  importance of such i m p u r i t i e s  i s  t o  in t roduce  s i n k s  which would a c t  
a s  recombination c e n t e r s  f o r  vacancies  and s e l f - i n t e r s t i t i a l s  t o  reduce the  
chance of t h e  primary d e f e c t s  i n t e r a c t i n g  wi th  t h e  i m p u r i t i e s ,  o r  perhaps, t o  
i n t roduce  an  impur i ty  which would t r a p  a vacancy o r  s e l f - i n t e r s t i t i a l  t o  form 
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an e l e c t r o n i c a l l y  i n a c t i v e  complex which would n o t  then reduce t h e  minor i ty  
c a r r i e r  l i f e t i m e  i n  t h e  device.  So t h a t  we may produce such r a d i a t i o n  re -  
s i s t a n t  s i l i c o n  i t  i s  important  t o  understand t h e  damage product ion mechan- 
i s m s  and d e f e c t  i n t e r a c t i o n s  i n  e l e c t r o n  i r r a d i a t e d  s i l i c o n .  Su td i e s  which 
lead  t o  d e f e c t  c h a r a c t e r i z a t i o n  and i d e n t i f i c a t i o n  and an understanding of 
d e f e c t  i n t e r a c t i o n s ,  p a r t i c u l a r l y  of i n t e r s t i t i a l  d e f e c t s ,  a r e  i n  progress .  
This  paper desc r ibes  some pre l iminary  r e s u l t s  of our  work i n  aluminum-doped 
s i l i c o n .  This  m a t e r i a l  i s  i n t e r e s t i n g  because un l ike  the  boron i n t e r s t i t i a l  
which i s  mobile a t  room temperature,  t h e  aluminum i n t e r s t i t i a l  i s  no t  mobile 
a t  room temperature,  and hence, i t s  r o l e  i n  damage product ion should be  d i f -  
f e r e n t .  

EXPERIMENTAL RESULTS 

Both EPR and DLTS measurements have been made on e l e c t r o n  i r r a d i a t e d  
aluminum-doped s i l i c o n  t o  c h a r a c t e r i z e  and i d e n t i f y  t he  d e f e c t s  produced. 
I n  a l l  samples oxygen and carbon i m p u r i t i e s  were p re sen t  i n  concent ra t ions  
of l o 1  6-1~~1 8cm-3. Diodes were f a b r i c a t e d  from f l o a t  zone and Czochralski  
grown s i l i c o n  of 1 Rcm and 10 Rcm r e s i s t i v i t y  i r r a d i a t e d  wi th  1 . 0  and 1 .5  
MeV e l e c t r o n s .  Most of t h e  diodes were Schottky b a r r i e r  diodes i n  which 
only ma jo r i t y  c a r r i e r  t r a p s  a r e  observed al though we d i d  observe t h e  minor i ty  
c a r r i e r  t r a p s  i n  d i f f u s e d  d iodes  made from 1 Rcm m a t e r i a l .  F igure  1 shows 
t h e  DLTS spectrum f o r  a  d i f fused  diode.  The spectrum shows t h e  divacancy 
peak (H2) and t h e  K-center peak (H4 and H5) both of which a r e  a l s o  p re sen t  i n  
boron doped s i l i c o n .  I n  addiz ion ,  a  peak a t  Ev + 0.17 eV (HI) i s  observed 
and a l s o  a  minor i ty  c a r r i e r  peak a t  Ec - 0.29 eV (El). The peak E l  occurs  a t  
nea r ly  t h e  same energy a s  a  boron d e f e c t ,  t e n t a t i v e l y  i d e n t i f i e d  a s  BI + OI 
( r e f .  2 ) ,  bu t  t h e  peak i n t e n s i t y  is cons iderably  smal le r .  This  could be an 
aluminum complex and f u r t h e r  s tudy i s  needed t o  i d e n t i f y  t h i s  d e f e c t .  

F igure  2  shows a  DLTS spectrum f o r  10 Rcm aluminum-doped s i l i c o n ,  i n  t h i s  
case  a  Schottky b a r r i e r  diode.  Again, we observe H 1  bu t  he re  t h e  i n t e n s i t y  
compared t o  t he  divacancy peak i s  much smal le r ,  i n d i c a t i n g  t h a t  t h e  concen- 
t r a t i o n  of t he  t r a p  has decreased a s  has  t h e  aluminum concent ra t ion .  This  
d a t a  p l u s  t he  absence of t h i s  d e f e c t  i n  boron-doped m a t e r i a l  l e a d s  t o  t h e  
conclusion t h a t  t h i s  i s  an aluminum as soc ia t ed  d e f e c t .  H3 i s  t h e  carbon in-  
t e r s t i t i a l  which annea ls  a t  room temperature t o  form t h e  carbon-oxygen- 
vacancy complex a s  was observed i n  boron-doped s i l i c o n  ( r e f .  2 , 3 ) .  

F igure  3  shows t h e  DLTS spectrum f o r  a  1 Rcm aluminum-doped Schottky 
diode showing t h a t  t h e  peak l abe l ed  H4 and H5 i s  reso lved  i n t o  two peaks i f  
t h e  pu l se  width i s  reduced s u f f i c i e n t l y .  A t  low f luence  we b e l i e v e  only t h e  
carbon-oxygen-vacancy complex a t  Ev + 0.33 eV ( H 4 )  is p re sen t ,  bu t  t h a t  a  
de fec t  a t  Ev + 0.44 eV (H5) appears  a s  t h e  f luence  i s  increased .  This  i s  ob- 
served a s  a  s h i f t  of t h e  apparent  energy l e v e l  of t he  peak toward h igher  ener- 
gy a s  t h e  f luence  i s  increased .  We b e l i e v e  t h i s  second d e f e c t  is  a l s o  p re sen t  
i n  boron-doped m a t e r i a l  where we have measured two d i f f e r e n t  capture  c ros s  



s e c t i o n s  f o r  t h i s  peak. We have n o t  y e t  i d e n t i f i e d  the  d e f e c t  corresponding 
t o  t he  H5 peak. This  spectrum a l s o  shows a  d e f e c t  a t  Ev + 0.55 eV (H6) which 
occurs  i n  many aluminum-doped samples. We d id  n o t  observe t h i s  d e f e c t  i n  
boron doped samples which sugges ts  t h a t  i t  too  i s  an aluminum as soc ia t ed  de- 
f e c t .  

I sochronal  annea l ing  f o r  20 minute per iods  w a s  performed on Schottky 
b a r r i e r  diodes t o  s tudy  the  anneal ing behavior  of t h e s e  d e f e c t s .  A new DLTS 
peak appeared a t  Ev + 0.48 eV (H7) which appears  a f t e r  annea l ing  a t  100°C, 
cont inues  t o  grow a f t e r  t h e  1 4 5 ' ~  annea l  and then  decreases  a f t e r  t h e  200°C 
anneal  and is  e s s e n t i a l l y  gone a f t e r  a  2 5 0 " ~  anneal .  Another a d d i t i o n a l  peak 
is  observed a f t e r  anneal ing a t  400°C a t  Ev + 0.22 eV (Ha) which inc reases  
a f t e r  a  445°C anneal  a f t e r  which another  very smal l  peak a t  Ev + 0.20 eV a l s o  
appears .  We a r e  cont inuing t o  s tudy  t h e s e  new peaks. 

EPR measurements i n  aluminum-doped s i l i c o n  show t h a t ,  i n  a d d i t i o n  t o  t h e  
divacancy (G6) ( r e f .  4 ) ,  and t h e  carbon i n t e r s t i t i a l  6G12) ( r e f .  5) which 
annea ls  a t  room temperature t o  form t h e  carbon-oxygen-vacancy complex (G15) 
( r e f .  3 , 6 ) ,  aluminum i n t e r s t i t i a l s  (G18) ( r e f .  7,8) a r e  observed a s  w e l l  a s  
aluminum-vacancy p a i r s  (G9) ( r e f .  8 ) .  The aluminum i n t e r s t i t i a l  was observed 
t o  anneal  a t  200°C by thermal processes  forming an aluminum s u b s t i t u t i o n a l -  
aluminum i n t e r s t i t i a l  p a i r  (G19,G20) and a t h i r d  spectrum (G21) ( r e f .  9 ) .  
The aluminum i n t e r s t i t i a l  annea ls  by an i o n i z a t i o n  enhanced process  a t  100°C 
(Troxe l l ,  Cha t t e r j ee ,  Watkins and Kimerling, t o  be  publ i shed) .  

We have n o t  always observed t h e  ARI d e f e c t  i n  our  DLTS samples. A l -  
though i t s  energy p o s i t i o n  i n  t h e  band gap is  Ev + 0.17 eV, t h e  DLTS peak is 
observed a t  t h e  apparent  energy p o s i t i o n  of Ev + 0.26 eV because of t h e  
s t r o n g  temperature dependence of t h e  cap tu re  c ros s  s e c t i o n  ( r e f .  10 ) .  We be- 
l i e v e  i t  i s  bu r i ed  i n  our  carbon-oxygen-vacancy peak and would be more e a s i l y  
observed i n  samples w i t h  low carbon and oxygen content .  Table I l ists  t h e  
d e f e c t s  observed by DLTS measurements i n  both boron-doped and aluminum-doped 
e l e c t r o n  i r r a d i a t e d  s i l i c o n .  

DEFECT PRODUCTION MODELING 

I n  a  previous paper we presented  r e s u l t s  of a  computer model f o r  d e f e c t  
product ion by e l e c t r o n  i r r a d i a t i o n  i n  boron doped s i l i c o n  conta in ing  carbon 
and oxygen a s  i m p u r i t i e s  and showed t h a t  t h e  presence of a  d e f e c t  recombina- 
t i o n  c e n t e r  could reduce damage produced a t  a  given f luence  ( r e f .  1 1 ) .  The 
model used is a s i m p l i f i e d  one descr ibed  by means of a  system of r a t e  equa- 
t i o n s  f o r  d e f e c t  i n t e r a c t i o n s .  Free  mobile s i n g l e  vacancies ,  f r e e  mobile 
s e l f - i n t e r s t i t i a l  atoms and immobile d ivacancies  a r e  c r ea t ed  a t  cons tan t  
r a t e s  dur ing  i r r a d i a t i o n .  We have c a l c u l a t e d  d e f e c t  product ion i n  boron- 
doped s i l i c o n  of d i f f e r e n t  r e s i s t i v i t i e s  assuming no o t h e r  i m p u r i t i e s  a r e  
p re sen t ,  and a l s o  f o r  aluminum-doped s i l i c o n  wi th  t h e  same assumptions. The 
primary d i f f e r e n c e  i n  t hese  two systems i s  t h a t  t h e  boron i n t e r s t i t i a l ,  



created by the Watkins replacement mechanism, is mobile at room temperature, 
whereas the aluminum interstitial, created in the same way, is not. 

We assume the following defect reactions in boron-doped silicon: 

I + V + recombination (1) 

I + BS -+ B  (ref. 12) 
I (2) 

B I + B S + B I + B  E B B  
S  I S  (4) 

where V 5 single vacancy, I 5 self-interstitial, BS 5 substitutional boron, 
BI E interstitial boron, and V2 5 divacancy. We assume similar reactions in 
the aluminum-doped silicon where ARS I substitutional aluminum and ARI E 

interstitial aluminum replace BS and BI in the equations. We have calculated 
the damage under different irradiation conditions, one with continuous con- 
stant flux and the other with pulsed flux, as in the case of a rotating satel- 
lite. Table I1 lists the rate equations and Table I11 lists the numerical 
values of parameters used for the calculations. 

We present no definitive results here since we are still testing and im- 
proving the program. Preliminary results show that at higher doping levels 
the damage component due to V and V2 at a particular fluence decreases, while 
that due to defects involving the dopant increases as more secondary and 
tertiary defects are produced. In the boron-doped material the major defects 
in the more heavily doped material are the vacancy-boron substitutional pair 
and the boron interstitial-boron substitutional pair, whereas in the aluminum- 
doped material they are the vacancy-aluminum substitutional pair and the alum- 
inum interstitial. This was expected since the aluminum interstitial is not 
mobile at room temperature and cannot migrate to an aluminum substitutional 
site. The calculations show equal amounts of damage in both types of mater- 
ials however. Figures 4 and 5 show calculations for two different aluminum 
concentrations. The effect of each of these defects on the minority carrier 
lifetime in the material is not yet determined. 



CONCLUSIONS 

It i s  d i f f i c u l t  t o  compare t h e  computer c a l c u l a t i o n s  w i t h  experimental  
r e s u l t s  a t  t h i s  p o i n t  s i n c e  n e i t h e r  a s p e c t  of t h e  r e sea rch  i s  completed. I n  
a d d i t i o n ,  our  measurements have been made on m a t e r i a l  w i th  l a r g e  carbon and 
oxygen concent ra t ions  and indeed t h e  carbon i n t e r s t i t i a l  and t h e  carbon- 
oxygen-vacancy complex have been t h e  dominant d e f e c t s  observed. The aluminum 
d e f e c t s  p red ic t ed  by t h e  computer c a l c u l a t i o n s  have been observed i n  EPR 
s t u d i e s  and we a r e  cont inuing  t o  s tudy  t h e  a s  y e t  u n i d e n t i f i e d  DLTS peaks i n  
aluminum-doped s i l i c o n .  We a r e  a l s o  s tudying  p-type s i l i c o n  w i t h  low carbon 
and oxygen concent ra t ions  and wi th  dopants o t h e r  than aluminum o r  boron. 
These experiments should be u s e f u l  f o r  comparison wi th  t h e  damage product ion 
as modeled by t h e  computer c a l c u l a t i o n s  and w i l l  a l s o  provide information on 
d e f e c t  c h a r a c t e r i s t i c s  and i d e n t i t y  necessary  f o r  t h e  cons t ruc t ion  of t he  
model. This  j o i n t  approach t o  t h e  problem of r a d i a t i o n  damage i n  s i l i c o n  
s o l a r  c e l l s  should g ive  us  t h e  necessary  informat ion  t o  produce r a d i a t i o n  
r e s i s t a n t  devices .  
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TABLE I.- DEFECTS OBSERVED BY DLTS IN BORON-DOPED AND AR-DOPED ELECTRON IRRADIATED SILICON 

Peak Energy Level Capture Cross Annealing Identity 
Section (cm2) Temperature 

E + 0.23 eV -16 
I H2 P [v2 I+ a = 3 2 ; 1 0  v out 270°C 

'3 E + 0.29 eV -16 
a = 3 x 1 0  out 30°C 

+ 
a H3 v P [cII 
G .rI 
cd rn 
a a H4 E + 0.33 eV a = 2 x 1 0  

v -I6 in 30°C, out 400°C [v+O+C]+ 
al al P 
a a 
o o E + 0.44 eV 0 = 10 -19 a a H5 out 400°C ? v 
I P 

FQ 

a Ec - 0.27 eV a = 2 x 1 0  -13 
al out 170°C [BI+OI] (tentative) 
a h P 
0 4 
a c E +0.30 eV 0 = 2 x 1 0  
I 0  v -I6 in 170°C, out 400'~ [B+O+V] (tentative) 

F9 P 
r 
w 
r 

E + 0.17 eV a = 4 x 1 0  -15 H1 AR associated 
v P 

in 145"C, out 250'~ ? 



TABLE 11.- RATE EQUATIONS 

- -  a[v1 - G - 4n(DV+DI)RvI [V] [I] - 4nDV[V1(2 $V[V] + RVB [BIl + I$ [BSl) + 
at 

I Bs 

[ I indicate concentration 



TABLE 111.- NUMERICAL VALUES OF PARAMETERS USED FOR COMPUTER CALCULATIONS 

Capture Radii 

Generation rates 

12 2 
G = 5 x 10 /cm /sec generation rate of V,I 

Diffusion coefficients 

Rotating satellite 

- 4 
flux on for 10 sec (g,GV = 0) 

2 
-4 flux off for 10 sec (G,GV = 0) 

2 



TEMPERATURE (OK) 
FIG 1 

TEMPERATURE (OK) 
FIG. 2 







OXYGEN MICRODISTRIBUTION IN SILICON 
AND ITS EFFECTS ON ELECTRONIC PROPERTIES 

Harry C. Gatos 
Massachusetts Institute of Technology 

ABSTRACT 

The oxygen distribution in silicon on a microscale was investigated in 
Czochralski grown crystals. It was not uniform and there were maxima and mini- 
ma in oxygen concentration. The effects of oxygen, for various heat treatments, 
on the electronic characteristics of Si were studied by spreading resistance 
measurements and scanning microscopy in the EBIC mode. In low carrier concentra- 
tion p-type material, the striated distribution of oxygen can lead to p-n junc- 
tions located at the oxygen concentration maxima. The implications of the oxy- 
gen distribution in Si will be discussed in the context of applications. 





SUMMARY OF SILICON SOLAR CELL RADIATION DAMAGE WORKSHOP 

Richard L. S t a t l e r  
Naval Research Laboratory 

BULK MATERIAL VS. DEVICE STUDIES 

Device processing s t a g e s  in t roduce  new d e f e c t s  i n  t h e  s i l i c o n  through 
sawing, gr inding ,  hea t ing ,  impuri ty  d i f f u s i o n ,  implanta t ion  damage, e t c . ,  there-  
by adding t o  t he  number of t he  i n t r i n s i c  d e f e c t s  formed by t h e  m a t e r i a l  pre- 
pa ra t ion  and s i n g l e  c r y s t a l  growth. For t h i s  reason and i n  o r d e r  t o  main ta in  
a s  simple and wel l -cont ro l led  m a t e r i a l  as p o s s i b l e  i n  which t o  s tudy  r a d i a t i o n  
damage, i t  i s  of g r e a t  importance t o  cont inue s t u d i e s  i n  bulk m a t e r i a l s  be fo re  
device processing.  One th ing  which i s  p r e s e n t l y  l ack ing  and f o r  which t h e r e  
i s  an expressed d e s i r e  i s  a source f o r  wel l -cont ro l led ,  uniformly grown bulk 
s i l i c o n .  Closely coupled t o  t h i s  need is the  a b i l i t y  f o r  increased  s e n s i t i v i t y  
of impuri ty  d e t e c t i o n  i n  s i l i c o n ,  a s  f o r  example oxygen concent ra t ion ,  carbon, 
copper, and o t h e r  impur i t i e s .  E f f o r t s  must cont inue i n  t h e  d i r e c t i o n  of i m -  
proving t h e  c o n t r o l  and c h a r a c t e r i z a t i o n  of t he  s i n g l e  c r y s t a l  i ngo t  t o  enable  
r e sea rche r s  through t h e  use of complementary measurements t o  understand the  
r o l e  of d e f e c t s .  

However, raddat ion  c h a r a c t e r i z a t i o n  of devices  should not  w a i t  upon f u r t h e r  
e l u c i d a t i o n  of the  d e f e c t  s t r u c t u r e  i n  p-type s i l i c o n .  Because the  c e l l  pro- 
cess ing  does in t roduce  a  number of d e f e c t s ,  and because o t h e r  types of 
r a d i a t i o n  e f f e c t s  (such a s  t rapped charge d i s t r i b u t i o n s  i n  oxide o r  s u r f a c e  
l aye r s )  a f f e c t  c e l l  performance s i g n i f i c a n t l y ,  c a r e f u l  r a d i a t i o n  s t u d i e s  should 
accompany device  development where t h e r e  i s  a good p r o b a b i l i t y  f o r  space 
a p p l i c a t i o n s .  

DEVICE ANNEALING STUDIES 

A number of papers  a t  t h i s  meeting, 2nd those  a l r eady  i n  t h e  l i t e r a t u r e ,  
have shown the  v a r i e t y  of p o s t - i r r a d i a t i o n  anneal ing behavior  a s soc i a t ed  with 
c e l l  parameters such a s  t h e  type and concent ra t ion  of dopant ,  t h e  manner of 
c r y s t a l  growth ( i . e . ,  f l o a t  zone o r  Czochra lsk i ) ,  and t h e  energy and type of 
r a d i a t i o n .  Annealing s t u d i e s  have two purposes.  F i r s t ,  i f  va r ious  measurements 
(e .g . ,  DLTS, r e s i s t i v i t y ,  EPR, c a r r i e r  l i f e t i m e ,  diode parameters) a r e  per- 
formed, one can l e a r n  something about t h e  formation and d i s s o l u t i o n  of d e f e c t s  
during thermal processes .  Secondly, t h e r e  is a s t r o n g  i n t e r e s t  i n  r e s t o r i n g  
power output  t o  s a t e l l i t e  s o l a r  a r r a y s  which become r a d i a t i o n  degraded during 
the  mission. Of p a r t i c u l a r  no te ,  t he  So la r  Power S a t e l l i t e  concept is p r a c t i c a l  
on ly  i f  s o l a r  c e l l  degradat ion can b e  l i m i t e d  t o  a  s m a l l  percent  over  29, o r  30 
years .  

Experimental r e s u l t s  presented  a t  t h i s  meeting show the  importance of bo th  
i so thermal  and i soch rona l  anneal ing.  For example, a  long hea t  soak a t  temper- 
a t u r e s  of 200°C was r equ i r ed  t o  show up anneal ing i n  some AlGaAs c e l l s .  We 
conclude t h a t  both i so thermal  and i sochronal  annea l ing  s t u d i e s  w i l l  be  f r u i t f u l  
a r eas  of i n v e s t i g a t i o n .  



Laser  anneal ing of r a d i a t i o n  damage is  of i n t e r e s t  a s  an a p p l i c a t i o n  t o o l  
f o r  the  SPS. Since t h i s  involves c e l l s  wi th  a t tached  coverg lass  using a C02 
l a s e r  whose beam i s  absorbed wi th in  the  coverg lass ,  the  annea l ing  mechanism i s  
r e l a t e d  t o  thermal a c t i v a t i o n  of d e f e c t  cen te r s ,  and no t  t o  some type of 
o p t i c a l  o r  photon i n t e r a c t i o n  i n  t h e  s i l i c o n .  

OTHER RESEARCH AREAS 

There a r e  a d d i t i o n a l  a r e a s  of research  which a r e  deserving of f u r t h e r  
s tudy.  A b r i e f  l i s t ,  wi thout  d e t a i l e d  comment would inc lude :  s y n e r g i s t i c  
e f f e c t s  i n  covered c e l l s  exposed t o  u l t r a v i o l e t  and charged p a r t i c l e s ,  
r a d i a t i o n  e f f e c t s  i n  charged oxide experimental  c e l l s  ("dry" vs .  "wet" oxide ,  
e f f e c t  of included i m p u r i t i e s  i n  t h e  oxide l a y e r ) ,  how t o  c o n t r o l  photon 
degradat ion and i t s  r e l a t i o n  t o  heavy doping, the  v e r t i c a l  junc t ion  c e l l ,  t he  
n-i-p c e l l ,  n+p c e l l  wi th  very  h igh  r e s i s t i v i t y .  

Other  needed information a r e  t h e  r a d i a t i o n  damage c o e f f i c i e n t s  over  a 
range of p a r t i c l e  ene rg i e s  f o r  ga l l ium a r sen ide  type c e l l s  and the  newer 
s i l i c o n  c e l l s .  

GOALS AND ACHIEVEMENTS 

Perhaps t h e  most ambitious goal  f o r  r a d i a t i o n  hardness is t h e  So la r  Power 
S a t e l l i t e  wi th  a 10 t o  15% power l o s s  i n  30 years .  We have seen  s u b s t a n t i a l  
progress  i n  r a d i a t i o n  hardening s i n c e  the  2nd S o l a r  Ce l l  High Ef f i c i ency  and 
Radiat ion Damage Meeting i n  1977. A s  an example, experimental r e s u l t s  show 
t h a t  a 50 micron s i l i c o n  c e l l  w i l l  degrade 17% i n  Pma i n  a 20 year  geosynchro- 
nous o r b i t ,  based on t h i s  power l o s s  a f t e r  1 x 1015 1-MeV electrons/cm2.  We 
f e e l  t h a t  t h e r e  a r e  s t i l l  g r e a t  ga ins  t o  be  made i n  t h e  f i e l d s  of unde r s twd ing  
r a d i a t i o n  damage and i n  hardening s o l a r  c e l l s .  



RADIATION DAMAGE IN GaAs SOLAR CELLS 

E. J .  Conway and G. H.  Walker 
National Aeronautics and Space Administration 

Langley Research Center 

INTRODUCTION 

Radiation damage of space borne equipment i s  an important consideration 
fo r  almost a l l  systems which f l y  higher than the bottom of the radiation 
be1 t s .  Without geomagnetic shielding, spacecraft face a radiation 
envi ronmnt which varies in par t ic le  type, intensi ty ,  energy, and time. 
Electron and proton radiation provide the greatest damage hazard. This paper 
will report recent results of electron and proton irradiation and annealing 
of GaAs solar c e l l s ,  and a1 so will speculate on some implications of these 
resul t s.  

Langley Research Center has been actively involved in GaAs solar cell 
research f o r  several years. Our space radiation effects  e f for t  began 
approximately two years ago. I t s  goal i s  t o  improve the radiation s t ab i l i t y  
of the ce l l s .  Thus, in general, unshielded shallow junction, p-GaAaAsl 
p-GaAs/n-GaAs ce l l s  and materials are studied. 

In the following sections, we will report on an inhouse ef for t  a t  LaRC, 
on contractual studies a t  Hughes Research Laboratory, and on grant research 
a t  University of Florida. 

I .  Electron I r radiat i  on Damage and Anneal i n g  
Langl ey Research Center 

Inhouse studies have emphasized 1 MeV electron damage ( i r radiat ions 
performed a t  LeRC) and thermal anneal i ng of GaAs solar cel l  s. We have 
studied both the damage and annealing as a function of electron fluence and 
of junction depth. Cell degradation was found to be less  severe for  shallow 
junction cel ls .  Also, the degree of recovery (due to  thermal annealing) was 
greater f o r  shallow junction ce l l s .  

In t h i s  report we will emphasize the annealing studies. O u r  results are 
in the form of short c i rcu i t  current ( I s c ) ,  normalized to  i n i t i a l  short 
c i rcu i t  current ( I sco ) ,  because t h i s  i s  a simple measurable quantity (not 
the product of several ) and i s  the more radiation and annealing sensit ive 
simple quantity . 

Figure 1 shows the effect  on relat ive short c i rcu i t  current of annealing 
0.8 pm junction depth ce l l s ,  a t  200°C for  10, 20, and 30 hours. For damage 
due to  f l  uences from 1014 and 1015 1 MeV electrons cm-2, recovery was 
essentially complete. The annealing recovery a f t e r  a fluence of 1016 elec- 
trons cm-2 appeared t o  cease upon reaching 0.83. These resul ts  suggested 
that  more complex damage occurs a t  h i g h  fluence and leads to  more complex 
anneal ing character is t ics  (Ref. 1). 

Figure 2 shows the results of annealing several shallow junction ce l l s  
a f t e r  i r radiat ion with 1015 lMeV electrons cm-2. Each set  of ce l l s  was 



i so the r i na l l y  annealed and t h e  data analyzed f o r  annea l ing  k i n e t i c s .  Anneal- 
i n g  was found t o  be f i r s t  o rde r  w i t h  an a c t i v a t i o n  energy o f  1.25 ev. A l l  
r e s u l t s  i n d i c a t e d  t h a t  Isc/Isco annealed t o  on l y  0.93, c o n f i r m i n g  an 
unco~npl e t e l y  recovered component. 

