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A theoretical model for the radiation resistance character is t ics  of the GaA s
cell was developed and confirmed by experimental data. Based on thi s , the
junction depth was reduced to less than 0 . 5 ~i m  without sacrif ic ing cell
efficiency. Radiation annealing at or below 200°C suggests tha t an end of
life efficiency close to that at the beginning of life may be achievable for
properly designed cells in space missions.

The Hughes infinite melt epitaxial growth system has demonstrated its
capability~ for making reproducible large area GaAs solar cells . Over
100 4 cm~ cells fabricated according to our baseline design and using the
infinite melt technique were delivered to the Air  Force and to Hughes
El Segund o for tests. Variou s fabrication steps such as contacting and
AR coating were perfected during the course of the program . Measurements
of cell characterist ics have been correlated with the theoretical model
and the results used to suggest fu ture directions for research to improve
the cell performance.

Favorable temperature and humidity test results reporte d here suggest that
GaAs solar cells will be able to pass future rigorous space qualification
testing. Cell reliability and solar array packaging remain to be demonstrated.
A GaAs solar cell pilot production line is also ne cessary to demonstrate
production environment fabrication and performance.
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SE CTIC’N I

IN T R O DU C T I O N

L )
T h i s  r ep o r t  c o v e rs  the  w o rk  p e r f o rm e d  on the  Hi g h E f f i c i e n cy  GaAsSolar  Cell De v e l op m e n t  p r og r a m  ( A ug u s t  l V 7 o  t hr o u g h 1 Jul y 1978).  Theo b j e c t i ve  of t h i s  p r o g r a m  w a s  to develop ga l lium a r s e ni d e  solar  cells  h a v i n g18 to 2 0  p e r c e n t  e f f i c ie n c y  a t  25°C u nd e r  s ing le sun in t e n s i ty  a i r  m a s sz er o  (A M U )  i l l u min a t i o n .  The plan included  f a b ri c a t i o n  of the  ep i taxials t ru c t u r e , (AlGa) A s - Ga As , u s i n g  the Hug hes  i n f i n i t e  me lt  t e c h ni q u e , anda d e m on s t r a t i o n  t hat  h i g h  e f f i c i e n c y  sola r cells based on t h i s  s t r u c tu r e  canbe r e p r o d u c i b ly f a b r i ca t e d  w i t h  a r eas  of 4 cm 2 u s i ng  p r o c e s s i n g  met hodss u i ta b l e  f o r  la r g e  scale p r o d u c t i o n .

We e s sen t i a ll y ac h i eved  ou r  o bj e c t i v e s  w i t h  t h e  f a b r i c a t i o n  of 17 .5p e r c e n t  e f f i c i e n t  2 x 2 cm solar  cells p o s s e s s in g  r a d i a t i o n  r e s i st a n c e  char-acte r i s t i c s  su p e r i o r  to t h o s e  of e x i s t i n g  s i l i c o n  sola r c e l l s .  F u r t h er m o r e ,we developed a t heo r e t i c a l  model for  (AlGa) A s-GaAs  cells tha t  can be us edfor f u t u r e  i mp r o v e m e nt  of spa ce— qua l i f i ed  ce lls .  The fa b i ’ica t ion p r o c e ss e s• and tec hn i ques  used d u r i n g  the  p r o g r a m  can l)e d i r e c t l y scaled U~~ to p r o -c lu c t i on  of mass  q u a n t i t i e s  of Ga As solar cells .

The  goal of approx~m a t e 1y 18 P e r c e n t  e f f i c i e nc y was  achi eved  d u r i n gthe  p r o gr a m ;  however , cel ls w i t h  these  e f f i c i e n c i e s  possessed  less  t h a n  thed e s i r e d  r a d i a t i o n  r e s i s t a nc e .  We found tha t  mak ing  the  j u n c t i o n  sha l lowerprovLde d  the  d e s i r e d  rad ia t ion  r e s i st a n c e , at t he expense of some e f f i c i e n c y . ’Th e la s t  p a r t  of t h e p r o g r a m , t h e r e f or e , was conce rned  w i t h  i n c r e a s i n g  t h ee f f i c i enc y once aga i n , w h i l e  keep ing t he r a d i a t i o n  r e s i st a n c e  at  the  d e s i re dlevel . An ef f i c i e n c y  of 17 .5  pe rcen t  was ach ieved  before  the p r o g r a m  waste r m i n a t e d  because  of fun d ing c o n s tr a i n t s .

Se c t ion  II of t h i s  r ep o r t  d e s c ri b e s  the  t h e o r e t i c a l  mod el for  th e  GaAsso lar cell , g i v i n g the r easons  for choos ing  the  P — o i l — t i  s t r uc t u r e  and p r o v i d i n gca lcu la t ions  for  s ho r t  c i r c u i t  c u r r e n t , open c ir c u i t  vo 1ta~~e , f i l l  f a c t o r , andcel l e f f i c i e n c y .  Sect ion  III p resen t s  the ba seline s t r u c t u r e  for  the  (A 1Ga)A s~GaAs sola r cell .

Sect ion IV d e s c ri b e s  the approach used for  li quid  phase epi t ax y , ther easons  f o r i t s  ch o i ce , and the  exper imenta l  re sul t s . A good deal of si l i consolar  cell deve l opm ent  te ch nolog y ha s been d r awn on , m i n i m i z i ng  thedevelop m e n t  cost  and t i m e  r equ i r ed  to achieve the t a r g et s  of the p rog ram .
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Section V p r e s e n t s  a deta i led  anal y s i s  of the c h a r a c t e r i s ti c s  of the
cells produced and a co r r e l a t i on  of t he i r  p e r f o r m a n c e  wi th  the model .  The
a r e a s  in w h i ch  the c o r r e l a t i o n  needed to be improved  a r e  indica ted , and the
p a r a m e t e r s  such as junc t ion  depth , c a r r i e r  concen t ra t ion , e t c . ,  which  can
lead to improved p e r f o r m a n c e  of the cell s are  d i s c u s s e d .  One of the mos t
i m p o r t a n t  components  is the ohmic  contacts  to the n and p l ayers  of the cell .
We use A u - Z n  and A u - G e - N i  sys t ems  for contac t ing  the p and n sides ,
respect ive ly.  Althoug h l imi ted  to about  450 to 500°C by the i r  meta l lurgy,
they are  simp le , we l l - t r i ed  systems that  cover the needs of the p r o g r a m .
The  A g - Z n , A g-Sn sys t em and o t h er s  us ing  r e f r a c t o r y  metals p r o m i s e  to
extend the pe r f o rmance  l i m i t s  of the cells to hi gher  t e m p e r a t u r e s  (6 00°C).

Section VI d i scusses  the radi at ion r e s i s t ance  resu l t s  obtained.
Sections VII and VIII deal wi th  in te r connec t  problems and envi ronmenta l
s tudies  on the cell . These need to be expanded to comp lete the evaluation
of the GaAs cell for long l i fe  in space sys tems .

Section IX is a brief  summary of the conclusions that can be drawn
f r o m  the present  data.
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SEC’i ’ION II

‘I ’I I E O R E T I C AL  MOl)F

( ( I t ’  bas i c  s t r u c t u r e  of t he  GaAs so l a r  i-e li is a G a A s  1 ) — t i  i l n L t U ) i I

cove red b y a w i n d o w  layc  t of (AlGa )A s