Lang, e t  a1 . (Ref.  2) ,  had i n v e s t i g a t e d  1 PleV e l e c t r o n  i r r a d i a t i o n  and 
annea l ing  o f  CaAs us ing  deep l e v e l  t r a n s i e n t  spectroscopy (DLTS). He found 
s i x  l e v e l s ,  t h r e e  o f  which annealed a t  an a c t i v a t i o n  energy o f  1.4 eV, and 
two more a t  1.75 eV. Our values a re  i n  good agreement w i t h  those o f  Lang f o r  
t h e  low a c t i v a t i o n  energy annea l ing  stage, and (based on Lang 's  r e s u l t s )  we 
should have seen no f u r t h e r  annea l ing  f o r  t h e  t imes and teniperatures used. 
Thus, we b e l i e v e  t h a t  two impor tan t  annea l ing  stages e x i s t  f o r  GaAs, one 
assoc ia ted  w i t h  a  1.25 eV a c t i v a t i o n  energy and another w i t h  an a c t i v a t i o n  o f  
1.75 eV. 

Ile a re  c u r r e n t l y  f i n i s h i n g  a  c a l c u l a t i o n a l  s tudy on simultaneous 
i r r a d i a t i o n  and anneal i ng .  Using t h e  a c t i v a t i o n  energ ies and f requency 
f a c t o r s  f rom our  work and Lang's, we a re  e s t i m a t i n g  t h e  s i g n i f i c a n c e  o f  t h e  
expected degradat ion.  We expect t h e  r e s u l t s  t o  show t h a t  when i r r a d i a t i o n  
occurs a t  i t s  n a t u r a l  r a t e  i n  space, cont inuous thermal anneal ing can be very  
e f f e c t i v e  i n  reduc ing  t h e  r-esul t i n g  damage. 

11. Proton I r r a d i a t i o n  o f  GaAs So la r  C e l l s  
Hughes Research Labora to ry  

I n  space, s o l a r  c e l l s  a re  no t  o n l y  sub jec t  t o  e l e c t r o n  i r r a d i a t i o n ,  b u t  
a1 so t o  bombardment f rom pro tons  t rapped i n  t h e  r a d i a t i o n  be1 t s  and f rom 
those o r i g i n a t i n g  i n  s o l a r  f l a r e s .  The p ro ton  energy spectrum i s  very  wide, 
f rom l e s s  than  100 KeV t o  more t han  100 MeV. However, t h e r e  a re  many more 
p ro tons  a t  low energy than a t  h i gh  energy. 

For  t h e  1  a s t  two years,  Hughes Research Labora to ry  has been measuring 
t h e  e f f e c t  o f  va r ious  p ro ton  energ ies and f luences  on GaA%As/GaAs s o l a r  
c e l l  s. These c e l l  s  were general  l y  i r r a d i a t e d  unsh ie l  ded t o  p e r m i t  
unambiguous i n t e r p r e t a t i o n  o f  r e s u l t s  and t o  p rov ide  a  f i r m  bas i s  f o r  s h i e l d -  
i n g  s tud ies .  

C e l l s  w i t h  j u n c t i o n  depths l e s s  than 0.5 pm were i r r a d i a t e d  a t  h i gh  
energy (15 FleV and 40 MeV) and a t  low energy (50 KeV, 100 KeV and 290 KeV). 
S i  1  i c o n  s o l a r  c e l l  s  were a1 so i r r a d i a t e d  t o  permi t  a  d i r e c t  comparison 
between t h e  e f f e c t s  on GaAs c e l l s  and Si c e l l s .  F i gu re  3 summarizes t h e  
a v a i l a b l e  r e s u l t s .  A t  h i gh  p ro ton  energies,  t h e  performance o f  GaAs c e l l  s  
does n o t  degrade as r a p i d l y  w i t h  i n c r e a s i n g  f l uence  as does t h e  performance 
o f  S i  c e l l  s. However, a t  low energies,  GaAs c e l l  s  degrade inore r a p i d l y  than  
S i .  At  some i n te rmed ia te  energy, shown schemat ica l l y  by c ross ing  o f  dashed 
1  i nes, t h e  two k i nds  o f  c e l l  s  must be e q u a l l y  s e n s i t i v e .  l J i t h  a  12 m i l  cover  
g l ass  GaAs c e l l  s  show no degrada t ion  w i t h  energy ( t o  290 KeV) a t  a  f l u e n c e  
of 1 0 j 2  cn-2 as shown by t h e  100% 1  i ne a t  low energy i n  F i g u r e  3. Th i s  i s  
expected s ince  t h e  range o f  290 KeV pro tons  i s  much l e s s  than one m i l .  

Ana lys is  o f  spec t ra l  response measurements i n d i c a t e  t h a t  n e i t h e r  50 KeV 
( range IL 0 - 4  pm) nor  100 KeV ( range IL 0.8 pm) p ro tons  cause much damage below 
t h e  j u n c t i o n .  Th is  i s  t h e  case because bo th  t h e  window th i ckness  and t h e  
j u n c t i o n  depth (measured frorn t h e  i n s i d e  o f  t he  window) p rov ide  s h i e l d i n g  t o  
t h e  j u n c t i o n .  Th is  observa t ion  suggests t h a t  a  b e n e f i t  might be de r i ved  f rom 
us ing  a  t h i c k  window. For  example, a  2 m i l  window cou ld  s top  protons up 



t o  5 CIeV. Windows have been kep t  t h i n  i n  t h e  pas t  t o  permi t  extended b lue  
response f o r  enhanced beginn ing-of -1  i f e  (BOL) e f f i c i e n c y .  P re l  im ina ry  i n d i  - 
c a t i o n s  a re  t h a t  w i t h  a  t h i c k  window and reduced BOL e f f i c i e n c y ,  a  h igh  end- 
o f -1  i f e  e f f i c i e n c y  cou ld  be ma in ta ined  w i t h  1  ow weight and g rea t  simp1 i c i t y  
i n  comparison w i t h  cover g lass sh ie l d i ng .  The major  problems appear t o  be 
t h e  e f f e c t s  o f  r a d i a t i o n  on t h e  o p t i c a l  and e l e c t r i c a l  p r o p e r t i e s  o f  t h e  
conduct i ve GaARAs window. 

111. E l e c t r o n i c  P rope r t y  Changes o f  GaARAs and GaAs S o l a r  C e l l  
M a t e r i a l s  due t o  Pro ton  and E l e c t r o n  I r r a d i a t i o n  - 

Univ. o f  F l o r i d a  

T h i s  fundamental e f f o r t  suppor ts  t h e  more empi ri c a l  r a d i a t i o n  s tud ies  
performed on c e l l  s. Independent measurements a re  made o f  lnacroscopic para- 
meters, such as e f f i c i e n c y  and s h o r t  c i r c u i t  cu r ren t .  Fundamental 
m i  c roscopic-1 eve1 measurements o f  r a d i  a t i  on i nduced de fec t  c h a r a c t e r i  s t i c s ,  
such as t r a p  energy, d e n s i t y  and cap tu re  cross sec t ion ,  a re  c o r r e l a t e d  w i t h  
macroscopic measurements and impo r tan t  new i n f o r n a t i  on i s  developed. 

The U n i v e r s i t y  o f  F l o r i d a  and Hughes Research Labora to ry  performed some 
coopera t i ve  s tud ies  on low energy p ro ton  ( .05, .10 and .29 MeV) i r r a d i a t e d  
d iodes and c e l l  s. Deep l e v e l  t r a n s i e n t  spectroscopy (DLTS) rneasurernents were 
made o f  r a d i  a t i  on induced t r a p  d e n s i t y  and c a r r i e r  cap tu re  c ross  s e c t i  ons. 
The t o t a l  cap tu re  c ross  s e c t i o n  [Z;(TOT)] was computed by r n u l t i p l y i n g  each 
t r a p  d e n s i t y  by i t s  e l e c t r o n  o r  ho le  c ross  s e c t i o n  and adding. F i g u r e  4  
shows t h e  re1 a t i  ve sho r t  c i  r c u i  t c u r r e n t  and r e l a t i v e  e f f i c i e n c y  p l o t t e d  
aga ins t  z (TOT). The p o i n t s  a r e  1  abeled f o r  t h e  p ro ton  i r r a d i a t i o n  energy and 
f 1  uence . 

Although F i  gure 4  i s  based on some p r e l i m i n a r y  data, i t  suggests t h a t  
one rneans f o r  cornpari ng i r r a d i a t i o n  e f f e c t s  a t  d i f f e r e n t  energ ies and d i  f f e r -  
e n t  f l uences  i s  by means o f  t h e  c a r r i e r  t o t a l  cap tu re  c ross  sec t ion .  Z; (TOT) 
i s  a  macroscopic parameter and should be c o r r e l a t a b l  e  w i t h  macroscopic para- 
meters o t h e r  than  those shown i n  F i g u r e  4, such as d i f f u s i o n  leng th .  

The e l e c t r o n  b i n d i n g  energy o f  r a d i a t i o n  induced de fec t s  has been 
measured f o r  some se t s  o f  r a d i a t i o n  and m a t e r i a l  parameters. For  low energy 
p ro ton  i r r a d i a t i o n ,  these l e v e l s  a re  shown i n  the f i r s t  t h r e e  colu~nns o f  
F i gu re  5. For 1 MeV p ro ton  i r r a d i a t i o n  o f  n-GaAs, two e l e c t r o n  t r a p s  a t  
Ec - 0.14 eV and E c  - 0.46 eV have been measured a1 so (F ig .  5, column 4) .  
An i n c r e a s i n g  number o f  l e v e l s  were measured as t h e  p ro ton  energy was 
inc reased  up t o  0.29 MeV. However, a t  a  p ro ton  energy o f  1 MeV on l y  two 
e l e c t r o n  t r a p s  were found ( t h e  deeper o f  which became deeper w i t h  i nc reas ing  
f l uence )  . Th is  r e s u l t  suggests t h a t  qual  i t a t i v e l y  d i f f e r e n t  de fec t s  cou ld  be 
i n t r oduced  when low energy protons a r e  stopped i n  GaAs s o l a r  c e l l s .  

The l a s t  column o f  F i g u r e  5  i l l u s t r a t e s  schemat ica l l y  t h e  s ix-energy 
1  eve ls  which Lang, e t  a1 . (Ref. 2 )  found t o  r e s u l t  f rom 1 FleV e l e c t r o n  
i r r a d i a t i o n .  Lang i d e n t i f i e d  f i v e  e l e c t r o n  t r a p s  and one h o l d  t r a p .  Th is  i s  
s i g n i f i c a n t l y  d i f f e r e n t  f rom t h e  number and d i s t r i b u t i o n  produced by 1 MeV 
pro tons .  

A l though t h e  r e s u l t s  i l l u s t r a t e d  i n  F igu re  5  do no t  s t r o n g l y  a f f e c t  our 
view o f  r a d i a t i o n  degradat ion,  they  do a f f e c t  our  approach t o  anneal ing. I f  
d i f f e r e n t  p a r t i c l e s  and d i f f e r e n t  energ ies  produce qual i t a t i v e l y  d i f f e r e n t  



damage, f o r  example bound aggregates o f  de fec t s  f o r  low energy protons and 
i s o l a t e d  s imp le  de fec ts  f o r  h i g h  energy e l ec t rons ,  then annea l ing  k i n e t i c s  
may be d i f f e r e n t  a lso.  As a  f i r s t  approximat ion, many o f  us have assumed 
t h a t  a l l  damage anneals l i k e  e l e c t r o n  damage; horrever, t h i s  must be checked 
c a r e f u l  l y  . 

U n i v e r s i t y  o f  F l o r i d a  s tud ies  w i l l  be focuss i r lg  on t h i s  i n  t h e  corning 
year.  

We are  per fo rming  a  c a l c u l a t i o n a l  study o f  t h e  simultaneous 1 MeV e l e c -  
t r o n  i r r a d i a t i o n  and annea l ing  e f f e c t s  i n  GaAs s o l a r  c e l l s .  Separate e x p e r i -  
ments suggest t h a t  ope ra t i on  o f  t he  c e l l s  near 200°C should con t i nuous l y  
anneal t h e  damage and s i g n i f i c a n t l y  reduce t h e  e f f e c t  o f  l o n g  t e r n  e l e c t r o n  
i r r a d i a t i o n .  

Under i r r a d i a t i o n  by h i gh  energy protons,  GaAs c e l l s  do no t  degrade as 
r a p i d l y  as do S i  c e l l s .  For lohi energy protons, GaAs c e l l  s  degrade more 
r a p i d l y ;  however, i f  t h e  c e l l s  a re  p rov ided  w i t h  s u f f i c i e n t l y  t h i c k  cover  
g lass r a d i a t i o n  sh ie l ds ,  then no c e l l  damage occurs. A  t h i c k  GaARAs window 
m i  ght  p rov ide  a  1  i ght-wei ght  , i n t e g r a l  s h i e l  d, bu t  severe ly  damaged windows 
would r e q u i r e  e f f e c t i v e  annea l ing  t o  makc t h i s  concept useabl e. 

Degradat ion o f  s o l a r  c e l l  performance parameters appears t o  c o r r e l a t e  
w e l l  w i t h  i nc reas ing  t o t a l  c ross  s e c t i o n  f o r  c a r r i e r  capture.  Deep l e v e l  
t r a n s i e n t  spectroscopy (DLTS) has i d e n t i f i e d  numerous t r a p  energy-1 eve1 s  
produced by protons. A  comparison between t h e  energy- leve ls  produced by 
p ro tons  and by e l e c t r o n s  which a re  no t  stopped i n  t h e  m a t e r i a l  i n d i c a t e  t h a t  
t h e  darnage produced by protons and e l  ec t rons  may be qua1 i t a t i  v e l y  d i f f e r e n t .  
Thus, annea l ing  o f  p ro ton  damage may be very  d i f f e r e n t  f rom the  anneal i n g  o f  
e l e c t r o n  darnage. 
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Figure 3. - Proton radiation damage: GaAs and S i  solar cells. 
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Figure 4. - Total carr ier  cross section effects for proton irradiated GaAs solar cells. 
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SUMMARY 

I n  our  development of t h e  technology f o r  making GaAs s o l a r  c e l l s  
s u i t a b l e  f o r  space a p p l i c a t i o n s ,  we a r e  concerned wi th  AM0 e f f i c i e n c y ,  
r a d i a t i o n  hardness  and r ep roduc ib l e  f a b r i c a t i o n .  Systematic  improvements i n  
f a b r i c a t i o n  y i e l d  were obtained by a p p r o p r i a t e  c o n t r o l  of t h e  l i q u i d  phase 
e p i t a x i a l  growth process ,  con tac t  f a b r i c a t i o n  and s u r f a c e  prepara t ion .  To 
improve r a d i a t i o n  hardness ,  we decreased t h e  junc t ion  depth whi le  overcoming 
the  pena l ty  i n  decreased s o l a r  c e l l  e f f i c i e n c y  which tends t o  go hand-in-hand 
wi th  t h e  r educ t ion  of j unc t ion  depth i n  (AlGa) As-GaAs s o l a r  c e l l s .  W e  have 
succeeded i n  making c e l l s  wi th  an  AM0 e f f i c i e n c y  of 18% and a j unc t ion  depth  
of 0.5 pm, as compared t o  j unc t ion  depths  on t h e  o rde r  of 1 .0 pm which had 
previous ly  been repor ted .  With r e s p e c t  t o  t h e  damage caused by pro ton  
i r r a d i a t i o n ,  we have been a b l e  t o  c o r r e l a t e  t h e  n a t u r e  of t h e  observed damage 
t o  t h e  energy and p e n e t r a t i o n  depth  of t h e  damaging protons.  

FABRICATION TECHNOLOGY 

I n  developing t h e  technology f o r  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 ,  
we emphasized the  reproducib le  f a b r i c a t i o n  of l a r g e  a r e a  (2 cm x 2 cm) s o l a r  
c e l l s .  The i n f i n i t e  s o l u t i o n  l i q u i d  e p i t a x i a l  growth developed a t  HRL i s  
i d e a l l y  s u i t e d  f o r  t h e  growth of l a r g e  a r e a  l a y e r s  of GaAs and AlGaAs r equ i r ed  
f o r  t hese  c e l l s .  The growth system i l l u s t r a t e d  i n  Figure 1 has been descr ibed  
i n  p a s t  papers .  The f i g u r e  a l s o  shows a new modif ica t ion  of t h e  g r a p h i t e  
s u b s t r a t e  holder  t h a t  enables  u s  t o  grow on m u l t i p l e  s u b s t r a t e s  and proceed 
wi th  ba tch  process ing ,  l ead ing  t o  reduced c o s t  per  c e l l .  I r r a d i a t i o n  of t h e  
s o l a r  c e l l s  produced e a r l y  i n  t h e  program w i t h  junc t ion  depths  of about 1 pm 
l e d  u s  t o  conclude t h a t  shal lower junc t ions  would l e a d  t o  cons iderable  improve- 
ment i n  r a d i a t i o n  hardness .  The main o b j e c t i o n  t o  a shal low junc t ion  i n  t h e  
GaAs c e l l  i s  t h a t  it causes t h e  e l e c t r i c a l  j unc t ion  t o  approach t h e  (A1Ga)As- 
G a A s  heterophase boundary which is  a reg ion  of heavy s t r a i n  and d i s l o c a t i o n s ;  
t h i s  gene ra l ly  l e a d s  t o  a lower f i l l  f a c t o r  f o r  t h e  c e l l .  I n  our  case ,  lowering 
the  junc t ion  depth from 1 pm t o  less than  0.5 pm l e d  t o  a decrease  i n  e f f i c i e n c y  

*Par t s  of t h i s  p r o j e c t  were supported by A.F. Cont rac t  F33615-77-C-3150 and by 
NASA Cont rac t  NAS 1-14727 



from > 17% AM0 t o  < 15% AMO. A d e t a i l e d  s tudy  of e p i t a x i a l  growth parameters  
l e d  us  t o  decrease  t h e  growth temperature f o r  (A1Ga)As l a y e r s  t o  750°C and 
i n c r e a s e  t h e  growth t i m e  t o  over 5 minutes per  micron t o  achieve improved 
shal low junc t ions  of <0.5 pm. The p rog res s  achieved can be judged by t h e  
s t a t i s t i c s  i n  F igure  2. The performance of our  b e s t  4 cm2 c e l l  t o  d a t e  wi th  
0.5 pm junc t ion  depth i s  shown i n  F igure  3 .  

Since the  LPE growth tends  t o  be t h e  s lowes t  s t e p  i n  t h e  f a b r i c a t i o n  of 
c e l l s ,  u l t i m a t e  c o s t  r educ t ion  f o r  l a r g e  s c a l e  product ion would r e q u i r e  t h e  
adap ta t ion  of t h e  technique t o  ba tch  product ion.  We have succeeded i n  
demonstrating t h e  a d a p t a b i l i t y  of t h e  HRL technique f o r  t h i s  purpose by 
growing l a y e r s  on 4 s u b s t r a t e s  i n  a  s i n g l e  growth run,  us ing  a m u l t i p l e  s l i d e  
bar  assembly of t h e  type  i l l u s t r a t e d  i n  F igure  1. We a r e  p r e s e n t l y  extending 
t h i s  c a p a b i l i t y  t o  even l a r g e r  numbers. 

RESISTANCE TO EUYDIATION DAMAGE 

For space a p p l i c a t i o n s ,  t h e  a b i l i t y  of GaAs s o l a r  c e l l s  t o  withstand 
r a d i a t i o n  by h igh  energy p a r t i c l e s  i s  of g r e a t  importance i n  a d d i t i o n  t o  
supe r io r  beginning of l i f e  e f f i c i e n c y  vis-a-vis  s i l i c o n .  Our f i r s t  s t e p  t o  
determining t h e  r a d i a t i o n  r e s i s t a n c e  of t he  GaAs c e l l s  was t o  s tudy  t h e  
damage produced by 1 MeV e l e c t r o n s  a t  normal incidence.  This  s tudy  l e d  u s  t o  
formulate  a  model which showed t h e  c r i t i c a l  importance of decreas ing  junc t ion  
depth t o  i n c r e a s e  r a d i a t i o n  r e s i s t a n c e .  The r e s u l t s  on c e l l s  produced dur ing  
the  p a s t  year  w i th  0.5 ym junc t ion  depth  f u l l y  confirm our  model. Our 
t h e o r e t i c a l  c a l c u l a t i o n s  i n d i c a t e ,  however, t h a t  minimum r a d i a t i o n  damage is  
l i k e l y  t o  occur a t  about 0.2 ym. Recent ly we have f a b r i c a t e d  and t e s t e d  c e l l s  
wi th  a  j unc t ion  depth of 0.3 IIrn and AMO e f f i c i e n c y  of 16%. The r e s u l t s  a r e  
shown i n  Figure 4 and aga in  confirm our  model. W e  a r e  cont inuing  our systema- 
t i c  s t u d i e s  towards lowering t h e  junc t ion  depth t o  0.2 pm wi thout  adverse ly  
a f f e c t i n g  the  e f f i c i e n c y  of t h e  c e l l ,  

I n  p r a c t i c a l  space missions,  we have t o  be concerned wi th  i r r a d i a t i o n  
by pro tons  a s  w e l l  a s  e l e c t r o n s .  We have i n v e s t i g a t e d  t h e  behavior  of GaAs 
c e l l s  under proton i r r a d i a t i o n .  Data i n  F igure  5 r ep re sen t  t h e  e f f e c t  of 
both pro tons  and e l e c t r o n s  on a  number of our  c e l l s  on a  semilogari thmic p l o t .  
The c e l l s  a r e  a l l  similar wi th  a  j unc t ion  depth  of 0.5 pm. The e l e c t r o n s  were 
1 MeV and t h e  pro tons  were 100 and 290 KeV. Within measurement accuracy, 100 
KeV and 290 KeV pro tons  had t h e  same e f f e c t  on t h e  s o l a r  c e l l  power output .  
It is  i n t e r e s t i n g  t o  observe t h a t  i n  t h e  semilog p l o t ,  t h e  curves r ep re sen t ing  
e l e c t r o n  and pro ton  damage a r e  p a r a l l e l .  It lends  credence t o  t h e  concept of 
equ iva l en t  f luence  over extended ranges of f l uence  f o r  t hese  c e l l s .  

The r a d i a t i o n  damage caused by h igh  energy p a r t i c l e s  is obviously a  
func t ion  of t h e i r  energy. A s  f a r  as pro tons  a r e  concerned, they  produce most 
damage a t  t h e  end of t h e i r  t r a c k ,  a f t e r  p e n e t r a t i o n  i n  t h e  s o l a r  c e l l .  The 
n a t u r e  of t h e  damage which they produce i s  t h e r e f o r e  l a r g e l y  determined by 
t h e i r  depth of p e n e t r a t i o n  i n t o  the  s o l a r  c e l l .  This  l e d  us  t o  examine t h e  
damage caused i n  our c e l l s  a s  a  func t ion  of pro ton  pene t r a t ion  depth.  The 



r e s u l t s  are shown i n  Fig.  6. While we s t i l l  l a c k  measurements i n  t h e  i n t e r -  
mediate pro ton  energy range,  t h e  obse rva t ion  of t h e  damage caused by low 
energy pro tons  i s  e s p e c i a l l y  i n s t r u c t i v e .  A s  we s t a r t  w i th  very  low energy 
pro tons  (< 50 KeV), they  a r e  a r r e s t e d  w i t h i n  t h e  s u r f a c e  p-layer of t h e  GaAs, 
be fo re  even reaching  t h e  junc t ion .  The i r  major e f f e c t  is  t h e r e f o r e ,  t o  
i nc rease  bulk recombination i n  t h i s  l a y e r ,  t hus  decreas ing  t h e  s h o r t - c i r c u i t  
c u r r e n t  wi thout  a f f e c t i n g  t h e  junc t ion  q u a l i t y .  Cons i s t en t ly  w i th  t h i s ,  we 
observe i n  Fig. 6 t h a t  t h e  s h o r t - c i r c u i t  c u r r e n t  decreases  wi th  inc reas ing  
pro ton  energy be fo re  t h e  open-circui t  v o l t a g e  i s  much a f f e c t e d .  A s  t h e  pro ton  
energy is  increased  up t o  about 100 KeV, most pro tons  are a r r e s t e d  i n  t h e  
junc t ion  reg ion .  The r e s u l t i n g  d e t e r i o r a t i o n  of t h e  junc t ion  q u a l i t y  l e a d s  t o  
i nc reas ing  leakage c u r r e n t  and correspondingly lower open-circui t  vo l t age .  A s  
t h e  pro ton  energy is  f u r t h e r  increased  above 100 KeV, most pro tons  p e n e t r a t e  
beyond t h e  junc t ion  and do t h e i r  damage i n  t h e  n-doped base  region.  This  
l e a d s  t o  a d d i t i o n a l  bu lk  recombination and f u r t h e r  r educ t ion  of t h e  s h o r t  
c i r c u i t  c u r r e n t .  A s  t h e  pro ton  energy is  f u r t h e r  increased  above 300 KeV, t h e  
pro tons  are a r r e s t e d  a t  depths  p a s t  t h e  a c t i v e  p a r t  of t h e  c e l l .  A s  t h e  energy 
of a l l  p ro tons  t r a v e r s i n g  t h e  a c t i v e  p a r t  of t h e  s o l a r  c e l l  keeps inc reas ing ,  
t h e  damage which they cause i n  t h i s  p a r t  of t h e  c e l l  decreases  and t h e  e f f e c t  
on both s h o r t - c i r c u i t  c u r r e n t  and open-c i rcu i t  vo l t age  decreases  wi th  f u r t h e r  
i n c r e a s e s  i n  pro ton  energy. I n  summary, t h e  measurements of F ig .  6 show t h a t  
t h e  pro tons  a r r e s t e d  i n  t h e  v i c i n i t y  of t h e  junc t ion  have a most d e l e t e r i o u s  
e f f e c t  on t h e  open-circui t  vo l t age ,  wh i l e  t h e  pro tons  a r r e s t e d  w i t h i n  t h e  
a c t i v e  p a r t  of t h e  c e l l ,  b u t  f u r t h e r  away from t h e  junc t ion  a f f e c t  mostly t h e  
s h o r t - c i r c u i t  cu r r en t .  An i n t e r e s t i n g  p r a c t i c a l  r e s u l t  is  t h e  f a c t  t h a t  t h e  
shal low a c t i v e  depth  of t he  G a A s  s o l a r  c e l l s  (< 2 u m ,  because GaAs i s  a d i r e c t  
bandgap m a t e r i a l )  limits t o  a very  low and narrow energy range (< 0.5 MeV) t h e  
pro tons  which cause most damage. Th i s  l e a d s  t o  most e f f e c t i v e  coverg lass  
s h i e l d i n g  of GaAs s o l a r  c e l l s  f o r  p r o t e c t i o n  a g a i n s t  p ro ton  damage i n  a  real 
space environment. I n  p a r t i c u l a r ,  t h i s  compares favorably  wi th  S i  s o l a r  c e l l s  
where most damage i s  caused by pro tons  wi th  an  energy on t h e  o rde r  of 2 MeV, as 
compared t o  200 KeV f o r  GaAs s o l a r  c e l l s .  

To compare t h e  r a d i a t i o n  damage caused by protons on GaAs and on S i  solar 
c e l l s  r e s p e c t i v e l y ,  w e  have summarized i n  Fig.  7 t h e  r e s u l t s  of a  number of 
our  measurements. W e  show t h e  damage caused by a given f luence  t o  both types  
of c e l l s ,  as a func t ion  of pro ton  energy. While very  low energy pro tons  cause 
more damage t o  GaAs than  t o  S i  s o l a r  c e l l s ,  a t  h ighe r  ene rg i e s  t h e  r eve r se  is  
t rue .  I n s o f a r  as these  s o l a r  c e l l s  are r e a d i l y  p ro t ec t ed  a g a i n s t  low energy 
pro tons ,  b u t  remain s u s c e p t i b l e  t o  t h e  h igher  energy pro tons ,  F ig .  7 shows 
t h a t  G a A s  s o l a r  c e l l s  compare favorably  wi th  S i  s o l a r  c e l l s  i n  t h e i r  a b i l i t y  t o  
resist pro ton  r a d i a t i o n  damage i n  a  real space environment. 

EFFICIENCY 

The i n i t i a l  mot iva t ion  f o r  developing G a A s  s o l a r  c e l l s  w a s  t h e i r  poten- 
t i a l  f o r  b e t t e 5  AM0 e f f i c i e n c y  than  S i  s o l a r  c e l l s .  Our p re sen t  s ta te-of- the-  
a r t  f o r  a 4 cm shal low junc t ion  GaAs s o l a r  c e l l  has  t h e  c h a r a c t e r i s t i c s  shown 
i n  Fig.  3 .  The f i l l  f a c t o r  of t he  c e l l  i s  s t i l l  r e l a t i v e l y  poor,  even though 



i ts  AM0 e f f i c i e n c y  is  18%. The t h e o r e t i c a l  upper l i m i t  f o r  the  f i l l  f a c t o r  of 
such a  c e l l  i s  0.88. Some of our  deeper j unc t ion  c e l l s ,  have a  f i l l  f a c t o r  as 
h igh  as 0.86. On t h i s  b a s i s ,  we cons ider  r e a l i s t i c  an  e x t r a p o l a t i o n  t o  a  f i l l  
f a c t o r  of 0.85, a s  a  r e s u l t  of f u r t h e r  progress  i n  c o n t r o l l i n g  t h e  c r y s t a l  
q u a l i t y  a t  t h e  i n t e r f a c e  and i n  t h e  junc t ion  region.  Such an  e x t r a p o l a t i o n  
l e a d s  t o  a n  AM- e f f i c i e n c y  of 20.3%. Under i d e a l  condi t ions ,  Fig.  8  shows t h a t  
an AM0 e f f i c i e n c y  of 24% can be achieved wi th  a  GaAs s o l a r  c e l l .  This  
i d e a l i z e d  c a l c u l a t i o n  makes however, no allowance f o r  any l o s s e s  a s soc i a t ed  
wi th  c o n t a c t  shadowing, r e f l e c t i o n ,  o r  f o r  j unc t ion  imperfec t ions  leading  t o  a  
lower f i l l  f a c t o r .  The i d e a l  c a l c u l a t i o n  a l s o  assumes t h e  p-doping l e v e l  t o  be 
a t  t h e  l i m i t  of degeneracy (p = 7.1018 holes/cm3). For t h e s e  reasons ,  we 
cons ider  ou r  estimate of an  AM0 e f f i c i e n c y  of 20%, based on our experimental  
r e s u l t s ,  t o  be  more r e a l i s t i c .  
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Figure 1. - Batch fabrication of GaAs solar cells. 
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Figure 2. - Improvement of GaAs solar cel l  yield with time. 
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Figure 3. - High efficiency GaAs solar cell. 
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Figure 4. - Effect of junct ion depth on radiation damage. 



Figure 5. - Proton versus electron radiation damage. 
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Figure 7. - Proton radiation damage on GaAs versus Si solar cells. 

Figure 8. - Theoretical l imi t  for GaAs solar cell efficiency. 
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TEMPERATURE AND INTENSITY DEPENDENCE OF THE PERFOJGIANCE 

OF AN ELECTRON-IRRADIATED (Al~a)~s/GaAs SOLAR CELL 

Clifford K. Swartz and Russell E. Hart, Jr. 
National Aeronautics and Space Administration 

Lewis Research Center 

SUMMARY 

The performance of a Hughes, liquid-phase epitaxial 2-centimeter-by-2- 
centimeter, (AlGa)As/~aAs solar cell was measured before and after irradiations 
with 1-MeV electrons to fluences of 1x1016 electrons/cm2. The temperature de- 
pendence of performance was measured over the temperature range 135 to 415 K at 
each fluence level. In addition, temperature dependences were measured at five 
intensit levels from 137 to 2.57 mw/crn2 before irradiation and after a fluence 
of 1xlO1' electronslcm2. For the intermediate f luences , performance was meas- 
ured as a function of intensity at 298 K only. 

At a f luence of 1x10~6 electrons1cm2, the maximum power had decreased to 
about 40 percent of original, with most of the loss in short-circuit current. 
This performance is typical of cells with 0.5-micrometer-deep junctions. Var- 
iation of short-circuit current density with temperature showed the presence of 
three distinct slopes. The upper slope, above about 310 K, had a temperature 
coefficient twice that of the intermediate slope. The temperature breakpoint 
between these two slopes varied with fluence level. A third slope existed at 
temperatures below 210 K. The temperature coefficient of the open-circuit vol- 
tage did not change with temperature or with irradiation. In contrast, the 
temperature coefficient of maximum power at the fluence of 1x1016 electrons/cm 2 

was about one-half its unirradiated value. Over the intensity range studied, 
the open-circuit voltage varied as the logarithm of intensity, with slopes from 
3 k~/q to 1 kT/q. 

INTRODUCTION 

The behavior of solar cells in a radiation environment is of great impor- 
tance for space applications. Studies have shown that (Al~a)As/GaAs solar 
cells are generally less susceptible to radiation damage than silicon cells. 
However, these studies have only determined performance at room temperature af- 
ter irradiation. Their data are not sufficient for system analyses of the 
(AlGa)As/Ga~s cells. Additional data on performance as a function of tempera- 
ture and intensity, as well as temperature coefficients of performance, are 
also needed. This paper reports the electrical characteristics of a (~l~a)As/GaAs 
solar cell for a wide range of temperatures and illumination intensities as a 
function of radiation damage. These conditions are typical of those encoun- 
tered in space. 



PROCEDURE AND APPARATUS 

The c e l l  used i n  t h i s  e l e c t r o n  i r r a d i a t i o n  t e s t  was a  t y p i c a l  Hughes Re- 
search  Laboratory,  2-centimeter-by-2-centimeter ( ~ l ~ a ) A s / ~ a A s  s o l a r  c e l l  t h a t  
i s  i n  l abo ra to ry  product ion.  A c r o s s  s e c t i o n  of t h e  c e l l  is  shown i n  f i g u r e  1. 
These c e l l s  a r e  formed by l iquid-phase e p i t a x i a l  (LPE) depos i t i on  of n-type G a A s  
on n+ GaAs s u b s t r a t e s .  Subsequently,  an  (A1Ga)As l a y e r  is  a l s o  formed by LPE. 
The junc t ion  i s  obta ined  dur ing  t h e  growth of t h e  p-type (A1Ga)As l a y e r s  by al- 
lowing t h e  p-dopant t o  d i f f u s e  i n t o  t h e  n-type GaAs s u b s t r a t e .  Both (A1Ga)As 
window th ickness  and GaAs c e l l  j unc t ion  depth a r e  approximately 0.5 micrometer. 
This c e l l  was a l s o  covered wi th  a  300-micrometer-thick cover g l a s s .  

The Lewis Research Center Cockraft-Walton a c c e l e r a t o r  was used f o r  t h e  
1-MeV-electron i r r a d i a t i o n .  The c e l l s  were mounted on a  meta l  p l a t e ,  and t h e  
defocused beam was swept ac ros s  them i n  a  h o r i z o n t a l  p lane .  The i r r a d i a t i o n s  
were conducted i n  a i r  a t  a  dose r a t e  low enough t h a t  t h e  c e l l  temperature never 
exceeded 40°C. The dose was measured w i t h  a  Faraday cup. Immediately a f t e r  
each i r r a d i a t i o n  l e v e l  was reached, t h e  c e l l s  were s t o r e d  i n  a  n i t r o g e n  atmos- 
phere f o r  about 20 hours .  The performance of t h e  c e l l s  was then  measured under 
a  X-25L xenon-arc s o l a r  s imula tor .  The i n t e n s i t y  of t h e  s imula tor  was ad jus t ed  
t o  a  s imulated 137-m~/cm2 (AMO) cond i t i on  by us ing  an airplane-f lown,  c a l i b r a t -  
ed (AlGa)As/GaAs r e fe rence  s o l a r  c e l l .  The temperature of t h e  c e l l  was main- 
t a ined  a t  2 5 ' ~  during t h e  performance measurements. The s p e c t r a l  response of 
t h e  c e l l  was measured wi th  a f i l t e r  wheel,  c o n s i s t i n g  of n ine  narrow-bandpass 
monochromatic i n t e r f e r e n c e  f i l t e r s  spanning t h e  wavelength range from 0.4 t o  
1 .0  micrometer. 

A f t e r  t h e  measurements i n  t he  s tandard  t e s t  f a c i l i t i e s ,  t h e  c e l l  was 
mounted on a  temperature-control led b lock  loca t ed  i n s i d e  a  box purged wi th  dry 
n i t rogen .  Vacuum was used t o  hold t h e  c e l l  i n  good thermal con tac t  w i t h  t h e  
con t ro l  block. The c e l l  was aga in  i l l umina ted  w i t h  t h e  X-25L xenon-arc s o l a r  
s imula tor .  The i n t e n s i t y  of t h e  l i g h t  was ad jus t ed  t o  g ive  t h e  previous ly  
measured s h o r t - c i r c u i t  cu r r en t  of t h e  (A1Ga)As t e s t  c e l l .  The c e l l  was then 
cyc led  over  t h e  temperature range 415 t o  135 K; performance w a s  measured w i t h  
an  automatic  d a t a  a c q u i s i t i o n  system a t  5-kelvin i n t e r v a l s .  These measurements 
were repea ted  a f t e r  each incremental  f l uence  l e v e l  was reached. Before i r r a d i -  
a t i o n  and a t  a  f l uence  of 1x1016 electrons/cm2,  t h e  temperature dependence of 
t h e  c e l l  performance was a l s o  measured a t  i n t e n s i t i e s  of 137, 60.35, 11 ,75 ,  
4.19, and 2.57 mw/cm2. A t  t h e  i n t e rmed ia t e  f l uences ,  t h e  performance as a func- 
t i o n  of i n t e n s i t y  was measured only a t  25OC. 

RESULTS 

The degrada t ion  i n  performance of t h e  (A1Ga)AslGaAs s o l a r  c e l l  a f t e r  
1-MeV-electron i r r a d i a t i o n  i s  shown i n  f i g u r e  2 normalized t o  t h e  i n i t i a l  
s t a r t i n g  da ta .  The d a t a  show a l o s s  i n  maximum power of about  60 percent  at  a 
f luence  of 1 x 1 0 ~ 6  electrons/cm2. The decrease  i n  performance i s  p r imar i ly  due 
t o  a  l o s s  i n  t h e  s h o r t - c i r c u i t  c u r r e n t .  This  i s  v e r i f i e d  by t h e  s p e c t r a l  re-  
sponse measurements shown i n  f i g u r e  3. This  performance i s  t y p i c a l  of 
( A l ~ a ) A s / ~ a A s  s o l a r  c e l l s  w i t h  a  j unc t ion  depth  of about 0.5 micrometer 
( r e f .  1 ) .  



A t y p i c a l  p l o t  of t h e  temperature dependence a t  one p a r t i c u l a r  f l uence  is  
shown i n  f i g u r e  4. The d a t a  show t h a t  t h e  open-c i rcu i t  vo l t age  Voc v a r i e s  
l i n e a r l y  w i t h  temperature.  However, t h e  p l o t  of 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  
Jsc shows t h r e e  d i s t i n c t  s lopes  over t h e  temperature range 135 t o  415 K. One 
s l o p e  w a s  i n  t h e  h igher  temperature range of 300 t o  415 K and i s  c a l l e d  t h e  
upper s lope .  A second s l o p e  was i n  t h e  in t e rmed ia t e  temperature range of 200 
t o  300 K. The t h i r d  s l o p e  w a s  a t  temperatures  below 200 K. This  low-tempera- 
t u r e  range is  o u t s i d e  t h e  normal ope ra t ing  temperature of t h e  c e l l ,  and temper- 
a t u r e  c o e f f i c i e n t s  were t h e r e f o r e  not  c a l c u l a t e d .  

Temperature c o e f f i c i e n t s  f o r  each c e l l  parameter were determined f o r  each 
f luence  l e v e l  and a r e  presented  i n  f i g u r e  5. The temperature c o e f f i c i e n t  of 
t h e  Voc remained cons tan t  w i th  f l u e n c e  a t  a mean va lue  of -2.03 ~ V / K .  How- 
eve r ,  t h e  temperature c o e f f i c i e n t  f o r  Jsc depended on bo th  t h e  r a d i a t i o n  
f luence  and t h e  temperature range. The temperature c o e f f i c i e n t  of t h e  upper 
s l o p e  (above 300 K) f o r  Jsc was 0.03 r n ~ / c m ~  K f o r  t h e  u n i r r a d i a t e d  condi t ion .  
The temperature c o e f f i c i e n t  dropped very  r a p i d l y  a f t e r  i r r a d i a t i o n  w i t h  1-MeV 
e l e c t r o n s  t o  a f l uence  of 1x1013 electrons/cm2.  Af t e r  t h i s  i n i t i a l  i r r a d i a t i o n ,  

2 t h e  temperature c o e f f i c i e n t  remained cons tan t  a t  a mean va lue  of 0.0213 mA/cm K 
t o  a f luence  of ix1016 electrons/cm2. I n  t h e  in te rmedia te  temperature range, 
t h e  temperature c o e f f i c i e n t s  of Jsc remained cons tan t  a t  0.0108 rnA/cm2 K, 
independent of f luence .  Temperature c o e f f i c i e n t  of maximum power d e n s i t y  Pmx 
s t a r t e d  a t  -0.045 mw/cm2 K i n  t h e  u n i r r a d i a t e d  condi t ion  bu t  decreased t o  l e s s  
than  h a l f  t h a t  va lue  (0.018 mw/cm2 K) a t  a f l uence  of 1 x 1 0 ~ ~  electrons/cm2,  

I n  ob ta in ing  temperature c o e f f i c i e n t s  f o r  Jsc, we found t h a t  t h e  i n t e r -  
cep t  between t h e  upper s l o p e  and t h e  in t e rmed ia t e  s l o p e  va r i ed .  The temperature 
a t  which t h e  two s lopes  in t e rcep ted  i s  shown i n  f i g u r e  6 a s  a func t ion  of 
f luence.  The i n t e r c e p t  occurred a t  325 K f o r  t h e  u n i r r a d i a t e d  condi t ion .  The 
temperature a t  which t h e  i n t e r c e p t  occurred gradual ly  decreased wi th  f luence  t o  
3 x 1 0 ~ ~  electrons/cm2.  A f t e r  t h e  l a s t  f l uence  l e v e l  of 1x1016 electrons/cm2 w a s  
reached, t h e  temperature a t  which t h e  i n t e r c e p t  occurred r o s e  sha rp ly  f o r  some 
unexplained reason. 

The s h o r t - c i r c u i t  cu r r en t  w a s  l i n e a r  w i t h  l i g h t  i n t e n s i t  t o  137 mw/cm2 3 (AMO), a s  shown i n  f i g u r e  7. Fluences t o  1 x 1 0 ~ ~  electrons/cm had no e f f e c t  
on t h i s  l i n e a r i t y .  

The v a r i a t i o n  of Voc w i t h  i n t e n s i t y  can supply i n s i g h t  i n t o  t h e  physics  
of t h e  c e l l ,  provided Voc i s  p l o t t e d  a s  t h e  a b s c i s s a ,  as shown i n  f i g u r e  8. 
This is  con t r a ry  t o  normal p r a c t i c e .  Because Is, i s  l i n e a r  w i t h  i n t e n s i t y ,  t h e  
o r d i n a t e  i s  p ropor t iona l  t o  cu r r en t .  Thus, t h i s  p l o t  becomes t h e  forward-diode 
c h a r a c t e r i s t i c  of t h e  device  wi thout  t h e  e f f e c t s  of s e r i e s  r e s i s t a n c e  ( r e f .  2).  

I n  t h e  u n i r r a d i a t e d  cond i t i on ,  t h i s  s o l a r  c e l l  has  an  A value  a s  de t e r -  
mined from t h e  s l o p e  of about 2.5 a t  i n t e n s i t i e s  below 137 mw/cm2. A s  t h e  
s o l a r  c e l l  i s  i r r a d i a t e d ,  t h e  s l o p e s  approach a n  A va lue  of 1.15. The dot ted-  
l i n e  ex tens ions  of t h e  zero-f luence and 1 x 1 0 ~ ~  electron/cm2 curves were obta ined  
from subsequent measurements made a t  l i g h t  i n t e n s i t i e s  g r e a t e r  than AMO. The 
s lopes  of t h e s e  d a t a  a r e  a l s o  about 1.15. 



These d a t a  show t h a t  i n  t h e  forward d iode  c h a r a c t e r i s t i c  t h e  recombina- 
t i o n  gene ra t ion  component of t h e  r e v e r s e  s a t u r a t i o n  cu r r en t  IO was dominant 
a t  l i g h t  l e v e l s  below AM0 i n  t h e  u n i r r a d i a t e d  condi t ion .  I n  t h e  i r r a d i a t e d  
condi t ion ,  t h e  d i f f u s i o n  component became dominant a t  f luences  above 1x1014 

2 electrons/cm . 
The i n t e n s i t y  dependence of t h e  temperature c o e f f i c i e n t  f o r  t h i s  GaAs so- 

l a r  c e l l  i s  shown i n  f i g u r e  9. The d a t a  show t h e  Vo temperature c o e f f i -  
c i e n t  t o  decrease  wi th  inc reas ing  i n t e n s i t y  t o  137 m~Tcm2. The percent  change 
i n  t h e  Jsc temperature c o e f f i c i e n t  remained unchanged wi th in  2 percent  over 
t h e  i n t e n s i t y  range used i n  t h e s e  s t u d i e s .  

SUMMARY OF RESULTS 

A t y p i c a l  Hughes (AlGa)As/GaAs s o l a r  c e l l  was subjec ted  t o  1-MeV-electron- 
i r r a d i a t i o n  t o  a f l u e n c e  of 1x1016 electrons/cm2.  The performance of t h e  s o l a r  
c e l l  was measured over t h e  temperature range 135 t o  415 K and a t  f i v e  i n t e n s i t y  

2 l e v e l s  from 137 t o  2.57 mW/cm a f t e r  each f luence  l e v e l  was reached. 

The fol lowing r e s u l t s  were obta ined  from t h e s e  da t a :  

1. Three d i s t i n c t  s lopes  were observed i n  t h e  v a r i a t i o n  of 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  Jsc w i t h  temperature.  

2. Above 300 K,  t h e  Jsc temperature c o e f f i c i e n t  w a s  i n i t i a l l y  0.03 
r n ~ / c m ~  K b u t  i t  decreased a f t e r  a f luence  of 1 x 1 0 ~ ~  electrons/cm2 t o  0.0213 
m~Icm2 K. 

3. A t  200 t o  300 K,  t h e  Jsc temperature c o e f f i c i e n t  w a s  0.0108 mA/cm2 K 
and showed no change i n  temperature.  

4. The open-circui t -vol tage temperature c o e f f i c i e n t  remained cons tan t  a t  
-2.03 mV/K w i t h  f luence.  

5. The maximum-power temperature c o e f f i c i e n t  a t  a f luence  of 1x1016 elec-  
2 trons/cm2 w a s  about one-half i ts u n i r r a d i a t e d  va lue  of -0.045 mW/cm K. 

6. The recombination genera t ion  component of t h e  r eve r se  s a t u r a t i o n  cur- 
r e n t  w a s  dominant a t  l i g h t  l e v e l s  below 137 mw/cm2 (AMO) i n  t h e  u n i r r a d i a t e d  
condi t ion .  The d i f f u s i o n  c o e f f i c i e n t  dominated a t  f luences  above 1x1014 e lec-  
trons/cm2. 

REFERENCES 

1. Kamath, S.; and Wolff, G. :  High Ef f i c i ency  GaAs So la r  C e l l  Development. 
F i n a l  Rep. Aug. 1976-July 1978, Hughes A i r c r a f t  Co., Jan. 1979. 
(AFAPL- TR- 7 8- 9 6) 



2. Wolf, Martin; and Rauschenbach, Hans: Series Resistance in Solar Cell 
Measurements. Advan. Energy Convers., vol. 3, no. 2, Apr.-June 1963, 
pp. 455-479 



LIGHT 

n GsAs (Sn DOPING1 

Figure 1. - GaAs solar cell structure. 
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Figure 2.- Performance of (AIGa)As solar cell irradiated with 1-MeV electrons. 
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Figure 7.- Short-circuit dependence with intensity for irradiated (AIGalAs 
solar cell. 
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SHALLOW -HOMOJUNCTION GaAs SOLAR CELLS* 

John C. C. Fan 
Lincoln Laboratory, Massachusetts Institute of Technology 

SUMMARY 

We have developed single-crystal GaAs shallow-homojunction solar cells on 
GaAs or  Ge substrates, without Ga ALAS window layers, that have conversion 
efficiencies exceeding 20% at  AM1 a t  AMO). Using a simple theoretical model, 
we have obtained good fits between computer calculations and experimental data for 
external quantum efficiency and conversion efficiency of cells with different values of 
n+ layer thickness. The calculations not only yield values for material properties 
of the GaAs layers composing the cells but will also permit the optimization of cell 
designs for  space and ter res t r ia l  applications. Preliminary measurements indicate 
that the shallow-homojunction cells a r e  resistant to electron irradiation. In the best 
test so  far, bombardment with a 1 x 1016 cm-2 fluence of 1 MeV electrons reduced 
the short-circuit current  by only about 6%. 

We have recently developed (ref. 1,2) single -crystal GaA s shallow -homojunc tion 
solar  cel ls  without Gal-xA1xAs window layers, that have conversion efficiencies of 
about 20% a t  AM1 (17% a t  AMO). The cells  employ an n+/p/p+ structure, prepared by 
chemical vapor deposition (CVD) on either GaAs o r  Ge substrates, in which surface 
recombination losses a r e  reduced because the n+ layer i s  so  thin that most of the 
ca r r i e r s  a r e  generated in the p layer below the junction. Figure 1 shows schematic 
diagrams of GaAs solar cells grown on a Ge substrate (on the left side) and on a GaAs 
substrate (on the right side). An oxide film formed by anodization of the n+ layer is 
used a s  an antireflection coating. Two different metallization schemes have been 
developed -- electroplated Sn or  electroplated Au, Figure 2 shows a schematic dia- 
gram of our CVD system showing the H2-AsC13 and doping gas flow control, and also 
a c ross  sectional view of the reactor tube. Figure 3 shows the photocurrent a s  a 
function of applied voltage for a GaAs shallow-homojunction solar cell grown on a GaAs 
single-crystal substrate with 20% conversion efficiency a t  AM1, a s  measured at  20°C. 
Solar cells grown on single-crystal Ge have characteristics very similar to  those of 
cells grown on GaAs, a s  long a s  the n+ layer thickness is the same. 

By using a simple analytical model (ref. 3), we have obtained good fits between 
computer calculations and experimental data for the external quantum efficiency and 
AM 1 conversion efficiency of cel ls  with different values of n+ layer thickness. 
Figure 4 shows external quantum efficiency a s  a funcotion of wavelength for GaAs cells 
with n+ layer thickness of 450, 750, 1000, and 1550 A .  The solid curves were calcula- 
ted using only three adjustable parameters, while the points were measured. From 
the best values of the adjustable parameters, we obtained values of L (hole diffusion 
length in n+ layer) - 0.05 pm, Ln (electron diffusion len th in p layerr- 20 pm, and B effective S (recombination veloclty on n+ surface) 10 cm/sec. Using these values, 
we calculared the conversion efficiency a t  AM1 a s  a function of n+ layer thickness. 
* This work was supported by the Department of the Air Force. 



The calculated efficiency values compare well with the measured values a s  shown in 
(fig. 5). Having demonstrated the applicability of this simple analytical model, we 
can now use it in optimizing cell designs for space and terrestrial applications. 

To investigate the potential of our cells for space applications, we have per- 
formed some initial experiments that show these cells to be resistant to electron 
irradiation. Cells with the n+/p structure should be considerably more radiation re- 
sistant than those with p+/n structure because the minority carr ier  diffusion length 
i s  much larger for electrons than for holes. The thin n+ layer not only minimizes the 
effect of surface recombination velocity but also allows almost all the electron damage 
effects to occur in the p layer, where the electron diffusion lengths a r e  long. The 
back-surface -field p/p+ structure also restricts the effects of electron damage to the 
narrow active p region (- 2 ym). We have confirmed this superior space resistance in 
a series of experiments using 1 MeV electrons with fluence up to 1016 e/cm2. 

2 
Figure 6 shows the maximum power per unit area Pm, in mW/cm for one of 

our 1/2 cm x 1 cm GaAs shallow-homojunction cells grown on Ge substrates a s  a 
function of cumulative electron fluence. The cell initially had Pm, of over 
22 m ~ / c m 2  (cell efficiency ?) at AM0 was 16.7%), which slowly decreased with in- 
creasing fluence to about 13 m ~ / c m 2  at 1016 e/cm2. Our results compare very 
favorably with reported results on three other types of space cells (ref. 4,5), a s  
shown in (fig. 6). Both the initial and final values of Pm, a r e  higher for our cell than 
for any of the others. 

The reduction in Pmax for our cell occurs because the open-circuit v ltage Voc S and short-circuit current Is, both decrease by about 20% after 1016 e/cm electron 
dosage. The decrease in Voc corresponds to an increase in leakage current, as  
indicated by an increase in saturation current density Jo for the injected current com- 
ponent from 6 x 10-l8 A/cm2 to 1 x 10-14 ~ / c m ~ .  The diode factor remained the 
same, however, a t  1.1. The decrease in Isc may be attributed to the degradation of 
electron diffusion length in the p layer of the cell, a s  well a s  to  an observed change 
in the anodic antireflection (AR) coating. 

The decrease in Isc should be reatl reduced if the doping level in the p layer 16, Y of the cell i s  lowered from 1 x 10 cm , so that the electron diffusion length is in- 
creased, and if the anodic AR coating is not used. This prediction has been con- 
firmed by our experiments on another cell, which has a laver  p doping level 
(W 1016/cm3) and no AR coating. Figure 7 shows the characteristics of this cell after 
successive electron irradiations. After 1016 e/cm2 dosage, Is, decreases only 
slightly to about 94% of the original value. This small decrease is  confirmed by the 
quantum efficiency measurements on the cell at various electron dosages (also shown 
in the figure). The cell, however, still exhibits a significant decrease in Vm. As in 
the previous cell, the diode factor changed only slightly, from 1.1 before irradiation 
to 1.3 after 1016 e/cm2 dosa e. The value Jo, however, increased greatly from B 2 x 10-18 A/cm2 to 1 x 10-1 ~ / c m ~ ,  thus reducing the Voc. 

+ + Our initial experimental results indicate that the n /p/p shallow-homojunction 
GaAs solar cells a re  resistant to electron irradiation, A very small change in Isc was 
observed for a cell with low doping level in the p layer and no AR coating. The changes 
in Voc a r e  tentatively attributed to an increase in leakage current, partially from the 
exposed edges of the etched mesas in our cells. This increase in leakage current is 
expected to be reduced when our cellarea is  increased from 0.5 cm2 to 4 cm2, and 



when the exposed mesa edges a r e  protected with an encapsulant, A different AR coat- 
ing using Si3N4 is also being developed. Therefore, by optimizing the design and 
fabrication of shallow-homojunction GaAs cells,  even better cells can be obtained 
which would provide high power density and very long life in space. 
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Fig. 3 Photocurrent as a funct ion of applied voltage for a 
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version efficiency at AM1, as measured at 200C. 
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RADIATION EFFECTS IN GaAs AMOS SOLAR CELLS* 

B.  K .  Shin and R .  J .  S t i rn  
J e t  Propul s i  on Laboratory 

ABSTRACT 

Inasmuch a s  GaAs solar  ce l l s  show considerable potential f o r  space 
applications, the behavior of these c e l l s  in a radiation environment i s  of 
great in te res t .  This report presents the resu l t s  of radiation damage produced 
in AMOS (Anti ref1 ec t i  ng-Metal -Oxide-Semiconductor) cel l  s with Sb2O3 interfacial  
oxide layers by 1-MeV electrons. The degradation properties of the ce l l s  as 
a function of i r radiat ion fluences were correlated w i t h  the changes in the i r  
spectral response, C - V ,  dark forward, and l igh t  I-V character is t ics .  The 
active n-type GaAs layers were grown by the OM-CVD technique, using sulfur 
doping in the range between 3x1 015 and 7x1016 cm-3. A t  a f l  uence of 1016 e/cm2, 
the low-doped samples showed Is, degradation of 8% and Voc degradation of 8%. 
The high-doped samples showed Isc and Voc degradation of 32% and I % ,  respec- 
t ive ly ,  while the f i l l  factor  remained relat ively unchanged for  both. AMOS 
c e l l s  w i t h  water vapor-grown interfacial  layers showed no significant change 
in Voc. 

INTRODUCTION 

Results of 1-MeV electron damage i n  n-base heteroface A1 (Ga)As/GaAs solar 
c e l l s  are  relat ively sparse ( r e f .  1 ) .  More importantly, the resu l t s  t o  date 
are  primarily fo r  base ca r r i e r  concentrations in the low 1017 cm-3 regime. 
Also, since the photovoltaic parameters of the  solar  cell  a re  affected by the 
A1 (Ga)As layer thickness and depth of the junction, i t  has n o t  been possible to  
separate damage ef fec ts  occurring in the p- and n-regions of the c e l l .  On 
the other hand, the wider body of 1 i te ra ture  of electron damage i n  bulk n-GaAs 
( refs  . 2,3) usual ly  measured only ma jor i  ty  car r ie r  removal or t rap properties, 
such as by DLTS (Deep Level Trap Spectroscopy), and not the more important 
( for  solar  cel l  s )  changes i n  photovol t a i c  parameters or minority car r ie r  1 i fe -  
times upon i rradiat ion.  

This paper presents preliminary resu l t s  of radiation damage in GaAs intro-  
duced by 1-MeV electrons using Schottky barr ier  structures.  This approach has 
the d i s t inc t  advantage of being able t o  use GaAs with car r ie r  concentrations 

* 
T h i s  paper presents the resu l t s  of one phase of research conducted a t  the 
J e t  Propulsion Laboratory, California Ins t i tu te  of Technology, fo r  the 
Department of Energy by agreement w i t h  the National Aeronautics and Space 
Administration. 



much l e s s  than 1017 cm-3 and observing degradation charac te r i s t i cs  of GaAs 
Schottky bar r ie r  so la r  c e l l s  a s  developed a t  JPL. Since these a r e  majority 
c a r r i e r  devices, i - e . ,  the  voltage output and f i l l  f ac to r  a r e  not controlled 
by minority c a r r i e r  diffusion from the  bulk, reduced radiation damage should 
be observed as compared t o  junction type p/n so l a r  c e l l s .  A disadvantage of 
using Schottky s t ruc tures  i s  t ha t  annealing s tudies  of radiat ion damage a r e  
not possible s ince  the devices a r e  unstable a t  temperatures above 200°C. 

The addit ion of an intentional  i n t e r f ac i a l  oxide layer  between the  
Schottky ba r r i e r  metal and the  GaAs has been found t o  dramatically increase 
the open c i r c u i t  voltage Voc from about 500 t o  800 mV ( r e f .  4 ) .  Consequently, 
the i r rad ia t ion  s tudies  of Schottky ba r r i e r  so l a r  c e l l s  were performed on 
devices incorporating two types of oxide layers  t o  determine i f  elect ron i r r a -  
diat ion will  influence the  Voc by modifying the  in te r face  s t a t e s  control l ing 
the  Schottky ba r r i e r  height. 

EXPERIMENTAL DETAILS 

The so l a r  c e l l s  used i n  the present investigation were prepared by growing 
n-type GaAs epi 1 ayers by organo-metall i c  chemical vapor deposition (OM-CVD) 
techniques on Te-doped subst ra tes  and fabr icat ing AMOS (Anti - re f lec t ing  Metal - 
Oxide-Semiconductor) so l a r  c e l l s  on t h i s  material .  The substrates* had doping 
concentrations of 2.7 x 1017 and crysta l  or ienta t ion approximately 2"-off 
[loo] toward the  [110] di rect ion.  The ac t ive  epi layer  was sulfur-doped w i t h  
the doping concentrations ranging from 3x1015 t o  7~1.016 cm-3. The epi layers  
of 3 t o  4vm i n  thickness were grown a t  700°C using a r s ine  (AsH3) and trimethyl- 
gallium (TMG) flow r a t e s  of 1.9 x 10-4 and 4.5 x 10-5 moles/min, respectively.  
These epi layers  were used t o  fabr ica te  f u l l y  gridded and AR-coated 1x1-cm AMOS 
c e l l s .  No attempt was made t o  optimize the design parameters t o  increase 
radiat ion hardness. 

Pr ior  t o  ce l l  fabr icat ion,  ohmic back contacts were made by s in te r ing  
Au-Ge-Ni evaporated contacts f o r  3 min  i n  hydrogen a t  480°C, The i n t e r f ac i a l  
oxide layers  of the AMOS c e l l s  were formed using e i t h e r  vacuum-deposited 
Sb203 oxides o r  saturated water vapor ( ~ ~ 0 / 0 2 )  native oxides. he non-native B SbpO3 oxides of 38 thickness were deposited a t  a r a t e  of 0.6 /sec i n  an 
o i l - f r ee  vacuum chamber. The HpO/Op-generated oxides were formed a t  23OC by 
passing water-vapor-sa turated 02 over f reshly  etched GaAs placed i n  a quartz 
tube. Typical oxide formation time of 48 t o  72 hours is required t o  obtain 
uniform oxide layers  of 38 1 in  the  l a t e r  case. A 60 6-thick Ag layer of 
1-cm2 area was next evaporated a t  a typical  r a t e  of 5 A/sec t o  form the  
Schottky bar r ie r .  

The 1-MeV elect ron i r rad ia t ion  was performed a t  JPL usin the  Dynami tron B Par t ic le  Accelerator w i t h  fluences between 1014 and 1016 e/cm . The i r rad ia -  
t ion was carr ied out a t  room temperature using an electron f lux  of ~ 1 0 1 ~  e/cm2- 
sec . 
* 

Epidyne (now National Semiconductor, Hawthorne, CA)  

23 6 



Propert ies of c e l l s  a s  a function of i r rad ia t ion  fluences were evaluated 
by the  1 igh t  current-vol tage ( I-V) cha rac t e r i s t i c s  , spectral  response measure- 
ments, capaci tance-vol tage ( C - V )  and dark forward I-V cha rac t e r i s t i c s ,  Light 
I-V measurements were obtained w i t h  samples a t  28°C by using e i t he r  the  ELH 
lamps a t  input power density of 100 m~/cm2 f o r  AM1 simulation o r  the  Aeros ace 
Controls Model 302 xenon a r c  source a t  an input power density of 135 mW/cm 5 
fo r  AM0 simulation. Absolute spectral  response measurements were made i n  the  
wavelength ranges between 0.4vm and 0.9vm using a prism monochromator. The 
output current  of a standard Si PIN diode previously cal ibra ted w i t h  a  UDT 
21A Power Meter was used t o  obtain absolute values of the  col lect ion eff ic iency,  

The diodes were fu r ther  evaluated using measurements of C-V and dark 
forward I-V charac te r i s t i cs  i n  a  l i gh t - t i gh t  box. The measurements of capa- 
ci tance a s  a function of reverse voltage were obtained w i t h  a  Boonton 74C-S8 
Capacitance Bridge operating a t  100 kHz, 

RESULTS AND DISCUSSION 

Light I-V charac te r i s t i cs  f o r  two Sb203-oxide AMOS so la r  c e l l s  using 
ELH l i g h t  simulation w i t h  c a r r i e r  concentrations representing the  extremes 
of those used i n  t h i s  study a r e  given i n  f igure  1 f o r  pre-irradiated and post- 
i r rad ia ted  conditions. The Sb203-oxide c e l l s  used in t h i s  study did not have 
permanent contacts applied,  and thus,  could not be measured in -s i tu  w i t h  the  
AM0 simulator. Solar c e l l s  w i t h  native oxides did have such contacts,  b u t  
unfortunately did not incl  ude GaAs 1 ayers w i t h  concentrations below 1 ~ 1 0 1 6  cm-3. 

Note t h a t  the  lower-doped sample showed considerably l e s s  degradation in 
shor t -c i rcu i t  current  ( I s c ) .  This i s  because the  space charge region width 
in low-doped GaAs i s  a s ign i f ican t  f rac t ion  of the  light-absorption depth, 
and photo-generated c a r r i e r s  i n  t h i s  region which a r e  f ield-aided in t h e i r  
col lect ion a r e  l i t t l e  affected by radiation-induced defects.  A second con- 
t r ibu t ing  fac tor  t o  the lower degradation i n  more lightly-doped GaAs i s  
probably a lower degradation constant re la ted t o  minority c a r r i e r s  collected 
a t  the ba r r i e r  by diffusion from the  neutral region -- j u s t  a s  f o r  s i l i con .  

There i s  some degradation i n  Voc f o r  these c e l l s  -- more f o r  the  l i gh t e r -  
doped GaAs. Though the  amount of degradation a t  1016 e/cm2 fluence, f o r  
example, i s  much l e s s  than usually observed in  p/n junction-type so la r  c e l l s ,  
i t  i s  c l ea r ly  more than t h a t  found f o r  AMOS so la r  c e l l s  using H20/02 native 
oxides, a s  shown i n  f igure  2. This f igure  shows the  Voc normalized t o  the  
pre-irradiated value a s  a function of fluence f o r  several samples of various 
doping concentrations w i t h  both the  native and the  deposited in te r layer  
oxides. Two features  a r e  c l ea r ly  observed from these curves: (1 ) The overall 
degradation of Voc i s  not of major s ignif icance,  since a t  a  fluence of 1016 
e/cm2, the  degraded values range from 2 t o  8%, and (2)  the degradation charac- 
t e r i s t i c s  of the  two types of oxides, the  H20/02 o r  the  Sb2O3 oxides, a r e  
qui te  dist inguishable.  In pa r t i cu l a r ,  the  native oxide c e l l s  show negl igible  
change, consis tent  w i t h  e a r l i e r  unpubl ished r e su l t s  obtained a t  JPL on Te-doped 
GaAs layers .  The small change i s  t o  be expected s ince  the  AMOS ce l l  i s  a 
majority c a r r i e r  device, a s  mentioned above. 



To supplement the resul ts  for  Voc,  the dark forward I-V character is t ics  
were measured and the values of both the saturation current density Jo and the 
diode idea l i ty  factor n obtained using the l eas t  square f i t t i n g .  The plots of 
Jo and n as  a function of fluence are  shown in figures 3 and 4 ,  respectively. 
Samples with both types of oxide (H20/02 and Sb203) interlayers a re  shown for  
comparison. The differences in  Jo (and n )  between samples r e l a t e  more to  d i f -  
ferences in surface treatment and handling immediately prior to  oxidation 
rather than to  differences in doping o r  even oxide type. The values of Jo and 
n do not change much with increasing fluence except a t  fluences higher than 
1015 e/cm2, with more change seen in the Sb203-oxide solar ce l l s .  Jo and the 
n-factor a re  intimately related to  each other in Schottky barriers with inter-  
facial  oxide layers. 

The ef fec ts  of electron i r radiat ion on the short-circui t  current for  c e l l s  
with various doping concentrations are  shown in figure 5. As expected, the 
degradation i s  more pronounced in Isc than in Voc. The resu l t s  for  a LPE- 
grown A1 (Ga)As-GaAs heteroface solar cel l  ( r e f .  1 ) with junction depth of 
0.5,m and the donor doping of 1017 cm-3 i s  a1 so included for  comparison. 
Clearly, the percentage change in Isc per given fluence primarily depends on 
the doping concentrations and i s  independent of the type of oxide used. This 
i s  typical of the Schottky barr ier  c e l l s ,  with relat ively high doping, where 
the degradation of Isc i s  primarily due to  a decrease in diffusion length as 
fo r  Si solar  ce l l s .  More specif ical ly ,  the change in Isc i s  direct ly  related 
to  the r a t i o  of light-generated ca r r i e r  density in the depletion region to  
that in the bulk. Finally, the anomalous behavior of 1016 cm-3 doped ce l l s  
i s  noteworthy for  fluence between 1015 and 1016 e/cm2. This reverse degrada- 
tion reproducibly occurred fo r  several samples tested with the same doping 
level.  To our knowledge, such i r regular i ty  has not been reported in the 
l i t e ra tu re ,  a1 though GaAs solar cell  s with doping concentrations of 1016 cm-3 
are rarely made. Further experiments on t h i s  matter are planned. 

Figure 6 shows the absolute collection efficiency as a function of wave- 
length from 0.4um to  the bandgap region, for  both unirradiated and 1016 e/cm2 
irradiated cell  s having various bulk concentrations. The spectral response 
i s  consistent with the behavior of the short-circui t  current, in tha t  the red 
region i s  more affected for  the highly-doped c e l l .  The zero-bias depletion 
width of the l ight ly  doped ce l l s  i s  large (~0.7pm for  n o  = 3 x 1 0 ~ ~  cm-3) before 
the i r radiat ion,  increasing w i t h  f l  uence because of car r ie r  removal. Since 
the absorption depths f o r  A = 0.7ym and 0.5pm i s  0.65pm and O.lum, respectively, 
i t  i s  c lear  that most of the incident energy will be absorbed within the 
depl etion width for  the 1 ower-doped ce l l  s .  

The dependence of f i l l  factor ( F F )  as a function of fluence for  four 
H20/02 samples i s  shown in figure 7. Averaged FF values were used since the 
values a t  each fluence level were very similar for  a l l  of the samples evaluated. 
A t  the highest f l  uence level , the spread of FF i s  only i0.2% from the average 
value. The unirradiated FF of 0.79 i s  reasonably good and gradually decreases 
to  0.73 a t  6.25 x 1015 e/cm2 -- a decrease of l e s s  than 8%. The small change 
of FF in Schottky barr ier  devices i s  due to the relat ively small change in Jo 
with fluence, as compared to  junction-type solar  cel l  s .  



Power degradation f o r  the HzO/OZ c e l l s  w i t h  doping concentrations of 
1x1016 and 5x1016 cm-3 i s  shown i n  f igure  8.  A typical  degradation character- 
i s t i c  f o r  a heteroface c e l l  w i t h  A1 (Ga)As/GaAs s t ruc ture  grown by LPE i s  a l so  
included f o r  comparison. In the  H20/02 AMOS c e l l s ,  about 24% degradation i s  
obtained f o r  lower-doped ce l l  (no = 1x1016 cm-3) a t  1016 e/cm2. Even lower 
power degradation (17%) was observed on the  3x1015 cm-3 ce l l  s having Sb2O3 
oxide in te r layer  when measured w i t h  ELH simulation. However, due t o  absence 
of contacts,  no in-situ AM0 values a r e  given. Note the  anomalous behavior 
of the  1016 cm-3 sample due t o  the  aforementioned behavior i n  Isc ( f i g .  5 ) .  

When the  c a r r i e r  concentration i s  plot ted against  a c r i t i c a l  fluence a t  
which Isc degrades by the  same amount, e.g. 25%, ( f i g .  9 ) ,  an apparent break 
i n  t he  slope occurs a t  the  same c a r r i e r  concentration a t  which the  Isc degra- 
dation was observed (1016 cm-3). For t h i s  f igure ,  data was taken from an 
ear l  i e r  study, not previously reported, where the  GaAs epi-layers were commer- 
c i a l l y  purchased Te-doped layers.  A t  t h i s  time, i t  i s  not c l ea r  whether an 
abrupt change in slope i s  indeed real ,  o r  i f  the  two slopes a r e  indicat ive  of 
two very separate mechanisms. Thus, the  c r i t i c a l  fluence should tend t o  
become independent of doping in the  1 ight-doping range, where substant ia l  l y  
a l l  of the  ca r r i e r s  a r e  generated i n  the  space-charge region. A t  higher 
doping leve l s ,  where subs tan t ia l ly  a l l  of the  c a r r i e r s  must d i f fuse  from 
the neutral region of the  bulk GaAs, one would expect a constant dependence 
of the  c r i t i c a l  fluence on c a r r i e r  concentration. A determination of the  
deta i led mechanisms will  require addit ional  s tudies  and will  be reported 
subsequently. 
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Figure 1. Light I-V Characteristics of Non-Irradiated and 1-MeV Electron-Irradiated 
GaAs AMOS Solar Cells With Sbg03-Oxide Interlayer 
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Figure 2. Normalized Open-Circuit Voltage as a Function of Fluence for GaAs AMOS 
Solar Cells Irradiated with 1-MeV Electrons 
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Figure 3.  Saturation Current Density as a Function of Fluence for GaAs AMOS Solar 
Cells Irradiated with 1-MeV Electrons 
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Figure 4 .  Diode Ideality Factor as a Function of Fluence for GaAs AMOS Solar Cells 
Irradiated with 1-MeV Electrons 
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Figure 5. Normalized Short-Circuit Current as a Function of Fluence for GaAs AMOS 
Solar Cells Irradiated with 1-MeV Electrons 
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Figure 6. Absolute Spectral Response of GaAs AMOS Solar Cells Non-Irradiated and 

Irradiated with 1-MeV Electrons to 1016 e/cm2 Fluence 



Figure 7 .  F i l l  Factor as a Function of Fluence for GaAs AMOS Solar Cells with 
H20/02 Oxide Interlayers Irradiated with 1-MeV Electrons (Averaged for 

four samples) 
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Figure 8 .  Normalized Maximum Power as  a Function of Fluence for GaAs AMOS Solar 
Cells with H20/02- Oxide Interlayer Irradiated with 1-MeV Electrons 
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CAPACITANCE TWSIENTS I N  p-TYPE GaAs MOS STRUCTURES AND APPLICATION TO 

LIFETIME MAPPING DURING SOLAR CELL FABRICATION* 

G. v i t a l e f ,  J .  J. Lofersk i ,  and Y. E r c i l  
Div is ion  of Engineering 

Brown Univers i ty  

ABSTRACT 

I n  r ecen t  yea r s ,  a n a l y s i s  of capac i tance  t r a n s i e n t s  i n  small-area MOS ca- 
p a c i t o r s  has  made i t  p o s s i b l e  t o  o b t a i n  extremely l o c a l i z e d  va lues  of t h e  m i -  
n o r i t y  c a r r i e r  genera t ion  l i f e t i m e  i n  s i l i c o n  s i n g l e - c r y s t a l  wafers  and i n  
devices  made from t h i s  semiconductor. For example, Schwuttke, e t  a l .  ( r e f .  1) 
have used t h i s  technique t o  produce genera t ion  l i f e t i m e  maps on s i l i c o n  wafers .  
They have shown t h a t  t h e  va lues  of genera t ion  l i f e t i m e  can vary widely from 
po in t  t o  p o i n t  and t h a t  t h e  va lues  a r e  extremely s e n s i t i v e  t o  c r y s t a l  growth 
and wafer-handling procedures.  They have shown t h a t  t h e r e  is  a c o r r e l a t i o n  
between t h e  performance of recombination l i f e t i m e  dependent parameters of semi- 
conductor devices  made a t  var ious  l o c a t i o n s  on a s i l i c o n  wafer  and t h e  genera- 
t i o n  l i f e t i m e  a t  those  l o c a t i o n s .  More r e c e n t l y ,  Bal iga and Adler ( r e f .  2) 
obtained l i f e t i m e  versus  depth p r o f i l e s  i n  d i f f u s e  l a y e r s  of S i .  The develop- 
ment of low-temperature oxide p repa ra t ion  techniques has l e d  t o  t h e  a p p l i c a t i o n  
of t h i s  method' f o r  monitoring t h e  l i f e t i m e  a t  many s t a g e s  i n  t h e  f a b r i c a t i o n  of 
S i  power devices  ( r e f .  3 ) .  It could,  t h e r e f o r e ,  be  used t o   monitor^ a t  t h e  
va r ious  s t a g e s  i n  t h e  manufacture of s o l a r  c e l l s .  

It i s  a f e a t u r e  of t h i s  l i f e t i m e  measurement method t h a t  t h e  time cons tan t  
of t h e  capac i tance  t r a n s i e n t  is  r e l a t e d  t o  t h e  genera t ion  l i f e t i m e  through t h e  
r a t i o  of doping concen t r a t ion  N t o  t h e  i n t r i n s i c  c a r r i e r  concent ra t ion  n i  i n  
t he  semiconductor. Thus i n  t h e  case  of S i  having No of 1 0 ~ ~ / c m ~  t h e  capac i tance  

6 decay cons t an t ' r c  i s  10 times t h e  genera t ion  l i f e t i m e  s o  t h a t ,  i f  T ~ =  1 psec ,  
'rc = 1 sec .  This s h i f t  of t ime s c a l e s  i s  p a r t i c u l a r l y  a h vantageous when app l i ed  
t o  measuring, mapping, and p r o f i l i n g  minor i ty  c a r r i e r  l i f e t i m e s  i n  d i r e c t  gap 
semiconductors w i th  bandgaps l a r g e r  t han  S i  and t h e r e f o r e  n i  va lues  s u b s t a n t i a l -  
l y  lower than  i n  S i .  For example, a nanosecond l i f e t i m e  i n  p-type GaAs having 
acc.eptor concent ra t ions  NA of 1016/cm3 would g ive  r i s e  t o  a capac i tance  decay con- 
s t a n t  of s e v e r a l  seconds. U n t i l  now, however, t h i s  technique f o r  measuring Tg 

has been l imi t ed  t o  s i l i c o n  because t h a t  is  t h e  only semiconductor on whose sur-  
f a c e  i t  has been p o s s i b l e  t o  produce t h e  h igh-qual i ty  n a t i v e  oxide requi red  i n  
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MOS c a p a c i t o r s  intended f o r  such s t u d i e s .  The oxide  must a l low t h e  s u r f a c e  t o  
be d r iven  i n t o  deep inve r s ion  by a v o l t a g e  pu l se ;  t h e  t r a n s i e n t  occurs  as car- 
r i e r s  generated i n  t h e  space  charge reg ion  of t h e  semiconductor accumulate a t  
t h e  su r f ace .  

I n  t h i s  paper we r e p o r t  on f a b r i c a t i o n  on p-type GaAs of MOS s t r u c t u r e s  i n  
which t h e  q u a l i t y  of t h e  oxide i s  such t h a t  t h e  s u r f a c e  can be d r iven  i n t o  deep 
inve r s ion  by a v o l t a g e  pulse .  We have measured t h e  capac i tance  t r a n s i e n t s  i n  
such MOS c a p a c i t o r s  as a func t ion  of s t e p  amplitude and temperature and have 
analyzed t h e  t r a n s i e n t s  by an ex tens ion  of t h e  method developed by Zerbst  
( r e f .  4) f o r  s i l i c o n .  The oxides were produced by plasma ox ida t ion  on a n  LPE- 
grown p-type GaAs specimen wi th  NA of 3x1017/cm3. The capac i to r s  were produced 
by depos i t i ng  50-pm-diameter gold do t s  over t h e  n a t i v e  oxide and, t h e r e f o r e ,  
t h e  l i f e t i m e  i s  l o c a l i z e d  t o  t h e  a r e a  under t h e  do t .  The method permi ts  ex- 
t r a c t i o n  of both t h e  bu lk  l i f e t i m e  and t h e  i n t e r f a c e  recombination v e l o c i t y .  
We have measured t h e s e  parameters on samples w i th  d i f f e r e n t  NA and have found 
a c o r r e l a t i o n  between ~g and NA. L i f e t ime  va lues  i n  t h e  range of s e v e r a l  t en ths  
of a nanosecond t o  about 1 nanosecond have been observed on our  p a r t i c u l a r  wa- 
f e r s ;  i n t e r f a c e  recombination v e l o c i t i e s  i n  t h e  range of l o5  cm/sec were ob- 
served. However, our  G a A s  was from a s i n g l e  source  and was a smal l  sampling of 
t he  v a r i e t y  p o s s i b l e  i n  GaAs; t h e r e f o r e ,  we do not  mean t o  a t t a c h  much s i g n i f i -  
cance t o  t h e  "uniformity" of T~ i n  our  specimens. The important p a r t  of our  
message i s  t h a t  i t  i s  p o s s i b l e  t o  produce h igh-qual i ty  n a t i v e  oxides on G a A s  
and t h a t  t h i s  important  technologica l  advance makes p o s s i b l e  l i f e t i m e  measure- 
ment, mapping, and p r o f i l i n g  i n  t h i s  m a t e r i a l .  Fu r the r  development of t h i s  
technique should al low monitoring of t h e  e f f e c t s  of va r ious  process ing  s t e p s  
on t h e  l i f e t i m e  of GaAs and, t h e r e f o r e ,  u l t i m a t e l y  on t h e  performance of GaAs 
s o l a r  c e l l s .  
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ANNEALING IN ELECTRON IRRADIATED AlGaAs SOLAR CELLS* 

Bruce E .  Anspaugh and John A.Scott-Monck 
J e t  Propulsion Laboratory 

California Ins t i tu te  of Technology 

SUMMARY 

Preliminary data i s  presented on the annealing characteristics of AlGaAs 
solar cel l  s .  Devices with varying A1 As "window" thickness and junction depth 
were irradiated with 1 MeV electrons,  a t  two different  temperatures, t o  
1 x 1 0 ~ ~  e/cm2. Additional annealing data on AlGaAs ce l l s  exposed to 1 x 1 0 ~ ~  e/cm2 
i s  a1 so described. 

I  NTRODUCT ION 

I t  has been shown that  properly fabricated AlGaAs solar ce l l s  display 
i n i t i a l  power output and performance under electron irradiation that  i s  
superior to  even advanced laboratory s i l icon solar  ce l l s  ( r e f .  1  and 2 ) .  This 
work was done as part of the JPL program to  investigate the potential of ther- 
mal annealing as a  means of extending the operating l ifetime of solar  cell  
arrays. The data reported from the NTS-2 f l i g h t  experiment ( r e f .  3 and 4 )  
also acted as an incentive to  examine the e f fec t  of i r radiat ing AlGaAs solar 
cell  s  a t  elevated temperature. 

EXPERIMENTAL METHOD 

All the i r radiat ions were performed with the JPL Dynamitron using 1 MeV 
electrons. A complete description of th i s  faci l  i t y  may be found in reference 5. 
The i n i t i a l  experiment was devised to  examine the e f fec t  of ce l l  temperature 
during irradiation on e lec t r ica l  performance. All ce l l s  used in th i s  t e s t  
were obtained from Hughes Research Labs ( H R L ) .  The AlAs window layer was less  
than 0.5 m and the junction depth was between 0.4 and 0.5 IJm.  

Five cell  s  were mounted to  a  temperature controlled copper block and held 
a t  125°C under vacuum during the i r radiat ion.  In order to  give the sam les  B an opportunity to  anneal during th i s  t e s t ,  the flux was reduced to 2x10 0 e/cm2- 
sec. The ce l l s  received a  total  fluence of 1x1015 elcmz. I-V measurements 
a t  28°C AM0 intensi ty  were made before and a f t e r  the t e s t  while the ce l l s  were 
in the target  chamber. A second group of f ive  ce l l s  were than irradiated a t  

*The research described in th i s  paper was carried out a t  the J e t  Propulsion 
Laboratory, California Ins t i tu te  of Technology, under NASA Contract NAS7-100. 



28°C using the  same f lux  and fluence a s  the previous t e s t ,  and pre and post- 
i r r ad i a t i on  I-V data was obtained. 

Once this t e s t  was concluded, two c e l l s  from each t e s t  group were placed 
on a  quartz boat and held within the  constant  temperature zone of a  d i f fus ion 
furnace under flowing nitrogen. I-V data a t  28°C under AM0 conditions was 
recorded a f t e r  each heat treatment. The t e s t s  began a t  200°C, and were con- 
t inued,  i n  50°C increments, t o  a  f ina l  temperature of 400°C. Time a t  any 
temperature ranged from 15 t o  110 minutes. 

In another t e s t  a group of four AlGaAs c e l l s  sup l i e d  by HRL were i r r a d i -  B ated t o  fluence l eve l s  of 1x1015 and then 1x1016 e/cm under vacuum, employing 
normal f l  uence (1 ~ 1 0 1 2  e/crn2-sec) . The window layer  thickness of these 
devices was 1.1 pm and the junction depth 0.3 pm. I-V data was obtained a f t e r  
each f luence level .  One ce l l  of each type was then given post i r r ad i a t i on  
heat treatments a t  200°C i n  order t o  inves t iga te  annealing behavior as  a  
function of time a t  temperature. 

RESULTS AND DISCUSSION 

There was no di f ference i n  e l e c t r i c a l  degradation between the  ce l l  groups 
i r rad ia ted  a t  d i f f e r en t  temperatures. A summary of the pre and post t e s t i ng  
e l ec t r i c a l  data ,  a s  well a s  the  r e s u l t s  of an addit ional  125°C heat treatment 
of those c e l l s  i r r ad i a t ed  28°C is given i n  Table 1 .  This i s  unexpected i n  
view of the  f l i g h t  experiment information of references 3 and 4. I t  i s  possible 
t ha t  the higher f luence used i n  t h i s  experiment may have masked voltage and 
f i l l  f a c to r  annealing o r  t h a t  t h i s  annealing phenomenon occurs only when the  
c e l l s  a r e  exposed t o  the  proton spectrum of space. 

The recovery of output power a s  a  function of annealing temperature i s  
plotted i n  f igure  1. After  15 m i n .  a t  200°C, the  samples had regained nearly 
10 percent of the power l o s t  during the i r r ad i a t i on .  The percentage of 
recovery reached over 70 percent a f t e r  110 min, a t  250°C. However, higher 
annealing temperatures did not seem t o  have a  s i gn i f i c an t  influence on maximum 
power recovery, i n  f a c t  there  was some degradation i n  output a t  temperatures 
of 350 t o  400°C. I t  was a l so  noticed t h a t  the  an t i r e f l e c t i on  coatings were 
becoming paler  in color  a t  %400°C. After  a  30 m i n .  anneal a t  400°C the  samples 
began t o  d isplay evidence of contact  shunting. The shunting became extreme 
a f t e r  an hour a t  this temperature and t he  experiment was discontinued. 

Figure 2  shows the  e f f e c t  of annealing time a t  200°C on the  recovery of 
two AlGaAs c e l l s  which had been i r rad ia ted  t o  1x1016 e/cm2. Table 2  contains 
the  per t inent  e l e c t r i c a l  data f o r  the  samples a f t e r  1x1015 and 1x1016 e/cm2. 
There i s  a  g r ea t  deal of recovery in output power exhibited a t  200°C, and i t  
takes many hours t o  bring about maximum recovery a t  this temperature. 



CONCLUSIONS 

Preliminary r e s u l t s  indicate  t h a t  s i gn i f i c an t  recovery of output i n  
electron i r rad ia ted  A1 GaAs ce l l  s can be achieved by thermal annealing. The 
onset of recovery appears t o  be between 125 and 200°C. Since s i l i con  so l a r  
c e l l s  show l i t t l e ,  i f  any recovery a t  these  temperatures, these r e su l t s  a r e  
extremely encouraging. W i t h  AlGaAs c e l l s ,  the  problem of providing su f f i c i en t  
heat t o  the so la r  panel would be g rea t ly  reduced compared t o  a s i l i con  so l a r  
ce l l  panel. 

O u r  data does not match the  r e s u l t s  obtained from the  NTS-2 f l i g h t  experi- 
ment. We observe recovery of shor t  c i r c u i t  current  and open c i r c u i t  voltage 
a t  temperatures g rea te r  than 125"C, while the  f l i g h t  data showed recovery of 
open c i r c u i t  voltage and f i l l  f a c to r  a t  %80°C. Our experiments provide no 
d i r ec t  a ss i s t ance  i n  in te rp re t ing  the  puzzling information yielded by the  NTS-2 
f l i g h t  experiment. 
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A1 GaAs ELECTRlCAL PERFORMANCE AFTER 1 xlol  e/cm 2 

(5  SAMPLES EACH TEST) 

TABLE 1 

A1 GaAs ELECTRICAL PERFORMANCE AFTER 1 xlol  e/cm 2 

( 4  SAMPLES) 

Condi ti on 

$I = 0 
+ = 1015 ( 2 8 0 ~ )  

125°C-15 h r s  

+ = 0 
= l 0 l 5  (125OC) 

- 

voc (mv) 

992 

899 

901 

985 

899 

Isc (mA) 

108.7 

94.6 

94.2 

109.4 

94.9 

TABLE 2 

p,, (mw) 

83.9 

68.5 

68.5 

82.7 

68.3 

2 Fluence (e/cm ) 

(p = 0 

+ = 10 15 

( = 1016 

Pmx (mw) 

79.8 

64.9 

49.3 

Isc (mA) 

104.9 

92.4 

79.6 

voc (mv) 

964 

887 

808 
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S U Y  OF GaAs SOLAR CELL PERFORMANCE AND RADIATION DAMAGE WORKSHOP 

G . S . Kama t h  
Hughes Research Labora tor ies  - 

The workshop considered t h e  GaAs s o l a r  c e l l  c a p a b i l i t y  and promise i n  
s e v e r a l  s t e p s :  

(1) Maximum e f f i c i e n c y  
(2) Space a p p l i c a t i o n  
(3) Major technology problems 

( a )  AR coa t ing  opt imiza t ion  
(b) Contacts  

(4) Radia t ion  r e s i s t a n c e  
(5) Cost and a v a i l a b i l i t y  
(6) A l t e r n a t i v e s  

The workshop b e l i e v e s  t h a t  GaAs s o l a r  c e l l s  a r e  f a s t  approaching t h e  f u l -  
f i l l m e n t  of t h e i r  p o t e n t i a l  a s  candida tes  f o r  space c e l l s .  A maximum e f f i c i e n c y  
of 20 t o  3 1  percent  AM0 can be reasonably expected from GaAs based c e l l s ,  and 
t h i s  may go a l i t t l e  h igher  w i t h  concent ra t ion .  The use  of concen t r a t ion  i n  
space needs t o  be  more c a r e f u l l y  eva lua ted .  

The space a p p l i c a t i o n  of t h e  c e l l s  seems q u i t e  j u s t i f i e d  i n  view of t h e  
high e f f i c i e n c y  and t h e  good r a d i a t i o n  damage d a t a  obtained t o  d a t e .  However, 
more ex tens ive  t e s t i n g  of t h e  c e l l s  i s  necessary  be fo re  they  can be space 
q u a l i f i e d  f o r  u s e  i n  a c t u a l  space missions.  Some small-scale  f l i g h t  t e s t s  
have t o  be  conducted fol lowing a r i go rous  q u a l i f i c a t i o n  scheme be fo re  t h e  c e l l s  
w i l l  b e  e a s i l y  accepted by t h e  space system community. The exac t  way 
t o  achieve  t h i s  d e s i r a b l e  r e s u l t  has t o  be developed. 

The major t echno log ica l  problems t h a t  need t o  be  solved a r e  t h e  e lec-  
t r i c a l  c o n t a c t s  t o  t h e  c e l l s  (metal lurgy,  bonding, and in te rconnect  problems) 
and t h e  op t imiza t ion  of AR coa t ing .  The r e l i a b i l i t y  of both t h e  c o n t a c t s  and t h e  
AR coa t ing  under a l l  p o s s i b l e  environmental cond i t i ons  l i k e l y  t o  be  encountered 
i n  a c t u a l  missions (humidity,  temperature,  she l f  l i f e )  and t h e i r  a c c e p t a b i l i t y  
f o r  a l l  p rocess  v a r i a b l e s  ( e s p e c i a l l y  bonding and panel  in te rconnect  and panel  
deployment dur ing  launch and l i f e  i n  space)  a r e  s t i l l  a s e r i o u s  concern and need 
t o  be  evaluated.  Some of t h e s e  are engineering problems and would need a supply 
of c e l l s  made under wel l -cont ro l led  cond i t i ons  t o  ensure  t h e  c e l l ' s  un i formi ty  
and reproducibility."Research" c e l l s  would n o t  be  adequate t o  meet t h i s  need. 

The 11R coa t ing  problem is s t i l l  somewhat open. The b e s t  known cand ida t e  
t h a t  has  been most i n  u s e  i s  Ta205. This  m a t e r i a l  has  been space q u a l i f i e d  f o r  
S i  c e l l s  and is  reasonably s a t i s f a c t o r y  f o r  t h e  h e t e r o s t r u c t u r e  c e l l s  w i t h  
(A1Ga)As a s  a window l a y e r .  However, a n  oxide,  even though r e f r a c t o r y ,  may 
have l i m i t a t i o n s  i n  (A1Ga)As and needs t o  be  looked a t  more c a r e f u l l y .  A l t e r -  
n a t i v e s ,  such a s  S i  N and Ti0  a r e  s t i l l  t o  be  f u l l y  evaluated.  S i l i c o n  n i -  
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t r i d e  may have s p e c i a l  v a l u e  and has been used on a r e s e a r c h  b a s i s ,  e s p e c i a l l y  
wi th  t h e  homojunction c e l l s  developed by Lincoln Laboratory, MIT. 

The homojunction c e l l s  produced by CVD have 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  
and need t o  be  examined c a r e f u l l y  f o r  t h e i r  p o t e n t i a l .  They o f f e r  t h e  n on p 
s t r u c t u r e ,  and, s i n c e  they  a r e  being produced by CVD, can b e  f a b r i c a t e d  on G e  
and poss ib ly  on o t h e r  s u b s t r a t e s .  The CVD approach i s  thus  an  a l t e r n a t i v e  and 
complement t o  t h e  p r e s e n t l y  developed LPE c a p a b i l i t y  and should b e  developed i n  
p a r a l l e l  w i t h  t h e  f u l l  r e a l i z a t i o n  of t h e  LPE GaAs c e l l s .  

While t h e r e  i s  a cons ide rab le  amount of s c a t t e r e d  d a t a  on GaAs c e l l s  w i t h  
r e spec t  t o  t h e i r  r a d i a t i o n  damage c h a r a c t e r i s t i c s ,  t h e  s c a t t e r  i n  them i s  con- 
s ide rab le .  This  a r i s e s  l a r g e l y  because t h e  c e l l s  a r e  made by a v a r i e t y  of me- 
thods wi th  l i t t l e  c o n t r o l  on t h e  s t r u c t u r a l  p r o p e r t i e s  t h a t  p lay  a major r o l e  
i n  c o n t r o l l i n g  t h e  r a d i a t i o n  damage c h a r a c t e r i s t i c s .  There a r e  s t i l l  uncer ta in-  
ties even about b a s i c  cons ide ra t ions  such a s  t h e  r e l a t i v e  r e s i s t a n c e  of n on p 
ve r sus  p on n s t r u c t u r e s .  The r e l i a b i l i t y  of va r ious  models which p r e d i c t  c e l l  
behavior needs t o  be evaluated more c a r e f u l l y ,  e s p e c i a l l y  i n  terms of d e f i n i n g  
r e l e v a n t  m a t e r i a l  parameters  more c a r e f u l l y .  The s i t u a t i o n  i s  r a p i d l y  improv- 
ing,  however, and i n  view of t h e  s h o r t  h i s t o r y  of t h e  h e t e r o s t r u c t u r e  GaAs c e l l  
compared t o  S i ,  i s  very  encouraging. 

The s u s c e p t i b i l i t y  of t h e  GaAs c e l l  t o  damage by low-energy pro tons  i s  a 
concern. However, t h i s  reg ion  i s  f o r t u n a t e l y  t h e  one f o r  which t h e  coverg lass  
o f f e r s  t h e  maximum pro tec t ion .  The th i ckness  of t h e  coverg lass  has  t o  be  
chosen c a r e f u l l y  f o r  each mission t o  minimize weight-to-power r a t i o  f o r  t h e  
panel  wi thout  jeopard iz ing  t h e  r a d i a t i o n  r e s i s t a n c e .  The damage equivalence 
(protons t o  e l e c t r o n s )  i s  no t  too  w e l l  known and needs t o  be  def ined  t o  permit  
space op t imiza t ion  of t h e  c e l l  and cove rg la s s  f o r  v a r i o u s  miss ions .  It is  
e s p e c i a l l y  important i n  t h i s  r e s p e c t  t o  work wi th  c e l l s  w i th  very  similar pro- 
p e r t i e s  and parameters  s o  t h a t  t h e  random s t r u c t u r a l  p r o p e r t i e s  of t h e  c e l l s  do 
not  a f f e c t  t h e  da t a .  

The las t  t o p i c  d iscussed  w a s  t h e  c o s t  and a v a i l a b i l i t y  of t h e  c e l l s .  The 
a v a i l a b i l i t y  of Ga was n o t  considered a primary problem, a t  l e a s t  f o r  any f o r -  
s eeab le  per iod  of t ime i f  space missions a r e  considered.  The p o s s i b i l i t y  of 
using G e  a s  a s u b s t r a t e  has  some short- term a t t r a c t i o n  because of t h e  h ighly  
developed Ge technology which makes l a r g e  a r e a  Ge s u b s t r a t e s  r e a d i l y  a v a i l a b l e .  
However, t h e  sources  of G e  a r e  few and i ts  c o s t  has  been r e c e n t l y  r i s i n g .  The 
c o s t  of G a  has  been, on t h e  o the r  hand, f a l l i n g .  The p o s s i b i l i t y  e x i s t s  of us- 
ing S i  a s  a s u b s t r a t e .  That w i l l  c e r t a i n l y  be  extremely a t t r a c t i v e ,  e s p e c i a l l y  
i f  t h i n  f i l m  c e l l s  can be  developed. A l a r g e  number of problems, however, need 
t o  be solved and a new technique such as t h e  Mo-CVD f u l l y  developed be fo re  a 
p r a c t i c a l  r e a l i z a t i o n  of t h i s  a t t r a c t i v e  a l t e r n a t i v e  can be f u l l y  eva lua ted .  

The advantages of CVD ve r sus  LPE were d iscussed  b r i e f l y .  The important  
po in t  is  t h a t  LPE is  he re ,  f u l l y  developed and producing space-quai l ty  c e l l s  on 
a c o s t  compet i t ive  b a s i s  w i th  t h e  present-day S i  c e l l s .  The a p p l i c a t i o n  of t h e s e  
c e l l s  t o  space  missions,  t o  a degree,  w i l l  on ly  s t r eng then  t h e  GaAs c e l l  accep- 
tance  i n  t h e  systems a r e a  and a l low f u r t h e r  development of GaAs c e l l s  f o r  f u t u r e  
expanded a p p l i c a t i o n .  Without such a c c e p t i b i l i t y ,  G a A s  c e l l s  may s t a y  a s  a 
c u r i o s i t y  w i th  promise f o r  a long time t o  come. 



A REVIEW OF AIR FORCE HIGH EFFICIENCY 

CASCADED MULTIPLE BANDGAP SOLAR CELL 

RESEARCH AND DEVELOPMENT 

W. P. Rahilly 
Air Force Aero Propulsion Laboratory 
Wright-Patterson Air Force Base 

SUMMARY 

At the time of their conception, the cell stack systems to be discussed 
represent the best semiconductor materials combinations to achieve Air Force 
program goals. These systems will be investigated thoroughly in Phase I and 
most promising system, from the standpoint of high efficiency, will be taken 
into Phase I1 for further development with large area emphasized (at least 

2 4 cm ). The emphasis in the Air Force cascaded cell program is placed on 
eventual non-concentrator application. This use of the final cell design 
considerably relieves the low resistance requirements for the tunnel junction. 
In a high concentration application the voltage drop across the tunnel junc- 
tion can be a very serious problem, 

INTRODUCTION 

Significant increases in silicon solar cell conversion efficiencies were 
observed in the early 1970's. These changes were due to modified Nf diffusion 
techniques that resulted in much shallower P/N photovoltaic junctions which 
significantly increased the blue response of the cells. Further improvements 
brought about by increasing front surface absorption (texturing etch and better 
AR coats) and the effective and controlled introduction of a P+ back surface 
region has raised the laboratory demonstrated silicon solar cell efficiencies 
up to 16% AM0 at 25O~. 

Within the last six years or so, improvements in the techniques for 
growth of 111-V semiconductor materials on 111-V substrates or Ge substrates 
has resulted in the demonstration of efficiencies greater than 18% AM0 at 
25OC for GaAs based solar cells with greater than 16% typically reproduced. 
Also, the radiation damage resistance of these structures looks very promising 
for space applications involving the earth's radiation belts. 

However, space missions are growing in complexity with attendant growth 
in power needs. The silicon cell technology does not lend confidence in 
exceeding 18% in production and the GaAs cells most likely will not exceed 
20% in a production environment. The growing power demand along with the 



growing realization of successful 111-V semiconductor material growth 
technology has ressurected an old idea for very high conversion efficiency-- 
namely the cascaded (series connected) multi-bandgap solar cell (ref. 1). 
Theoretical analyses of these structures projects conversion efficiencies in 
the low 30% range for two cell stacks and approaching 40% for three or more 
serially connected cells in a monolithic structure (ref. 2). The Air Force 
views this possible solar cell technology with guarded optimism but does 
realize the impact that high efficiencies can have on broadening the flexi- 
bility of future space missions. For this reason, the Air Force has initiated 
cascaded multiple bandgap research and development programs that will utlimate- 
ly lead to a very high conversion efficiency space power system. 

This paper details the what, why, and how of the development of the 
multi-bandgap solar cell for Air Force space applications. 

AIR FORCE CASCADED SOLAR CELL DEVELOPMENT 

The objective of the cascaded solar cell development is to fabricate and 
demonstrate cells with greater than 25% AM0 conversion efficiencies measured 
at 25OC. The approach, within available and planned budgeting is to fund two 
contractors who have the responsibility to investigate four individual cas- 
caded structures. The research and development conducted by the contractors 
is separated into two phases. In Phase I each contractor will determine the 
best semiconductor materials system with emphasis on conversion efficiency 
that will be taken in Phase I1 for the purpose of demonstrating greater than 
25% AM0 for cell sizes of at least 2 cm x 2 cm. Delivery of one hundred 
2 cm x 2 cm solar cell assemblies at the close of the second phase is required. 
The program is twenty four months for each contractor with Phase I being a 
fourteen month duration. The specific contractors for this dual awarded pro- 
gram are Research Triangle Institute at Research Triangle Park, North Carolina 
and Rockwell International with facilities at both Anaheim and Thousand Oaks, 
California participating. 

The payoff for cascaded cell technology is lower total area and total 
power systems and the establishment of a solar cell basis for future high 
voltage, high power systems. This particular type of cell has considerable 
payoff for low orbit application in cost also. For higher orbit application 
(such as half synchronous) the cost factor is projected to be the same as 
that for silicon and Tower than GaAs single junction cells but with a 
considerably smaller panel size (ref. 3). 

The major problem areas that plague the cascaded solar cell development 
are associated with the understanding of and the single crystal growth of 
certain 111-V semiconductor materials in serial fashion that are not lattice 
matched (depending on the specific cell design). Also, the development of 
proper anti-reflective coatings and contact metalization materials combinations 
and deposition techniques are critical to making a useful device. In what 
follows, these problem areas will be discussed in relation to the structures 
as proposed by the two contractors. 



Research Triangle Institute :(RTI) 

The four materials systems under investigation at RTI are illustrated 
in Figure (1). The bandgap for each material as well as the method of 
growth are provided. The fifth materials system is a modification of the 
second system and has considerable potential. 

Svstem I - GaInP Cell on GaInAs Cell 

This structure has an GaAlAsSb window of greater than 2.0 electron-volt 
(ev) bandgap (indirect) on a GaInP top cell and tunnel junction (both 1.6 ev) 
on a lower cell made of GaInAs ( . 95  ev) in turn on either a GaAs single 
crystal substrate or a Ge substrate with a GaAs layer grown on. This struc- 
ture employs liquid phase epitaxial (LPE) growth for the GaInAs and GaAlAsSb, 
and vapor phase epitaxial growth for the GaInP portion. The cell is lattice 
matched to the underlying GaAs layer or substrate by using graded layers 
(or lattice matching layers) with increasing amounts of indium. There may be 
as many as five such layers. There are essentially an infinite numberdo£ 
upper and lower cell combinations (GaInP on GaInAs) where the semiconductor 
lattices of each will be matched, however the matching of the upper and lower 
bandgaps is not optimum for efficiency in every case. Nevertheless the 
matching of the lattices can be achieved with a resultant 25% efficiency. The 
lattice matching of the GaAlAsSb window to the top cell can be achieved with 
little difficulty. The P electrical dopant in the GaInAs material is 
magnesium. The P dopant for the GaInP material has been tentatively selected 
to be cadmium. There is a variety of N dopants that can be used; both 
selinium and germanium are being investigated for the GaInAs and GaInP 
materials. 

System 2 - GaAlAs Cell on an GaInAs Cell 

This structure has an GaAlAs window of near 2 ev bandgap (indirect) on 
a closely lattice matched GaAlAs top cell and tunnel junction (both 1.4 ev) 
on a 1.2 ev bandgap GaInAs cell on an appropriate substrate as discussed 
above. This particular structure is attractive since the top contact 
metalization is reasonably well understood (ref. 4). The lattice mismatch 
between GaAlAs and GaInAs is less than 0.7% but is a somewhat troublesome 
problem to resolve in relation to maintaining high crystalline perfection. 
The P dopant for the GaAlAs material is germanium. As above the N dopant 
can be selected from a variety of choices. 

System 3 - GaAlAsSb Cell on an GaInAs Cell 

The GaAlAsSb window ( 2 ev bandgap) top cell and tunnel junction 
(1.6 ev bandgap) are all lattice matched and are lattice matched to .95 ev 
bandgap GaInAs lower cell. This system has particular problems, however. 
The control of miscibility gap in the GaALqsSb material in the bandgap range 
of interest for the top cell and tunnel junction can negate the entire cell 
design. Recent data does suggest, though, that the miscibility problem may 
be confined to a smaller bandgap range than first thought (ref. 5). The 
contact materials systems are not know for GaAlAsSb at least from solar cell 



environmental cons ide ra t ions .  It i s  a n t i c i p a t e d  t h a t  t h e  P dopant f o r  t h e  
GaAlAsSb m a t e r i a l  w i l l  be  germanium. 

System 4 - GaAlAsSb C e l l  on a GaAsSb C e l l  

This  s t r u c t u r e  i s  l a t t i c e  matched a l l  t h e  way down t o  t h e  s u b s t r a t e  
where s t e p  grading of GaAsSb t o  t h e  s u b s t r a t e  l a t t i c e  is requi red .  The prob- 
lems of m i s c i b i l i t y  and achiev ing  t h e  proper  bandgap f o r  t h e  top  c e l l  and 
tunne l  a r e  t h e  same as d iscussed  i n  System 3. The GaAsSb lower c e l l  
(1.2 ev bandgap) has  been f a b r i c a t e d  wi th  good d iode  shape bu t  low open 
c i r c u i t  vo l t age .  The p re sen t  thought i s  t h a t  t h e  minor i ty  c a r r i e r  l i f e t i m e  
i n  both l a y e r s  i s  being l imi t ed  by Sb vacancies .  The P dopant f o r  t h e  
GaAsSb m a t e r i a l  i s  germanium. 

System 5 - GaAlAs C e l l  on a  CaAs C e l l  

This  s t r u c t u r e  i s  considered a s  a  s p e c i a l  c a s e  of System 2. The upper 
c e l l  and tunne l  j unc t ion  must have a bandgap of 1 .93  ev t o  achieve  reasonable  
matching t o  t h e  lower c e l l .  The p ro j ec t ed  e f f i c i e n c y  f o r  t h i s  s t r u c t u r e  i s  
over 25%. There a r e  f o u r  s i g n i f i c a n t  advantages wi th  t h i s  s t r u c t u r e :  
( a )  no s e r i o u s  match problems anwhere, (b) A Ta2O5 a n t i r e f l e c t i v e  coa t ing  
would be  a p p l i c a b l e  s i n c e  t h e  bottom c e l l  i s  GaAs, (c )  The con tac t  meta l iza-  
t i o n  systems f o r  such semiconductor m a t e r i a l s  a r e  reasonably w e l l  understood 
f o r  s o l a r  c e l l  a p p l i c a t i o n  and (d) t h e  e n t i r e  s t r u c t u r e  can be placed on a  
germanium lower c e l l  wi th  p o t e n t i a l  e f f i c i e n c y  under AM0 of over  30%. Of 
course,  i f  t h e  System 5 s t r u c t u r e  was t o  be  placed on a  germanium lower c e l l ,  
t h e  l a t t e r ,  c e l l  would have t o  have a  GaAs l a y e r  grown on i t  t o  a l low f o r  
LPE growth--or t h e  lower tunnel  and middle c e l l  would have t o  b e  grown by 
vapor means. Again, t h e  P dopant used i n  t h e  GaAlAs m a t e r i a l s  system i s  
germanium . 

Rockwell I n t e r n a t i o n a l  ( R I )  

The fou r  systems proposed by R I  a r e  based on t h e  GaAlAsIGaAs  c e l l  s t r u c -  
t u r e .  Two of t h e  f o u r  systems a r e  two c e l l  s t a c k s  and t h e  o t h e r  two a r e  
t h r e e  c e l l  s t acks .  F igure  ( 2 )  p rovides  t h e  information p e r t a i n i n g  t o  t h e  
system m a t e r i a l s  compositions.  The f i f t h  system i s  t h e  GaAlAs c e l l  on a 
GaAs c e l l ;  f a b r i c a t e d  us ing  MO-CVD. 

System 1 - GaAs Cel.1 on a  Ge C e l l  

The window, top  c e l l  and t h e  tunne l  j unc t ion  f o r  t h i s  system are l a t t i c e  
matched m a t e r i a l s  wi th  bandgaps of g r e a t e r  than  2 ev f o r  t h e  window, 1.43 ev 
f o r  t h e  top  c e l l  and a  Ge he t e ro face  tunne l  j unc t ion  and bottom c e l l .  The 
Ge c e l l  has  two bandgaps; one d i r e c t  a t  .8 ev and one i n d i r e c t  a t  .67 ev. 
For t h e  Ge c e l l ,  t h e  d i r e c t  bandgap c o n t r o l s  t h e  l i g h t  generated c u r r e n t  and 
t h e  i n d i r e c t  bandgap c o n t r o l s  t h e  c e l l  vo l t age  c h a r a c t e r i s t i c s .  Indeed, t h e  
above remark should be q u a l i f i e d  i n  t h a t  t h e  d i r e c t  and i n d i r e c t  bandgaps 
c o n t r i b u t e  roughly equa l ly  t o  t h e  l i g h t  generated c u r r e n t .  Since t h e  G a A s  
top c e l l  w i l l  l i m i t  t h e  o v e r a l l  s tacked  c e l l ,  e x t e r n a l  c u r r e n t ,  t h e  d i v i s i o n  
of l i g h t  generated c u r r e n t  i n  t h e  c e l l  is  a  moot i s s u e  as long a s  t h e  tunnel  



is sufficiently thin. The conduction of majority carriersthrough the tunnel 
is accomplished primarily by defect states and the rest by band to band. The 
major problems are with System 1 is growth of the GaAs on the Ge cell. The 
best suited method to date is deposition from the vapor phase with MO-CVD 
the most attractive. Since this stack design strongly depends on cascade 
cell voltage, achievement of open circuit voltages for the Ge cell must 
approach . 3  volts. Good quality Ge material and careful processing techniques 
are of paramount importance. However, for research purposes, if reasonable, 
cell voltage characteristics can be achieved with successful cascade action 
with the GaAs materials applied, then the technology for this structure will 
have been established--requiring mostly refined deposition techniques and 
quality of material and process controls. The P dopant in the Ge is boron. 
The P and N dopants in the GaAs material are zinc and selinium respectively. 

System 2 - GaAs Cell on a GaInAs Cell 

This system can be constructed in several different ways. The method 
selected by RI is to fabricate the GaAl window and GaAs top cell on an N+ 
GaAs substrate. On the opposite side of the substrate, a P+ InP layer can 
be grown followed by a GaInAs bottom cell. This approach resolves the poten- 
tial lattice mismatch problem throughout the cell by restricting the mismatch 
to the wafer backside. There the InP P+ layer will serve as the positive 
conductivety side of a combined defect states and band to band tunnel; 
During growth of the P+ InP layer by LPE, the majority of lattice defects 
will be pinned to the growth interface resulting in a good quality single 
crystal surface which is lattice matched to the GaInAs bottom cell of 
bandgap around .8 ev. The P dopant for the GaInAs will most likely be 
germanium. The N dopant can be chosen from a wide selection. 

System 3 - GaAlAs Cell on a GaAs Cell on a GaAsSb Cell 

This structure is a three cell stack with the top cell and tunnel band- 
gaps near 2 ev placed on a GaAs cell inturn placed on a GaAs substrate. On 
the reverse side of the substrate a 1 ev cell is grown. The lattice matching 
of GaAs to the GaAsSb is resolved with a P+ GaAlAsSb layer between. The 
bottom cell can also be a Ge cell wherein the Ge P+ layer is put down by 
decomposition of GeC14. A four cell stack is possible using the GaAsSb 
1 ev cell followed by a Ge cell on the substrate backside. However, the 
complexity is considerable. The problems associated with the third system 
are primarily restricted to demonstration of the high bandgap cell and tunnel 
and achievement of a quality GaAsSb cell. Included in the problem is the 
selection of the appropriate dopants so as to maintain their distributions 
during cell stack processing. 

System 4 - GaAlAs Cell GaAs Cell on a GaInAsP Cell 

This stack is essentially the same as system 3 except for the GaInAsP 
bottom cell. This design still permits the growth of a fourth cell that 
serves as the bottom cell. The connection of the GaAs substrate to the 
GaInAsP cell can be accomplished via the P+ InP layer as in the second system. 



System 5 - AlGaAs Cell on a GaAs Cell 

The remarks to be made here are essentially those of system 5 of RTI. 
However, the difference is that RI is investigating the structure using 
MO-CVD. This structure does have potential for a three cell stack using a 
Ge cell as the bottom generator. The P and N dopants used in this system 
are zinc and selinium respectively. 

CONCLUDING REMARKS 

The most difficult problems in both contractual programs are (1) growth 
of quality semiconducting layers under lattice mismatching conditions and 
(2) proper control of the P and N dopants in the tunnel junctions during layer 
growths. All of the cascade cell designs by RTI can possibly use only the 
anti-reflective coating. The two three-cell stack concepts of RI can 
potentially use one anti-reflection coating; the other two systems most likely 
will require at least a three layer anti-reflective coating to ensure 
sufficient absorption beyond one micron wavelength. The metallization 
schemes for these cell designs have not yet been defined except for the case 
of the GaAlAs/GaAs combinations. 

All of the systems except the GaAs/Ge combination discussed have potential 
for exceeding the 25% AM0 @ 25'~ goal. The GaAs/Ge system most likely will 
show slightly over 20% in the best case. It is interesting to note that 
both contractors view the high bandgap GaAlAs cell on a GaAs cell as a 
viable candidate - an attractive realization of this view is that the material 
combination is being quite successfully investigated using totally the LPE 
technology in one case and MO-CVD in the other. 
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ABSTRACT 

This  paper p r e s e n t s  t h e  r e s u l t s  of a comprehensive t h e o r e t i c a l  a n a l y s i s  of 
tandem pho tovo l t a i c  s o l a r  c e l l s  as a func t ion  of temperature and s o l a r  concen- 
t r a t i o n  r a t i o .  The I-V c h a r a c t e r i s t i c s  of t h e  s o l a r  c e l l s  were assumed t o  be  
governed by t h e  r e l a t i o n  

-E /BkT 
wi th  I. = K e  

G and A = B. The o v e r a l l  e f f i c i e n c i e s  of tandem c e l l  
s t a c k s  c o n s i s t i n g  of a s  many a s  24 c e l l s  having gaps i n  t h e  0.7- t o  3.6-eV range  
were c a l c u l a t e d  f o r  temperatures  of 200, 300, 400, and 500 K and f o r  i l lumina-  
t i o n  by an  AM0 s o l a r  spectrum having concen t r a t ion  r a t i o s  C of 1, 100, 500, 
and 1000 suns. For i d e a l  d iodes  (A = B = l ) ,  t h e  c a l c u l a t i o n s  show t h a t  t h e  
optimized o v e r a l l  e f f i c i e n c y  has  a l i m i t i n g  va lue  q 

t 
of approximately 70 

percent  f o r  T = 200 K and C = 1000. A s  shown i n  t@ accompanying f i g u r e ,  
f o r  T = 300 K and C = 1000, t h i s  l i m i t i n g  e f f i c i e n c y  approaches 60 percent .  
The t a b l e  shows t h e  optimum combination of E va lues  f o r  va r ious  numbers of 
s o l a r  c e l l s ,  T = 300 K, and va r ious  concentragion r a t i o s .  ~ o s t  of t h e  ga in  i n  
e f f i c i e n c y  occurs  w i t h  between 6 and 10  semiconductors i n  t h e  tandem system 
( e ,  g . ,  f o r  T = 300 K and C = 1000 a n  optimized, s i x - c e l l  system has a theo- 
r e t i c a l  l i m i t  e f f i c i e n c y  of about  53 pe rcen t ) .  Ca lcu la t ions  were a l s o  con- 
ducted f o r  t h e  A = B = 2 c a s e  (nonideal  d iode  behavior) ;  i n  t h i s  c a s e  t h e  
l i m i t i n g  va lue  of f o r  a 24-cel l  system i s  about 65 percent  a t  200 K and 
55 percent  a t  300 K. 



Variation of optimum efficiency with number of c e l l s  

Bandgap Range: 0.7 to 3.0; A=B=l ;  300K 

100 Suns: 

No. of Cells: 1 2 3 6 12 2 4 

 values ( e v :  1.4 1 . 8 k 1 . 0  2 .3 ,1 .5& 2.4.2.1.1.7 0 . 7 t 0 2 . 9  0 .7 to3 .O 

0 .9  1. 3, 1. 0, 0.7 i n  intervals  in intervals 

of 0.2 of 0.1 

Efficiency: 26.43 37.05 42.52 40.13 54.10 55.96 

500 Suns: 

No. of Cells: 1 2 3 6 12 24 

EGvalues (eV): 1.3 1 . 8 &  1.0 2 . 2 , 1 . 4 &  2.6.2.2,l .S 0 . 7 t o 2 . 9 i n  0 .7 to3 .O  

0 . 8  l .4 ,1.0,0.7 in in t e rva l s  i n in t e rva l s  

of 0.2 of 0.2 

1000 Suns: 

No. of Cells: 1 2 3 6 I2  24 

~ ~ v a l u e s ( ~ ~ ) :  1.3 1 . 8 & 1 . 0  2 . 2 , 1 . 4 &  2.5,2.1.1.7 O .7 to2 .3  O.i ' to3.0 
0.8 1. 0 & 0.7 in  intervals  in intervals  

of 0.2 0.2 

Efficiency: 28. 18 39.56 45.37 53.21 57.37 59.22 



Variat ion of  e f f i c i e n c y  with number of  c e l l s  a t  various 

temperatures. C = 1000; AM0 spectrum. 





COMPUTER MODELING OF A TWO-JUNCTION, MONOLITHIC 

CASCADE SOLAR CELL* 
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ABSTRACT 

The theory  and des ign  c r i t e r i a  f o r  monol i th ic ,  two-junction cascade s o l a r  
c e l l s  a r e  descr ibed .  The depa r tu re  from t h e  convent ional  s o l a r  c e l l  a n a l y t i c a l  
method and t h e  reasons  f o r  us ing  t h e  i n t e g r a l  form of t h e  c o n t i n u i t y  equat ions  
a r e  b r i e f l y  d iscussed .  The r e s u l t s  of des ign  op t imiza t ion  a r e  presented .  The 
energy conversion e f f i c i e n c y  t h a t  is  p red ic t ed  f o r  t h e  optimized s t r u c t u r e  is  
g r e a t e r  than  30% a t  300 K, AM0 and one sun. 

The a n a l y t i c a l  method p r e d i c t s  device  performance c h a r a c t e r i s t i c s  a s  a  
func t ion  of temperature.  I n  t h i s  paper ,  t h e  range i s  r e s t r i c t e d  t o  300 t o  
600 K. While t h e  a n a l y s i s  i s  capable  of determining most of t h e  phys i ca l  pro- 
ce s ses  occurr ing  i n  each of t h e  i n d i v i d u a l  l a y e r s ,  only t h e  more s i g n i f i c a n t  
device  performance c h a r a c t e r i s t i c s  a r e  presented.  

SYMBOLS 

rl conversion e f f i c i e n c y ,  % 

Dni '  Dpi 
e l e c t r o n  and h o l e  d i f f u s i o n  c o e f f i c i e n t ,  r e s p e c t i v e l y ,  i n  

2 -1 
reg ion  i, cm s e c  

AEci, AEvi 
conduction and va lence  bandedge d i s c o n t i n u i t y ,  r e s p e c t i v e l y ,  

a t  x i n t e r f a c e ,  e V  
i 

EG(xi) bandgap a t  x i i n t e r f a c e ,  eV 

E c i ,  Evi conduction and va l ence  bandedge, r e s p e c t i v e l y ,  a t  x i n t e r f a c e ,  i 
eV 

E~~ 
equi l ibr ium Fermi l e v e l ,  eV 

F V - I  s o l a r  c e l l  curve  f i l l - f a c t o r  

*This work w a s  supported by t h e  Avionics Laboratory, Wright-Patterson A i r  Force 
Base. Rewri t ing t h e  computer program t o  inc lude  Fermi-Dirac s t a t i s t i c s  was sup- 
ported by t h e  U.S. Department of Energy and Sandia Labora tor ies ,  Albuquerque, 
NM . 



J s c ~ '  J s c ~  
shor t -c i rcui t  current  density of top and bottom c e l l s ,  

- 2 
respectively,  mA cm 

J 
JnO~'  POT 

e lect ron and hole sa tu ra t ion  current  components, respectively,  
-2 

of top c e l l ,  mA cm 

J 
' ~ o B '  pOB 

elect ron and hole sa tu ra t ion  current  components, respectively,  

of bottom c e l l ,  mA cm-2 

L 
Lni '  p i  e lect ron and hole d i f fus ion  length, respectively,  i n  region i, cm 

n n equilibrium and non-equilibrium elect ron concentration, 
poi' p i  

respectively,  i n  region i, cm 
-3 

- 3 
N ~ i y  N ~ i  acceptor and donor concentration, respectively,  i n  region i, cm 

P n ~ i y  'ni 
equilibrium and non-equilibrium hole concentration, respectively,  

-3 
i n  region i, cm 

4 elect ronic  charge 

Rn iy  Rpi 
elect ron and hole in te rac t ion  parameter, respectively,  i n  region 

i, describing c a r r i e r  confinement 

-I 
s surface recombination veloci ty ,  cm sec 

T temperature, K 

photovoltage a t  maximum power points,  vo l t s  

voc 
open-circuit photovoltage, v o l t s  

x dis tance in to  cascade s t ruc ture ,  cm 

INTRODUCTION 

The cha rac t e r i s t i c s  and l imi ta t ions  of s i l i c o n  so la r  c e l l s  a r e  well  known. 
Maximum theore t ica l  e f f i c ienc ies  fo r  s i l i c o n  c e l l s  range a s  high a s  21% under 
AM0 spec t ra l  conditions [1,2],  although experimental values have remained below 
18% a t  i r r ad i a t i on  l eve l s  of one sun [3,4]. Studies have been conducted t o  
increase eff ic iency through the  reduction of surface r e f l ec t i on  l o s s ,  t he  use of 
n+-p and p+-n s t ruc tures  [5],  the  establishment of a bu i l t - in  f i e l d  i n  the  
"dead" surface layer  t o  improve spec t ra l  response and t o  reduce dark current  [6 ] ,  
and the  provision of a r e f l ec t i ve  surface [7 ]  and a re tarding f i e l d  a t  the  back 
contact in te r face  t o  reduce dark current  [a-121. Each of these improvements has 
increased s i l i con  c e l l  ef f ic iency,  but the  gains have not been su f f i c i en t  t o  
discourage invest igat ions  of a l t e rna t i ve  so la r  c e l l  materials .  Moreover, a t  
high i l lumination l eve l s  and elevated temperatures, the  app l icab i l i ty  of s i l i c o n  



c e l l s  i s  l i m i t e d  by a r a p i d  decrease  i n  e f f i c i e n c y  wi th  inc reas ing  tempera- 
t u r e  [3,4,13] .  

An i d e a l  s o l a r  c e l l  m a t e r i a l  w i l l  have a d i f f e r e n t  bandgap energy than  
s i l i c o n  and w i l l  absorb photons by d i r e c t  o p t i c a l  t r a n s i t i o n s .  Ma te r i a l s  wi th  
reasonable  d i f f u s i o n  l eng th  and d i r e c t  o p t i c a l  t r a n s i t i o n s  have h igh  e f f i c i e n c y  
because l o s s e s  due t o  incomplete absorp t ion ,  s p e c t r a l  response,  and dark  c u r r e n t  
a r e  improved. I f ,  i n  a d d i t i o n ,  t h e  m a t e r i a l  is  m e t a l l u r g i c a l l y  compatible w i th  
o t h e r  semiconductor m a t e r i a l s ,  monol i th ic  devices  may be  f a b r i c a t e d  wi th  window 
l a y e r s  [14] and minor i ty  c a r r i e r  confinement s t r u c t u r e s .  S i l i c o n  is  d i f f i c i e n t  
wi th  r e s p e c t  t o  t h e s e  c r i t e r i a .  

Most prominent among t h e  m a t e r i a l  a l t e r n a t i v e s  t o  s i l i c o n  a r e  t h e  111-V 
compound semiconductors. Major advantages of t h e s e  m a t e r i a l s  a r e  h ighe r  theo- 
r e t i c a l  e f f i c i e n c i e s  and improved temperature performance [1,2,13] .  

E f f i c i ency  c a l c u l a t i o n s  f o r  t h e  b ina ry  compounds (InP, GaAs, AlSb) w i th  
i d e a l  homojunctions and s t r u c t u r a l  c h a r a c t e r i s t i c s  have ind ica t ed  maximum v a l u e s  
of 25% o r  more [1,2,13].  Although he t e ro junc t ion  c e l l s  wi th  G a A s  a s  one of t h e  
m a t e r i a l s  appear t o  have most promise f o r  a c t u a l l y  approaching t h e o r e t i c a l l y  
pred ic ted  e f f i c i e n c y  va lues ,  it is  u n l i k e l y  t h a t  s ing le - junc t ion  c e l l s  f a b r i -  
ca t ed  from 111-V compounds w i l l  ever  achieve  e f f i c i e n c y  l e v e l s  above 22% a t  
300 K and a concen t r a t ion  of one sun. 

Few approaches a r e  a v a i l a b l e  f o r  i nc reas ing  t h e  conversion e f f i c i e n c y  of 
t h e  s ingle- junc t ion  s o l a r  c e l l  [15-201. This  a r i s e s  because t h e  s ingle- junc t ion  
c e l l  absorbs photons from only a p o r t i o n  of t h e  s o l a r  spectrum and i t  incom- 
p l e t e l y  u t i l i z e s  t h e  energy of those  photons t h a t  i t  absorbs.  Three 
approaches -- t h e  cascade c e l l ,  a mu l t ip l e -ce l l  beam s p l i t t i n g  system, and t h e  
thermophotovoltaic c e l l  -- have been proposed t o  i nc rease  e f f i c i e n c y  above t h a t  
of t h e  s ing le - junc t ion  c e l l .  I n  t h i s  paper, a t t e n t i o n  i s  d i r e c t e d  t o  t h e  mono- 
l i t h i c  cascade c e l l .  

The monol i th ic  cascade s t r u c t u r e  c o n s i s t s  of m u l t i p l e  l a y e r s  of d i f f e r e n t  
bandgap m a t e r i a l s  121-251. The p r o p e r t i e s  of 1 1 1 - V  compound semiconductors a r e  
such t h a t  t h e s e  m a t e r i a l s  a r e  w e l l  s u i t e d  t o  t h e  syn thes i s  of monol i th ic ,  
mul t ip le - junc t ion  c e l l s  having t h e o r e t i c a l  e f f i c i e n c y  va lues  approximately 50% 
higher  than  s ingle- junc t ion  G a A s  s o l a r  c e l l s .  The cascade c e l l  may be  f a b r i -  
ca ted  t o  ope ra t e  a s  a two-terminal device ,  o r  t h e  c e l l s  may be  opera ted  
s e p a r a t e l y  a s  a th ree- te rmina l  device  [21] .  I n  t h i s  paper,  t h e  two-terminal 
device  i s  discussed.  

The monol i th ic  cascade s o l a r  c e l l  d i scussed  i s  a two-junction device ,  bu t  
u n l i k e  a mechanically s tacked conf igu ra t ion ,  i t  avoids  t h e  l a r g e  l o s s e s  
a s soc i a t ed  wi th  m u l t i p l e  o p t i c a l  i n t e r f a c e s  [21-241. A s  depic ted  i n  F igure  1, 
t h e  c e l l  c o n s i s t s  of wide ( top)  and narrow (bottom) bandgap junc t ions  joined 
e l e c t r i c a l l y  through a t unne l  j unc t ion  formed a s  a n  i n t e g r a l  p a r t  of t h e  mono- 
l i t h i c  s t r u c t u r e ,  This  mu l t i l aye r  device  inco rpora t e s  t h e  d e s i r a b l e  f e a t u r e s  
of he t e ro junc t ion  and graded bandgap des igns  i n  a s i n g l e  i n t e g r a t e d  u n i t .  The 



a c t i v e  l a y e r s  cons i s t  of 1 1 1 - V  te rnary  compounds se lec ted  so a s  t o  achieve t h e  
desired bandgap i n  each junction a s  w e l l  a s  t o  i d e a l l y  minimize l a t t i c e  mismatch 
between t h e  various layers .  The cascade s t r u c t u r e  may be fabr ica ted  on a sub- 
s t r a t e ,  such a s  G a A s ,  using l i q u i d  phase epitaxy (LPE) o r  vapor phase epitaxy 
(VPE) technology. Compositional grading may be employed between t h e  subs t ra te  
and the  a c t i v e  l ayers  t o  avoid problems associated with l a t t i c e  mismatch. 
Design optimization s t u d i e s  of t h i s  s t r u c t u r e  have resu l t ed  i n  very promising 
c h a r a c t e r i s t i c s  a s  described i n  t h i s  paper [21-241. The optimum bandgap combi- 
nat ion,  ma te r i a l s  and/or a l l o y s  used i n  the  a c t i v e  l ayers ,  and o the r  design 
parameters a r e  funct ions  of t h e  operat ing condit ions.  The bandgap energies,  
f o r  example, increase  f o r  c e l l s  optimized f o r  high temperature operat ions.  

COMPUTER MODELING RESULTS 

I n  t h i s  sec t ion  we present  and discuss  some of t h e  r e s u l t s  of the  computer 
modeling. The mate r i a l s  se lec ted  and t h e  s t r u c t u r e  design a r e  optimized f o r  
operat ion a t  300 K under AM0 s p e c t r a l  condit ions and f o r  one sun. While the  
computer program provides much information r e l a t i n g  t o  terminal c h a r a c t e r i s t i c s  
and i n t e r n a l  phenomena, only the  more s i g n i f i c a n t  r e s u l t s  a r e  presented i n  t h e  
i n t e r e s t  of brevi ty .  

Optimized Band Structure  

The band s t r u c t u r e  shown i n  Figure 2 and t h e  corresponding l i s t i n g  of the  
design parameters presented i n  Table 1 provide the  optimized s t r u c t u r e  obtained 
from the  computer modeling--i.e., t he  design parameters giving t h e  maximum 
eff ic iency f o r  operat ion a t  300 K, AMO, and one sun [21-241. Region 1 serves 
a s  the  window layer ,  regions 2 and 3 form t h e  top c e l l  homojunction, regions 4 
and 5 the  tunnel  junction,  regions 6 and 7 t h e  bottom c e l l  homojunction, and 
region 8 t h e  subs t ra te .  I n  t h e  following discussion,  the  AlGaAs-GaInAs 
mater ia ls  combination i s  se lec ted .  While the  s t r u c t u r e  contains seven a c t i v e  
layers ,  t h e  l o s s  due t o  incomplete absorption i n  t h e  top c e l l  is  neg l ig ib le  so 
t h a t  the  tunnel  junction i s  o p t i c a l l y  inac t ive .  However, i f  the  tunnel  junction 
bandgap i s  made smaller than t h e  top c e l l  bandgap, i t  w i l l  become o p t i c a l l y  
a c t i v e  and produce a photovoltage t h a t  i s  i n  opposit ion t o  t h e  photovoltage 
produced by the  top and bottom c e l l s .  The e f f e c t  of the  photovoltage generated 
i n  t h e  tunnel  junction i n  such a design may be minimized by making the  n+ and p+ 
tunnel  junctions l e s s  than 0.5 pm. When t h e  n+ and p+ regions exceed 1.0 pm and 
the  bandgap value is l e s s  than 0.3 eV less than t h e  top c e l l ,  t h e  cascade c e l l  
e f f ic iency i s  reduced t o  a value lower than t h e  top c e l l  operat ing a s  a s ingle-  
junction c e l l .  Therefore, t o  insure  maximum ef f i c iency ,  t h e  tunnel  junction 
bandgap should be equal t o  o r  g rea te r  than t h e  top c e l l  bandgap. 

The window layer  shown has a b u i l t - i n  f i e l d  i n t e n s i t y  of 3000 ~ c m - l ,  but  
the  influence of t h e  f i e l d  on e f f i c iency  is small because i t  is t h i n  ( i . e . ,  
0 .1  pm), i t s  bandgap i s  s i g n i f i c a n t l y  l a r g e r  than t h e  top c e l l  bandgap, and t h e  
conduction bandedge discont inui ty ,  AEcl,  confines minority e lec t rons  t o  region 2. 
The confinement markedly reduces t h e  dark cur ren t  while t h e  f i e l d  i n t e n s i t y  i n  
the  window layer  plays a minor r o l e  i n  reducing dark current .  Photon absorption 



i n  the  window layer  i s  minimized f o r  maximum ef f i c iency  through t h e  se lec t ion  of 
i t s  thickness and bandgap value a t  t h e  surface.  

Similarly,  t h e  valance band discont inui ty ,  Ah3 ,  a t  x3 confines minority 
holes t o  region 3, thereby increasing s p e c t r a l  response and reducing t h e  hole  
contr ibut ion t o  dark current .  While A%3 is influenced by the  choice of the  
tunnel junction bandgap, t h e  tunnel  junction bandgap is made a s  small a s  pos- 
s i b l e  because of t h e  d i f f i c u l t y  i n  obtaining a tunnel  junction i n  wider bandgap 
mater ia ls .  Our r e s u l t s  show, however, t h a t  f o r  e f f e c t i v e  c a r r i e r  confinement, 
the  minori ty c a r r i e r  bandedge d i s c o n t i n u i t i e s  surrounding a homojunction s o l a r  
c e l l  should be 6 kT t o  7 kT. Beyond 7 kT, t h e  dark current  approaches an  
asymtotic value.  Similar statements may be made f o r  AEc5 and A q 7  with respect  
t o  the  lower bandgap c e l l  [21-241. 

I n  order f o r  t h e  minority c a r r i e r  bandedge d i s c o n t i n u i t i e s  t o  be e f f e c t i v e  
i n  reducing dark current ,  t h e  minority c a r r i e r  d i f fus ion  lengths must be g rea te r  
than t h e i r  respect ive  l ayer  thicknesses. Typically i n  t h e  mate r i a l s  considered 
here, the  d i f fus ion  lengths  a r e  severa l  times g rea te r  than the  l a y e r  thicknesses.  
The computer prdgram determines the  optimum thickness t o  obta in  maximum e f f i -  
ciency. 

The two-terminal cascade c e l l  requires  t h a t  t h e  terminal  cu r ren t  must pass 
through each of the  th ree  junctions. This requirement s t rongly  a f f e c t s  the  
choice of mater ia ls ,  predominantly through the  bandgap combination. The 
terminal operat ing current  is  obtained by maximizing conversion ef f ic iency.  

The band s t r u c t u r e  t h a t  r e s u l t s  from t h e  modeling makes the  top and bottom 
c e l l s  "po ten t i a l  wells" f o r  minority c a r r i e r s  produced by photon absorption a s  
wel l  a s  f o r  the  dark current  in jec ted  c a r r i e r s  [21]. This condit ion is obtained 
from the  i n t e g r a l  form of t h e  cont inui ty  equation used i n  t h e  ana lys i s  which 
r e s u l t s  i n  t h e  V - I  s o l a r  c e l l  equation and because i n  the  a n a l y t i c a l  treatment, 
the  band s t r u c t u r e  d e t a i l s  described above a r e  incorporated. Thus, i n  one 
re la t ionsh ip  most of t h e  s i g n i f i c a n t  parameters which strongly a f f e c t  con- 
version e f f i c iency  a r e  included. 

Voltage-Current Relationship 

The a n a l y t i c a l  method employed here  gives the  V - I  s o l a r  c e l l  equation f o r  
the  cascade c e l l ,  including t h e  vol tage  drop across the  tunnel junction which is 
required t o  conduct t h e  terminal  current .  Should t h e  tunnel junction produce a 
photovoltage, the  sum of t h e  photovoltage and the  vol tage  drop required t o  con- 
duct the  terminal  current ,  i n  the  absence of a photovoltage, must be subtracted 
from the  sum of t h e  top and bottom c e l l  photovoltages. The V - I  r e l a t ionsh ip  of 
t h e  cascade c e l l  is  used t o  c a l c u l a t e  the  power a t  t h e  maximum power point  from 
which t h e  conversion e f f i c iency  i s  obtained. This is the  foca l  point  of the  
a n a l y t i c a l  method and t h e  corresponding computer program. I n  an optimally 
designed c e l l ,  t h e  current  a t  t h e  maximum power point  of t h e  cascade c e l l  is  
near ly  i d e n t i c a l  t o  t h e  current  a t  t h e  maximum power points  of t h e  V-I  curves of 
the  individual  c e l l s .  This manifests i t s e l f  through nearly equal shor t -c i rcu i t  
currents  and r e l a t i v e l y  small d i f ferences  i n  dark cur ren t s  of top and bottom 
c e l l s  over a wide range of temperature. 



The temperature dependencies of t h e  m a t e r i a l  parameters (mobi l i ty ,  bandgap, 
c a r r i e r  concent ra t ion ,  r e l a t i v e  occupat ion of e l e c t r o n s  i n  d i r e c t  and i n d i r e c t  
conduction band minima, e t c . )  a r e  included i n  t h e  computer program. Temperature 
e f f e c t s  on t h e  s o l a r  c e l l  V - I  curve are mani fes t  through changes i n  Vmp, Voc ,  F,  
and t o  a l e s s e r  degree, Jsc. While c a l c u l a t i o n s  were performed a t  s u r f a c e  
recombination v e l o c i t i e s  of 0 ,  106, and 107 cm sec-1, a l l  c a l c u l a t i o n s  a r e  
represented  f o r  106 cm see-1. 

The fami ly  of V - I  curves f o r  t h e  optimized cascade c e l l  is  shown i n  
6 F igure  3,  w i th  temperature a parameter,  and f o r  a 10  cm sec-' s u r f a c e  recombi- 

n a t i o n  v e l o c i t y .  It is seen  t h a t  t h e  photovoltage a t  t h e  maximum power po in t  
and t h e  open-circui t  v o l t a g e  are s t r o n g  func t ions  of temperature,  whi le  t h e  
s h o r t - c i r c u i t  c u r r e n t  i s  nea r ly  independent of temperature.  The shape and t h e  
temperature dependence of t h e  cascade s o l a r  c e l l  V - I  curves e x h i b i t  behavior  
similar t o  t h a t  of a s i n g l e  s o l a r  c e l l  wi th  a 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  of 
approximately 30 mA cm2, a n  open-c i rcu i t  v o l t a g e  of 1.75 v o l t s ,  and a n  apparent  
bandgap v a l u e  of approximately 2.57 eV ( i . e . ,  t h e  sum of t h e  bandgaps of top  and 
bottom c e l l s ) .  Each p o i n t  on t h e  V - I  curve r e p r e s e n t s  t h e  sum of t h e  photo- 
v o l t a i c  vo l t ages  of t op  and bottom c e l l s  minus t h e  tunnel  j unc t ion  v o l t a g e  drop, 
a l l  f o r  a g iven  t e rmina l  c u r r e n t .  These curves  show t h a t  t h e  open-c i rcu i t  
v o l t a g e  i s  approximately 1.75 t i m e s  t h a t  of a s ingle- junc t ion  GaAs s o l a r  c e l l  
and more than  t h r e e  times t h a t  of S i  c e l l s .  

Lower s u r f a c e  recombination va lues  i nc rease  t h e  s h o r t - c i r c u i t  c u r r e n t ,  and 
h igher  va lues  of recombination reduce t h e  c u r r e n t  whi le  photovoltage changes a r e  
cons iderably  smal le r  because of t h e i r  logar i thmic  dependence on c u r r e n t .  This  
behavior i s  a l s o  observed on a s ing le- junc t ion  s o l a r  c e l l .  

Bandgap Combination 

To i l l u s t r a t e  t h e  in f luence  of bandgap va lues  on e f f i c i e n c y ,  a l low e i t h e r  
t h e  top  o r  bottom bandgaps t o  change wh i l e  main ta in ing  t h e  o t h e r  cons t an t .  
F igure  4 shows t h e  e f f i c i e n c y  vs .  t h e  top  c e l l  bandgap whi le  t h e  bottom bandgap 
is  he ld  cons t an t  a t  0.954 eV; F igure  5 a l lows  t h e  bottom bandgap t o  change whi le  
t h e  top  c e l l  bandgap i s  he ld  cons t an t  a t  1.62 eV. 

I n  F igu re  4, maximum e f f i c i e n c y  occurs  a t  a bandgap va lue  of 1.62 e V  f o r  
t h e  top  c e l l .  For a s u r f a c e  recombination v e l o c i t y  lower than  106 cm sec- l ,  t h e  
optimum bandgap v a l u e  s h i f t s  t o  h igher  va lues ,  and f o r  h ighe r  recombination 
v e l o c i t y  t h e  s h i f t  is  t o  lower bandgap va lues .  On e i t h e r  s i d e  of 1.62 eV, t h e  
e f f i c i e n c y  drops r ap id ly .  I n  t h e  low bandgap reg ion ,  t h e  s l o p e  is  r e l a t i v e l y  
cons tan t  and i t s  va lue  i s  approximately 46%/eV, wh i l e  beyond 1.7 e V ,  t h e  s lope  
is  approximately 30%/eV. The s l o p e  i n  t h e  low bandgap reg ion  is more than  50% 
g r e a t e r  than  i t  i s  i n  t h e  high bandgap region.  

Maximum e f f i c i e n c y  i n  F igure  5 occurs  a t  0.954 e V ,  r ep re sen t ing  t h e  optimum 
bottom c e l l  bandgap va lue .  This  optimum va lue  i s  i n s e n s i t i v e  t o  s u r f a c e  recom- 
b i n a t i o n  v e l o c i t y  and t o  a i r  mass from AM0 t o  AM5 [26].  On e i t h e r  s i d e  of t h i s  
maximum, t h e  e f f i c i e n c y  decreases  wi th  n e a r l y  cons t an t  s lopes .  The s l o p e  below 
0,954 eV i s  17.5%/eVY which i s  cons iderably  smaller than  t h e  va lue  above 0.954 eV 



which i s  49%/eV. The former is lower wh i l e  t h e  l a t t e r  is  h igher  than  e i t h e r  
s lope  g iven  i n  F igure  4. 

The curves  i n  F igures  4 and 5 show t h a t  decreas ing  t h e  bottom c e l l  bandgap 
from i t s  optimum va lue ,  wh i l e  main ta in ing  a l l  o t h e r  design parameters a t  t h e i r  
optimum values ,  r e s u l t s  i n  a small decrease  i n  cascade e f f i c i e n c y .  However, 
i nc reas ing  t h e  top  c e l l  bandgap from i t s  optimum v a l u e  produces a l a r g e r  de- 
c r e a s e  i n  e f f i c i e n c y .  I f  e i t h e r  t h e  bottom c e l l  bandgap i s  increased  o r  t h e  top  
c e l l  bandgap i s  decreased,  whi le  holding a l l  o t h e r  des ign  parameters a t  t h e i r  
optimum values ,  a n  equa l ly  sharp  drop i n  e f f i c i e n c y  r e s u l t s .  This  is substan- 
t i a t e d  by comparing t h e  s l o p e  i n  F igu re  4 below 1.62 eV wi th  t h e  s lope  i n  
F igure  5 above 0.954 eV. The s l o p e s  a r e  n e a r l y  equal ,  being 46%/eV f o r  t h e  
former and 49%/eV f o r  t h e  l a t t e r .  

Reducing t h e  bottom c e l l  bandgap se rves  t o  i n c r e a s e  t h e  photon f l u x  ab- 
sorbed, t o  i nc rease  t h e  s h o r t - c i r c u i t  c u r r e n t ,  and t o  reduce t h e  photovoltage. 
This  does n o t  change t h e  top  c e l l  t e rmina l  ope ra t ing  c u r r e n t  s i g n i f i c a n t l y .  
Therefore,  t h e  r educ t ion  i n  e f f i c i e n c y  a r i s e s  through a smal le r  c o n t r i b u t i o n  t o  
t h e  cascade e f f i c i e n c y  from t h e  bottom c e l l .  Increas ing  t h e  top c e l l  bandgap 
reduces t h e  photon abso rp t ion  i n  t h e  top  c e l l ,  reducing i t s  s h o r t - c i r c u i t  bu t  
i nc reas ing  i t s  photovoltage. There is  a r educ t ion  i n  e f f i c i e n c y  i n  t h e  bottom 
c e l l ,  because of a mismatch i n  maximum power po in t  ope ra t ing  c u r r e n t  between top  
and bottom c e l l s ,  b u t  a  smal le r  decrease  i n  t h e  top  c e l l .  

Layer Thickness 

The behaviors  of t h e  top  and bottom c e l l s  w i th  r e spec t  t o  t h e  th ickness  of 
t h e  n- and p-type r eg ions  a r e  s i m i l a r .  While i n  t h i s  p re sen ta t ion  t h e  bottom 
c e l l  behavior i s  d iscussed ,  t h e  r e s u l t s  apply equa l ly  a s  w e l l  t o  t h e  top  c e l l  
behavior .  F igure  6 shows t h e  e f f e c t  on e f f i c i e n c y  when varying t h e  r a t i o  of t h e  
p-type l a y e r  t o  t h e  t o t a l  t h i ckness  of t h e  p- p lus  n- layers  of t h e  bottom c e l l .  
The e f f i c i e n c y  e x h i b i t s  a  peak a t  a r a t i o  of 0.35 f o r  t h e  bottom c e l l .  I n  t h e  
top  c e l l  t h e  peak e f f i c i e n c y  occurs  f o r  a  r a t i o  of 0.445. For low va lues  of t h e  
r a t i o ,  t h e  r a t e  of i n c r e a s e  of e f f i c i e n c y  is  g r e a t e r  i n  magnitude than t h e  
magnitude of t h e  r a t e  of decrease  f o r  h igh  r a t i o s .  This  resu1t.s because f o r  low 
r a t i o s ,  t h e  incomplete abso rp t ion  l o s s  predominates and se rves  t o  s i g n i f i c a n t l y  
reduce e f f i c i e n c y .  

The form of da rk  c u r r e n t  components i s  given by 

f o r  t h e  e l e c t r o n  c o n t r i b u t i o n  and 

f o r  ho le s ,  where t h e  s u b s c r i p t  i is  ass igned  t h e  va lue  T o r  B t o  denote t h e  top  



and bottom c e l l s ,  respect ively .  The i n t e r a c t i o n  parameter R n i y  r e l a t i n g  t o  
e lec t ron confinement i n  t h e  p-type region, increases with increasing p-type 
r a t i o ,  r e s u l t i n g  i n  increased contr ibut ion from photoexcited e lec t rons  t o  
shor t -c i rcu i t  current  ( i . e . ,  s p e c t r a l  response) and an increased contr ibut ion t o  
dark cur ren t  from in jec ted  e lec t rons .  Moreover, a s  the  p-type r a t i o  increases ,  
t h e  corresponding n-type r a t i o ,  (x7-x6)/(x7-x5), decreases,  r e s u l t i n g  i n  RpB 
decreasing. Therefore, the  hole contr ibut ion t o  normalized s p e c t r a l  response 
and dark current  i n  t h e  n-region a l s o  decrease a s  shown i n  Figures 6(b) and 6(c) .  
Figure 6(c)  shows t h e  e lec t ron normalized s p e c t r a l  response i n  t h e  p-type region 
t o  be lower than t h e  hole  normalized s p e c t r a l  response f o r  t h i n  p-regions. For 
th ick  p-regions, t h e  reverse i s  t rue .  

It should be noted that.maximum ef f i c iency  occurs i n  the  neighborhood where 
the  e lec t ron  and hole  contr ibut ions  t o  dark cur ren t  a r e  equal. This i s  t y p i c a l  
of s ingle-  o r  mul t i junct ion behavior where t h e  c e l l  s t ruc tu res  a r e  optimized. 

The second s e t  of ca lcu la t ions  allows t h e  t o t a l  thickness of the  n- plus 
the  p-region t o  increase.  Figure 7 r e l a t e s  t o  t h e  bottom c e l l .  The r a t i o  of 
the  p-layer t o  t h e  t o t a l  thickness of t h e  homojunction is  maintained a t  the  
optimum r a t i o  obtained and shown i n  Figure 6(a) .  For maximum ef f i c iency ,  t h e  
optimum t o t a l  thickness of the  top homojunction obtained i s  3.4 pm, a s  shown i n  
Figure 7(a) ;  and f o r  t h e  top c e l l  i t  i s  shown t o  be 1.8 pm. It is observed t h a t  
the  e f f i c iency  decreases sharply f o r  values  lower than the  optimum thickness i n  
Figure 7(a) .  This occurs because the  incomplete absorption l o s s  predominates i n  
both n- and p-type regions f o r  smaller thickness values,  but becomes neg l ig ib le  
f o r  l a r g e  thickness values.  The dark current  components increase  sharply f o r  
increasing values,  and beyond t h e  optimum thickness the  r a t e  of increase  becomes 
smaller,  a s  shown i n  Figure 7(b). Also, while incomplete absorption is t h e  
major l o s s  f o r  small thickness values,  both t h e  e lec t ron and hole  normalized 
s p e c t r a l  responses a r e  very high due t o  t h e  t h i n  n- and p-regions, a s  shown i n  
Figure 7 (c ) .  The absolute  s p e c t r a l  response, of course, increases  a s  the  homo- 
junction regions become th icker .  

SUMMARY AND CONCLUSIONS 

The so lu t ion  t o  t h e  i n t e g r a l  form of t h e  cont inui ty  equation r e s u l t s  i n  t h e  
V-I  s o l a r  c e l l  expression f o r  each of t h e  component c e l l s  a s  w e l l  a s  f o r  the  
cascade c e l l  a s  a u n i t .  The computer program determines t h e  design parameters 
f o r  maximum eff ic iency.  The ana lys i s  p red ic t s  a cascade c e l l  conversion e f f i -  
ciency i n  excess of 31% a t  300 K, AMO, and one sun. 

The cascade V-I  s o l a r  c e l l  curve behaves a s  i f  t h e  device is fabr ica ted  
from a s i n g l e  p-n junction.. The vol tage  a t  t h e  maximum power point  and t h e  open- 
c i r c u i t  vol tage  exh ib i t  values t h a t  suggest a bandgap value equal t o  t h e  sum of 
t h e  bandgaps of t h e  top and bottom c e l l s .  I n  con t ras t ,  t h e  current  a t  t h e  
maximum power point  and the  shor t -c i rcu i t  cu r ren t  values a r e  more c h a r a c t e r i s t i c  
of t h e  top c e l l  bandgap. 

The computer modeling p red ic t s  t h a t  maximum ef f i c iency  does not occur f o r  
maximum shor t -c i rcu i t  current  o r  f o r  minimum dark cur ren t ,  but occurs f o r  a s e t  
of design parameters between these  extremes. 'Maximum eff ic iency occurs f o r  t h i n  



window l a y e r s  <0.1 pm. The conduct ion bandedge d i s c o n t i n u i t y  a t  t h e  window 
l a y e r  h e t e r o i n t e r f a c e  h a s  a marked e f f e c t  on e f f i c i e n c y  and r e s u l t s  i n  t h e  
window l a y e r  b u i l t - i n  f i e l d  having a s m a l l  i n f luence .  

E f f i c i ency ,  photovol tage,  da rk  c u r r e n t ,  f i l l - f a c t o r ,  and s p e c t r a l  response 
a r e  shown t o  e x h i b i t  temperature  dependencies similar t o  t hose  of s i ng l e -  
j unc t ion  s o l a r  cel ls .  

REFERENCES 

1. J. J. Lofe r sk i ,  J. Appl. Phys., 27, 96 (1956). 

2. J. J .  Wysocki and P. Rappaport, J. Appl. Phys. - 31, 571 (1960). 

E. L. Burgess and J. G. Fossum, IEEE Trans.  E l ec t ron  Devices,  ED-24, 
433 (1977). 

J. G. Fossum, ERDA Pho tovo l t a i c  Concentrator  Systems Workshop, S c o t t s d a l e ,  
AZ, May 24, 1977, U. S. Dept. of Energy, Washington, D.C.  

H. J .  Hovel, So l a r  C e l l s ,  Vol. 11, Semiconductors and Semimetals, Ed.: 
A .  C. Beer and R. K. Wil lardson,  Academic P re s s ,  Inc . ,  New York, N.Y. ,  
(1976) . 
J. Lindmayer and J. F. A l l i son ,  Comsat Tech. Rev. - 3 ,  1 (1973). 

D. Redf ie ld ,  Appl. Phys. L e t t .  - 25, 647 (1974). 

J. Mandelkorn and J. H. Lamneck, Jr., J. Appl. Phys. 44, 4785 (1973). 

M. P. Godewski, C .  R. Baraona, and H. W. Brandhorts,  Jr., 1 0 t h  Pho tovo l t a i c  
S p e c i a l i s t s  Conf., IEEE, Pa lo  Al to ,  CAY November 13-15, 1973. 

H. W. Brandhorst ,  Jr., C.  R. Baraona, and C .  K. Swartz, 1 0 t h  Pho tovo l t a i c  
S p e c i a l i s t s  Conf., IEEE, Palo Al to ,  CAY November 13-15, 1973. 

J. Mandelkorn, J. H. Lamneck and L. R. Scudder, 1 0 t h  Pho tovo l t a i c  
S p e c i a l i s t s  Conf., IEEE, Pa lo  A l to ,  CA, November 13-15, 1973. 

J. G. Fossum, IEEE I n t .  E l ec t ron  Devices Meeting, Washington, D.C. (1975). 

H. J .  Hovel, IBM J. Res. Dev. - 22, 112 (1978). 

J. M. Woodall and H. J. Hovel, Appl. Phys. L e t t .  21, 379 (1972). 

N. S. Alv i ,  C. E. Backus, and G. S. Masden, 1 2 t h  Pho tovo l t a i c  S p e c i a l i s t s  
Conf., IEEE, Baton Rouge, LA, November 15-18, 1976. 

R. L. Moon, L. W. James, H. A. VanderPlas, Y. G. Chai and G. A. Antypas, 
1 3 t h  Pho tovo l t a i c  S p e c i a l i s t s  Conf., IEEE, Washington, D.C. ,  June 5-8, 
1978. 



G. W. Masden and C. E. Backus, 1 3 t h  Photovol ta ic  S p e c i a l i s t s  Conf., 
Washington, D.C . ,  June 5-8, 1978. 

W. Blocker,  Proc. IEEE 66, 104 (1978). 

E. D. Jackson, Trans. Conf. on t h e  Use of Solar  Energy (Tucson, 1955, 
Un ive r s i t y  of Arizona Press ,  AZ) 5, 122 (1958). 

L. W. James, IEEE I n t .  E lec t ron  Devices Meeting, Washington, D.C. ,  
December 1-3, 1975. 

Solar  C e l l  Design Study: F i n a l  Report, Cont rac t  No. F33615-76-C-1283, 
Research Tr i ang le  I n s t i t u t e ,  February 1977. 

M. F. Lamorte and D.  Abbott, 1 2 t h  Photovol ta ic  S p e c i a l i s t s  Conf., IEEE, 
Baton Rouge, LA, November 15-18, 1976 ("Analysis of a Two-Junction Mono- 
l i t h i c  Solar  C e l l  i n  a S t r u c t u r e  Using AIUGal-uAs and G + I ~ ~ - ~ A S ' ~ ) .  

M. F. Lamorte and D. Abbott, DOE Photovol ta ic  Concentrator  Systems Workshop, 
Sco t t sda l e ,  AZ, May 24-26, 1977. 

M. F. Lamorte and D. Abbott, 1 3 t h  Photovol ta ic  S p e c i a l i s t s  Conf., IEEE, 
Washington, D.C . ,  June 5-8, 1978. 

L. M. F raas  and R. C .  Knecht l i ,  1 3 t h  Photovol ta ic  S p e c i a l i s t s  Conf., IEEE, 
Washington, D . C . ,  June 5-8, 1978. 

M. F. Lamorte and D. Abbott, t o  b e  publ ished i n  Sol id  S t a t e  E lec t ron ic s .  



TABLE I. - DESIGN PARAMETERS OF OPTIMIZED BANDSTRUCTURE 

DESIGN PARAMETER 3OOK DESIGN PARAMETER 300 K 

EGIO! 1.83 eV XI ai ,ern 
EG(Xl) 1.80 X2-X1 a 8  

EG(X2), EG(X3) 1.62 '3-'2 1.0 

EGlX4), EGlX5) 1.62 X4 - X3 0.1 

EGlX6), EG(X7) 0654 x 5  - x4  a1 
EG(XI1 1.439 '6-'.5 12 

E ~ o  - %I 0.07 '7-'6 22 

E ~ o  - En2 0.129 N~ l  l 0 l 8  cm3 

Ee - E ~ o .  0.037 N ~ 2 .  '03 10~' 

Ed - E ~ ~  - 0242 ND4.N~5 loz0 
E ~ o  - Ev5 0.004 N ~ 6 *  ND7 lo t7  
E ~ o  - '"6 0.119 log7 

Ec7 -E  Fo 0.037 

Eta ( I - ~ F O  0.061 

A 0.239 

A %I 0.059 

A Ec3 0279 

A En3 0279 

A E~ 0.781 

A E ~ 5  0.115 

A Ec7 0024 

A 5 7  0.461 

(a) PHYSICAL STRUCTURE 

TUNNEL 
TOP CELL JUNCTION BOTTOM CELL 

(b) ENERGY BAND STRUCTURE 

Figure 1.- Monol i th ic two-junction solar cell. 
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Figure 2.- Band st ructure of two-junction, voltage-aiding, two-terminal cascade 
solar cell. 
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Figure 3.- Cascade solar cel l  V-l  curve wi th temperature a parameter and for s = l o 6  
cm sec-I AM0 o n  a st ructure optimized for 300 K operation and AMO. 



TOP CELL BANDOAP IN eV 

Figure 4. - Conversion efficiency as function of bandgap of top cell for optimized structure. 

IN BOTTOM CELL. BANDGAP IN sV 

Figure 5. -Conversion efficiency as function of bandgapof bottom cell for optimized structure. 



MAXIMUM EFFICIENCY 

Figure 6 .  (a) Cascade c e l l  efficiency, (b) electron and hole 
saturation current values of the bottom c e l l ,  and 
(c) electron and hole normalized spectral response 
of the bottom c e l l  vs .  the rat io  of the p-layer 
thickness t o  the total  thickness of -the bottom 
c e l l  homo j unction. 
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Figure 7 .  (a) Cascade c e l l  efficiency, (b) total saturation current of 
the bottom c e l l ,  and (c) electron. and hole no-lized spectral 
response of the bottom c e l l  vs. the total thickness of the 
bottom c e l l  homo junction. 





INTERCELL OHMIC CONTACTS FOR HIGH EFFICIENCY 
MULTIJUNCTION SOLAR CONVERTERS* 

Stanley  W. Zehr, D.  L .  Mi l l e r ,  J. S. Har r i s ,  Jr. 
Rockwell I n t e r n a t i o n a l  E lec t ron ics  Research Center 

The monolithic mul t i junct ion  conver ter  i s  an a t t r a c t i v e  approach t o  
achieving s o l a r / e l e c t r i c  conversion wi th  g r e a t e r  than  30% e f f i c i ency .  A major 
t e c h n i c a l  chal lenge  i n  t h e  development of such devices i s  t h e  requirement f o r  
low r e s i s t a n c e ,  o p t i c a l l y  t r anspa ren t  i n t e r c e l l  contac ts  between adjacent  
junct ions.  These con tac t s  should t r ansmi t ,  without s i g n i f i c a n t  l o s s ,  t h e  
s p e c t r a l  f r a c t i o n  of t h e  inc iden t  sun l igh t  which i s  not  absorbed and converted 
i n  t h e  overlying junct ion  ma te r i a l s .  Their contac t  r e s i s t a n c e s  must be low 
enough t o  prevent s i g n i f i c a n t  I' R l o s s  a t  t h e  designed cu r ren t  dens i ty  l e v e l s .  
They should a l s o  exh ib i t  adequate thermal conduct iv i ty  t o  prevent device 
overheat ing when subjec ted  t o  t h e  designed i l l umina t ion  l e v e l .  

Recent encouraging r e s u l t s  f o r  t h e  development of such con tac t s  are 
presented.  

INTRODUCTION 

The r e a l i z a t i o n  of high e f f i c i e n c y ,  monolithic mul t i junct ion  s o l a r  con- 
v e r t e r s  i s  c r i t i c a l l y  dependent on minimizing performance l o s s e s  caused by 
t h e i r  i n t e r c e l l  ohmic contac ts  ( I O C ) .  This involves reducing t h e  major 
sources of thermal and e l e c t r i c a l  r e s i s t a n c e  while  maximizing o p t i c a l  t r ans -  
parency f o r  t h e  s o l a r  s p e c t r a l  f r a c t i o n  t r ansmi t t ed  t o  t h e  underlying,  power- 
producing junct ions .  

I n  t h i s  paper we consider  t h e  types  of l o s s e s  expected from a tunnel  
junct ion I O C  formed i n  GaAs. I n  our example, t h e  I O C  serves t o  t ransmi t  t h e  
o p t i c a l ,  e l e c t r i c a l  and thermal f l u x  passing from a well-optimized G a A s  s o l a r  
c e l l  t o  an underlying c e l l  having a bandgap of O.7eV. The o v e r a l l  s t r u c t u r e  
i s  shown schematical ly i n  Fig .  1. 

The c a l c u l a t e d  performance parameters of such a converter  excluding any 
I O C  l o s s e s  a r e  s m a r i z e d  i n  Fig .  2 f o r  opera t ion  a t  300°K under 1 and 1000 
SUNs AMO. For these  c a l c u l a t i o n s  a  conventional lumped c i r c u i t  element model1 
i s  used f o r  each c e l l ,  and it i s  assumed t h a t  t h e  GaAs c e l l  has an i d e a l  diode 
f a c t o r  n = l  and a dark s a t u r a t i o n  cu r ren t  dens i ty ,  J =10-'~am~/cm'. The 0.7eV 
device i s  assumed t o  have n.1.7 and ~ ~ = l ~ - ~ a m ~ / c m '  For opera t ion  a t  1 SUN, and 
n=l ,  ~ ~ = 1 0 - ~  amp/cd f o r  1000 SUNs opera t ion .  The values f o r  t h e  0.7eV c e l l  
a r e  r e p r e s e n t a t i v e  of those  measured i n  our l abora to ry  f o r  experimental GaSb 

* This work has been p a r t i a l l y  supported by t h e  U.  S .  A i r  Force under 
con t rac t  No. ~33615-78-C-2036. 
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devices2. Other performance losses  due t o  r e f l e c t i on ,  f ron t  surface contact  
shadowing and l e s s  than perfect  c a r r i e r  co l l ec t ion  have been ignored i n  these  
ca lcu la t ions ,  although a modest l e v e l  ( ,005 a ) of s e r i e s  res i s t ance  i s  included. 

We proceed by considering the  questions: 1) what a r e  the  spec i f i c  types 
of losses  t o  be expected fo r  a tunnel  homojunction IOC? 2 )  which of these  a r e  
l i k e l y  t o  be of major concern i n  a p r a c t i c a l  device? 3)  what a r e  t he  allowable 
magnitudes of c r i t i c a l  I O C  design parameters which can maintain each type of 
l o s s  below an a r b i t r a r y  l i m i t  of 1% of t he  i n i t i a l l y  ca lcula ted peak output 
power? 

We l a t e r  l i s t  some of the  po t en t i a l  advantages of fabr ica t ing  tunnel  
junction I O C ' s  by molecular beam epitaxy (MBE), and repor t  t he  e l e c t r i c a l  
behavior of some experiment-al MBE tunnel  junction s t ruc tu res  fabr ica ted  i n  
our laboratory.  

SOURCES OF LOSS I N  TUNNEL JUNCTION I O C s  

The major e l e c t r i c a l  losses  a r e  control led  by t he  e f f ec t i ve  contact  
r es i s t ance  of t he  I O C .  The op t i c a l  losses  a r e  determined by t he  degree of 
absorption and r e f l e c t i o n  of photons having energies i n  t h e  bandwidth 1.42 t o  
0.7eV. The thermal l o s s  contr ibut ions ,  i f  any, a r i s e  from poss ible  temperature 
increases i n  t he  upper c e l l  due t o  I ~ R  losses  i n  the  I O C  and t o  any increase 
i n  thermal res i s t ance  due t o  i t s  presence. 

E l ec t r i c a l  Losses 

For a cm2 of I O C  a rea ,  t h e  ohmic power l o s s  i s  given by J 2 R  where Jm i s  
t he  current  densi ty  (amp/cm2 ) a t  peak output power and R i s  t%eCeffect ive  
contact  r es i s t ance  ( ncm2 ) of t he  I O C .  Thus a t  1 SUJ fo: J ~ R ~  G .OIPm ( t h e  1% 
loss  c r i t e r i o n )  : 

The equivalent value f o r  1000 SUN operation i s  4.8 x l om4  Qcm . The r e su l t i ng  
heat  loads a r e  3.1 x 1 0 - " ~ / c m ~  and .46 w/cm2respectively fo r  1 SUN and 1000 
SUNS and t h e  corresponding voltage drops across t h e  I O C  a r e  10.7 mV and 14.6 
mV . 

The I ~ R  heating thus developed i n  t he  I O C  adds t o  the  heat  load which 
must be e f f ec t i ve ly  diss ipated t o  maintain a low converter operating tempera- 
t u r e .  For t yp i ca l  semiconductors with thermal conductance i n  t he  range of 
several  t en ths  of a ~ a t t / . ~ K c m ,  and thicknesses of t he  order of several  
hundredths of a cm, even a 10% ohmic I O C  l o s s  a t  1000 SUN operation con t r i -  
butes l e s s  than 1 ° C  t o  t h e  temperature d i f ference between the  upper and lower 
c e l l s .  This upper baund can be estimated using t h e  re la t ion :  



where AT = temperature d i f f e rence  of t h e  boundaries of a  l a y e r  of th ickness  I, a r e a  
A ,  and thermal conduct iv i ty  k  due t o  a  source of s teady heat  f l u x  of s t r e n g t h  
J'R l oca ted  a t  t h e  higher  temperature su r face  of t h e  l a y e r .  

Opt ica l  Losses 

I n t e r f a c e  Ref lec t ion  
I f  t h e  I O C  i s  designed such t h a t  t h e r e  i s  an i n t e r f a c e  between ma te r i a l s  - 

having d i f f e r e n t  r e f r a c t i v e  i n d i c e s ,  t h e r e  w i l l  be r e f l e c t i o n  l o s s e s .  The 
magnitude of these  l o s s e s  w i l l ,  i n  genera l ,  vary  s l i g h t l y  with wavelength s ince  
r e f r a c t i v e  ind ices  a r e  usua l ly  weak funct ions  of wavelength. A review of 
r e f r a c t i v e  index va lues  measured f o r  1 1 1 - V  compounds with bandgaps of i n t e r e s t  
f o r  mul t i junct ion  s o l a r  c e l l  app l i ca t ions  shows t h a t  they a l l  l i e  i n  t h e  range 
of "3.4 t o  - 4 . 1  . Over t h i s  l i m i t e d  range,  even without the  use of a n t i -  
r e f l e c t i o n  design p r i n c i p l e s ,  involving optimally dimensional t h i n  l a y e r s ,  
t hese  d i f f e rences  l e a d  t o  l o s s e s  of G O . @ ,  according t o  t h e  r e f l e c t i v i t y  
r e l a t i o n :  

Even f o r  a  he tero junct ion  involving G a A s  ( n  = 4.025) and Ge ( n  = 5 . 6 ) ,  t h e  
r e f l e c t i o n  l o s s e s  would be no more than  "3%. 

Below Bandgap Absorption 
Because of t h e  high doping used i n  t h e  formation of tunne l  junct ions ,  - - - 

f r e e  c a r r i e r  absorpt ion of  below bandgap photons can be an important p o t e n t i a l  
l o s s  mechanism. The magnitudes of t h e s e  l o s s e s  for .n++and p++ GaAs doped t o  
lo2 '  a r e  ind ica ted  by t h e  curves of Fig.  3a. These show t h e  t r ansmi t t ed  
photon f r a c t i o n  a s  a  funct ion  of l a y e r  th ickness  f o r  1.35eV and 0.7eV photons. 
As noted,  t o  maintain a t  l e a s t  99% t ransmiss ion  of 0.7eV photons, t h e  p++ l a y e r  
must be no more than  160A t h i c k .  The equivalent  t ransmission th ickness  f o r  
a  s i m i l a r l y  doped n++ l a y e r  i s  shown t o  be "1250.k The th icknesses  f o r  99% 
transmission of higher  energy photons up t o  near ly  bandgap energy can be 
s i g n i f i c a n t l y  g r e a t e r  a s  ind ica ted  by t h e  t ransmission vs .  th ickness  curves 
f o r  1.35eV photons. The a c t u a l  absorpt ion  vs .  photon -energy curve f o r  p  = 
10" GaAs i s  shown i n  Fig. 3b4 along wi th  an est imated curve f o r  n  = 
10''cm-~ G a A s  developed by ex t rapo la t ing  a v a i l a b l e  l i t e r a t u r e  data5 f o r  lower 
doped ma te r i a l .  

A s  summarized i n  Fig.  4 ,  t h e  above cons idera t ions  suggest t h a t  t h e  most 
c r i t i c a l  source of performance l o s s  i n  GaAs tunne l  IOC's opera t ing  a t  high 
s o l a r  concent ra t ions  i s  expected t o  be  t h a t  due t o  excessive contac t  r e s i s t a n c e .  
Also ind ica ted  i s  a  need f o r  c a r e f u l  th ickness  c o n t r o l  of t h e  heavi ly  doped 
l a y e r s  t o  maintain an acceptably low l e v e l  of absorpt ion l o s s  f o r  below band- 
gap photons. 

There i s  evidence i n  t h e  l i t e r a t u r e  than  tunnel  IOC's having acceptable 
contac t  r e s i s t a n c e  f o r  even 1000 SUN opera t ion  can be r e a l i z e d .  Holonyak 
& ~ e s k ~  r e p o r t  a l loyed GaAs tunne l  diodes wi th  peak cu r ren t  d e n s i t i e s  of 
2000 - 10,000 amp/cm2 coupled with peak vol tages  of 0 .1  t o  0.25 Volts .  While 
it i s  not  c l e a r  from t h e i r  paper which peak vol tage  goes with which peak 



current density, even the most conservative combination implies an effective 
contact resistance of no more than 1.25 x ncm2 for these devices. This 
compares well with the 4.8 x ncm2 calculated as an upper limit for 1% 
I'R loss under 1000 SUN AM0 operation. Because of the non-transparency of 
these alloyed diodes, there is a need to demonstrate acceptably low contact 
resistance in tunneling structures formed by other methods. 

PRELIMINARY RESULTS FOR GaAs TUNNEL JUNCTIONS FOWED BY MBE 

A number of potential advantages of molecular beam epitaxy as a means of 
fabricating tunneling structures are listed in Fig. 5. 

To begin to explore the behavior of such junctions, the structures shown 
schematically in Fig. 6 were fabricated. Be was used as the p++ dopant because 
of its relatively low diffusivity compared to Zn or Cd and because neither 
Zn or Cd are useable with MBE because of their high vapor pressure. The 
electrical characteristics of the structures were measured in the as-grown 
condition and after a subsequent heat treatment in which they were subjected 
to the same thermal history that they would experience if a high performance 
GaAs cell were later grown on them by LPE. The point of this additional heat 
treatment experiment was to note any changes in I-V characteristics which might 
result. The concern was that diffusion of dopants might degrade the performance 
of the original structures and make them unsuitable for use as IOCs. 

The I-V curves obtained for the two structures before and after the indi- 
cated heat treatment are shown in Fig. 7. Their qualitative appearance indi- 
cates a tendency toward more ohmic behavior following heat treatment. 

Semi-quantitative estimates of their upper bound specific contact resis- 
i:nce are presented in Fig. 8. These values were obtained using the multiple 
area contact method of Cox & strack7 . This technique is ordinarily used to 
measure the specific resistance of surface contact metallization, by separating it 
from all other sources of resistance in the test structure and measurement 
system. In the present case, the tunnel contact resistance is lumped with the 
surface contact resistance so that the measured result is at best an upper 
bound. Other experiments on just the surface contacts, without the tunnel 
structures, indicate that their contributions to the measured upper bound 
value for the complete structure is <lo%. The measured values are sufficiently 
low for use in 1 SUN devices. For concentrated illumination beyond "20 SUNS, 
however, their I'R losses would exceed the 1% loss criterion. 

Based on tunnel junction theory8, it is expected that with thinner layers 
and higher doping levels these structures can approach sufficiently close to 
the low contact resistances reported for alloyed devices to be useful for 
high concentration operation. 



SUMMARY 

Poten t ia l  sources and l eve l s  of performance l o s se s  have been assessed 
f o r  G a l l s  tunnel  junction I O C ' s .  Our conclusion i s  t h a t  only e l e c t r i c a l  losses  
due t o  excessive contact  r es i s t ance  and op t i c a l  losses  due t o  excessive f r e e  
c a r r i e r  absorption i n  t h e  highly doped layers  a r e  of p r ac t i c a l  s ignif icance.  
There i s  reason t o  bel ieve  t h a t  both these  types of  l o s s  can be maintained 
a t  acceptably low l eve l s  f o r  good overa l l  device performance. 

Evaluation of preliminary GaAs tunnel  junction s t ruc tu res  formed by MBE 
indicate  acceptable contact  r es i s t ance  values f o r  1 SUN operation but not f o r  
concentrator appl ica t ions  above "20 SUNS. It i s  expected t h a t  with th inner  
l ayers  and higher doping, su f f i c i en t l y  low res is tances  can be achieved t o  
allow operation a t  high so l a r  concentrat ion ("1000 SUNS). It was found t h a t  
the  s t ruc tu res  t e s t ed  had su f f i c i en t  thermal s t a b i l i t y  t o  allow subsequent 
LPE growth of a high performance GaAs window so l a r  c e l l  s t ruc tu re .  
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A TWO BANDGAP SOLAR CELL --- 

PHOTON, ELECTRON 
s HEAT FLUX 

LOW BANDGAP 

Figure 1 

PERFORMANCE PARAMETERS FOR A TWO-BANDGAP SOLAR CELL* 

D m  W. AM0 ( J 3 5 w / c ~ ~ )  AM0 ( 1 3 5 w / c ~ ~ )  
TOP CELL (1 ,42~V)  

J,, (AMP/CM~)  32 x 32 

Voc (VOLT) ,943 1.12 

P~ 26.4 x 32,Ol 

BOTTOM CELL ( 0 . 7 ~ V )  

J,, ( A M P / ~ M ~ )  34 10-3 

Voc (VOLT) 0.26 

P~ 5.06 x 

TOTAL DEVICE 

I J, (AMP~CM') 29 x 31.1 
V, (VOLT) 1.067 1.48 

"M 30,96 x 46.1 
FF ,793 ,84 
rl ($) 22,9 34 .l II~R,LOSS I % )  ,013 10,5 

'TOTAL S ~ ~ l ~ s  R ~ ~ I S T A N C E ~ I ~  30OoK OPERATING TEMPERATURE. 

Figure 2 



TRANSMITTED PHOTON FRACTION PHOTON ENERGY (EV) 

F i g u r e  3 

PARAMETERS FOR 1% LOSSES AT INTERCELL OHMIC CONTACT 

ELECTRICAL 
CONTACT RESISTANCE, R,: <. 37 O H M - ~ M ~  1 <4 ,8  x ~ o - ~ Q - c M ~  I 

Q€!lXAL 
ABSORPTION I N  HEAVILY DOPED 

LAYERS, THICKNESS: 

REFLECTION AT INTERFACE: LOSS I S  (1% FOR MOST 111-V HETEROJUNCTIONS* 

KB138L 
LOSS OF OUTPUT DUE TO UPPER 
CELL HEAT1 NG: NO PROBLEM NO PROBLEM 

" FOR GAAs/GE, INTERFACIAL REFLECTION LOSS I S  2.7% 

F i g u r e  4 
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POTENTIAL ADVANTAGES OF MBE FOR INTERCELL OHMIC JUNCTIONS 

LOW GROWTH TEMPERATURES (-400-550°C FOR GAAs) 

EXCELLENT THICKNESS CONTROL I N  THE 100a-1000n RANGE 

EXPANDED CHOICE OF DOPING SPECIES, CONCENTRATIONS 
AND PROFILES 

REALIZATION OF VERY ABRUPT JUNCTION TRANSITIONS 

F i g u r e  5 

MBE OHMIC JUNCTIONS I N  GAAS 

STRUCTURE I 

STRUCTURE I I 

F i g u r e  6 



T Y P I C A L  I - V  CURVES FOR MBE INTERCELL OHMIC CONTACTS -- 

AS DEPOSITED 

AFTER SIMULATED 
CELL  GROWTH 

HEAT TREATMENT* 

STRUCTURE I STRUCTURE I 1  

* HEAT R.T ,  TO 7 4 5 ° C  
HOLD 1 / 2  HR a. 745'C 
COOL 1 0 ° C  a l 0 C / M I N  
FURNACE COOL TO R.T.  

F i g u r e  7 

ESTIMATED CONTACT RESISTANCE FOR MBE OHMIC CONTACTS 

w 
STRUCTURE I ( 5 0 0 ~  LAYERS) < . 0 3 Q c ~ ~  

STRUCTURE I I (1-'&~ LAYERS) < . o ~ Q C M ~  

1 %  LOSS A T  -10 -15  SUNS, AM0 

NEED -5 x ~ o - ~ Q c M ~  FOR 1 %  LOSS A T  1 0 0 0  SUNS, AM0 

F i g u r e  8 





SUMMARY OF WORKSHOP ON 30 PERCENT DEVICES 

3 .  3 .  Loferski  
Division of Engineering 

Brown University 

The conclusions of the workshop are summarized as responses to the Kork- 
shop Questions presented to the narticinants. 

Q.1. Is 30% .4MO a reasonable tarqet? 

A.1. Yes! Tandem cell systems utilizing only two solar cells and no con- 
centration have theoretical limiting AM0 efficiencies in excess of 30% for 
cells operating at 300K. For large numhers of cells, the efficiency approaches 
50% at 300K. If the cells can be cooled below 3OOK as is possible in space, 
these limiting efficiencies increase. For example, the efficiency of a two 
cell tandem stack becomes 40% at 200K; the efficiency of a 24 cell stack, 62% 
at 200K. 

4.2. Does 30% AM0 efficiency require concentration? 

A.2. Concentration makes it easier to achieve high efficiencies, but as 
indicated in the response to Q.1., it is not absolutely necessary. Theoretical 
analysis of tandem systems shows that the highest limiting efficiency for a two 
cell system is about 40% for 1000 fold concentration compared to 32% for no 
concentration. The limiting efficiency for a 24 cell system is about 60% for 
1000 fold concentration compared to 50% for no concentration. It was conjec- 
tured that the concentration level appropriate for space applications is more 
likely to be in the 10X to 20X range because of orientation problems. Tf the 
problem associated with higher concentration levels are solvahle in space, then 
higher concentsation may be the preferred path to follow. Concentration should 
reduce radiation damaqe effects because the cells can be placed inside the sat- 
ellite rather than on its "skin." Furthermore, if concentration is combined 
with the possibility of adiustinq the radiation balance of the cell and there- 
fore its temperature, it should he possible to anneal radiation dana~e by rais- 
ing the cell temperature. As noted in the response to Q.1., operation of the 
cells at a reduced temperature increases the lipitin? efficiencies. For exam- 
ple, the limiting efficiency of a 24 cell tandem stack for 1000 fold concentra- 
tion and T=200K is 70%. 

0.3. Is a higher efficiency target reasonable? 

A.3. As indicated in the responses to Q.1. and 0 . 2 . ,  a higher efficiency 
target does not violate fundamental laws of physics. If high concentration and 
temperatures below 300K are ortions available on future space ~issions, then 
efficiencies as hish as 50% would not be unreasonable targets. Tn the near 
term (say by lDSl), AM0 efficiencies in the 22 to 25% range will he achieved 



with no concentrat ion.  The c e l l s  w i l l  ~ r o h a b l y  he of t h e  monolithic design.  
Achievement of t h e  higher e f f i c i e n c i e s  which a r e  t h e o r e t i c a l l y  poss ib le  w i l l  
r equ i re  a  l a r g e r  research  and developnent e f f o r t  than  t h a t  cu r ren t ly  devoted t o  
t h e  problem. 

4.4. \'?hat concents and mate r i a l s  a r e  most promising? What a r e  t h e i r  

s t rengths?  \ f ia t  a r e  t h e i r  c r i t i c a l  problems? IVhat approaches a r e  needed t o  

overcome t h e  problems? 

A . 4 .  Tandem c e l l  systems with o r  without concentrat ion a r e  t h e  most prom- 
i s i n g  f o r  achievement of  hiph e f f i c i e n c i e s .  Theore t ica l  analysks of s11ch svs-  
tems have demonstrated t h a t  high e f f i c i e n c i e s  a r e  indeed poss ib le  a s  indica ted  
ahove. The problem i s  const ruct in?  t h e  c e l l s  needed t o  demonstrate what i s  
achievable i n  ac tua l  systems and then t o  produce such systems on a commerjcal 
sca le .  Semiconductor a l l o y  systems which provide a wide range o f  band paps, 
l a t t i c e  cons tants ,  e l ec t ron  a f f i n i t i e s , a n d  o the r  parameters of  relevance t o  
high e f f i c i e n c y  c e l l s  a r e  t h e  f i r s t  requirement. A number of such a l l o y  sys-  
tems e x i s t  and have been receiv inp a t t e n t i o n .  The bes t  developed of t h e s e  i s  
based on 1 1 1 - V  semiconductors, To reduce l a t t i c e  mismatch, it i s  necessary t o  
exerc ise  separa te  cont ro l  over l a t t i c e  constant  and energy gap a s  i n  quaternary 
a l l o y s  of  t h e  type AlxGa A s  Sb Thus f a r  good s o l a r  c e l l s  i n  Sh con- 
t a i n i n g  a l l o y s  have (l'y) 'eluded researchers ;  t h i s  i n f e r i o r  per-  
formance has been a t t r i b u t e d  t o  low minori ty c a r r i e r  l i f e t i m e  i n  Sh containing 
a l loys .  (The antimony i s  needed t o  reduce t h e  energy gat, of  t h e  a l l o y  below 
t h e  value of Ga As; energy gaps around 1.0 eV a r e  needed t o  ohta in  e f f i c i e n c i e s  
i n  excess of  30% i n  two c e l l  tandem s tacks . )  

Another l e s s  developed hut promising svs tev  i s  t h a t  based on chalcopyr i te  
semiconductors o f  t h e  type CuInSe2, AgInS2, CuA1Te2, e t c .  Alloys of t h e s e  
semiconductors have been synthesized,and it has been shown t h a t  t h e i r  hand gaps 
and l a t t i c e  cons tants  can he separa te ly  adjus ted .  Yet another  poss ib le  svstem 
i s  based on t h e  second chalcopyr i te  semiconductor family whose members a r e  of 
t h e  t p e  ZnSiP2, CdSiAs2, e t c .  

The c r i t i c a l  problems associa ted  with achievement o f  high e f f i c i e n c y  i n  
t h e  tandem c e l l  systems begin with prepara t ion  of  t h e  required mate r i a l s  a s  
homogeneous s i n g l e  c r y s t a l s  e i t h e r  f r e e  standing o r  e p i t a x i a l l y  Frown on apuro- 
p r i a t e  s u b s t r a t e s .  In t h e  case of monoli thic c e l l s ,  it was conject~xred t h a t  
t h e  number of  d i f f e r e n t  energy gap mate r i a l s  which could he b u i l t  i n t o  a mono- 
l i t h i c  s t r u c t u r e  would he smallest  f o r  t h e  I,PE process ;  l a r g e r  f o r  t h e  VPE 
process;  ye t  l a r g e r  f o r  t h e  Metal Orqanic CVD process and l a r ~ e s t  f o r  Molecular 
Beam Epitaxy. The most promising way t o  produce a multisemiconductor s o l a r  
c e l l  would he t o  e n ~ l o y  VBF; however, YRE may he t o o  expensive f o r  producing 
c e l l s  i n  q u a n t i t i e s  needed f o r  s a t e l l i t e  power suppl ies .  

b o t h e r  c r t t i c a l  problem i s  mate r i a l s  cha rac te r i za t ion .  The mate r i a l s  
from which tandem c e l l s  w i l l  be f ab r i ca ted  a r e  d i r e c t  pap semiconductors i n  
which t h e  l i f e t i m e  i s  i n  t h e  nanosecond range, and t h e d i f f i s i b n : l e n g t h  i s  sev- 
e r a l  microns. Convenient,reliablemethods f o r  measuring these  parameters on 
wafers before ,  during,  and a f t e r  processing a r e  needed. One immediate prohlem 
r e l a t e d  t o  1 1 1 - V  c e l l s  i s  t h e  a l ready c i t e d  observation t h a t  !?b reduces l i f e -  
time; t h i s  subjec t  r equ i res  f u r t h e r  inves t iga t ion .  



Lifetime mapping i n  t h r e e  dimensions w i l l  u l t ima te ly  be required t o  get  
t h e  most out  of c e l l s  intended f o r  s o l a r  c e l l  apn l i ca t ions ,  and the re fo re ,  en- 
couragement of techniques which make t \ i s  poss ib le  i s  important.  

Ce l l s  intended f o r  space ann l i ca t ions  have some s p e c i a l  nrohlems. Radia- 
t i o n  damage must be assessed i n  the  conplex c e l l s  needed f o r  high e f f i c i ency  
systems. Attention t o  opera t ing  temperature i s  innor tant  because t h e  optimum 
combination of hand gaps denends on T. A s  a l ready noted,  low T helps  inc rease  
eff iciency,and t h e r e f o r e ,  power supply designs which r e s u l t  i n  low T a r e  nre-  
f e r red .  

A b a s i c  quest ion f o r  r e a l i z a t i o n  of high e f f i c i e n c i e s  i s  t h e  e f f i c i ency  
u l t ima te ly  achievable from heterojunct ion  s t r u c t u r e s .  Peterojunct ions  provide 
one way t o  f a b r i c a t e  c e l l s  from semic'onductors which have var ious  band gaps,and 
i n  theory ,  i f  everything goes wel l ,  t h e i r  e f f i c i e n c y  should be t h e  same a s  t h a t  
a t t a i n a b l e  from heterojunct ion  c e l l s .  This w i l l  be t r u e  only i f  I, o f  t h e  he t -  
e ro junct ion  i s  comparable t o  t h e  I, value f o r  a  good homojunction from the  same 
semiconductor. 

Elimination of i n t e r f a c e  s t a t e s  i s  required i f  t h e s e  low values o f  I, a r e  
t o  be reached. More inves t iga t ion  of  t h e  na tu re  and r o l e  of  these  i n t e r f a c e  
s t a t e s  i s  needed i f  t h e  f u l l  p o t e n t i a l  of  he terojunct ion  c e l l s  i s  t o  he r e a l -  
ized.  

Q.5. l a a t  concepts,  ma te r i a l s ,  and physical  processes should get more 
a t t e n t i o n ?  

A . 5 .  This quest ion has been p a r t i a l l y  answered above. More mate r i a l s  r e -  
search i s  e s s e n t i a l .  A b e t t e r  understandin? of  l i f e t i m e  i n  t h e s e  a l l o y s  is  r e -  
quired.  Evaluation o f  Metal Organic--CVD a s  a hiph th r l rpu t  process is  needed. 
Workto produce nono l i th jc  c e l l s  by ?BE should be supported. A more immediate 
pmFlem: development of manufacturing processes f o r  t h e  high-quali ty subs t ra t e s  
needed f o r  t h e  var ious  e p i t a x i a l  processes.  

Other concepts f o r  conversion of  s o l a r  r a d i a t i o n  should be monitored and 
explored. .These inc lude  electromagnetic wave conversion; parametric  conver ters  
based on l i g h t  s e n s i t i v e  capacitance a s  i n  lanthanum f l u o r i d e ;  thermonhotovol- 
t a i c  systems u t i l i z i n g  Ge p-i-n c e l l s  combined with a 1500K black body r a d i a t o r  
with t h e  r a d i a t o r  heated by concentrated sun l igh t .  Thermoelectric and thermi- 
onic  conversion were discussed b r i e f ly ,  but no one i n  t h e  group knew of  any de- 
velopments which warrant re-examination of  those  methods. There was a b r i e f  
discuission of c e l l  s i z e  and complex monoli thic c e l l s .  I s  it b e t t e r  t o  use 
small a r e a  c e l l  and the re fo re ,  small a rea  concentrators? I f  c e l l  s i z e  i s  i n  2 t h e  range o f  mm , good c e l l s  can be cu t  out  o f  largewafers  a s  i s  done i n  t h e  
manufacture of in teg ra ted  c i r c u i t s ,  and t h e  overa l l  e f f i c i ency  of  t h e  s o l a r  
c e l l  system ~vould he increased.  

F ina l ly ,  s ince  DOE i s  c u r r e n t l y  the major source of  funding on photovolts-  
i c  c e l l s ,  NASA should maintain c l o s e  coordinat ion with DOE. NASA should sup- 
por t  a c t i v i t i e s  o f  spec ia l  importance t o  i t s  missions which a r e  missing from 
t h e  DOE program, e.g.  high e f f i c i e n c y  c e l l s  f o r  AbfO systems with no concentra- 
t i o n .  Such c e l l s  may be too  exnensive f o r  t e r r e s t r i a l  app l i ca t ion  but  make 
sense i n  space. Another example, c e l l s  intended f o r  intermedinte concentrat ion 
systems and c e l l s  intended f o r  opera t ion  around ZOO# o r  whatever reduced tem- 
pe ra tu re  i s  appropr ia te  t o  space power suppl ies .  
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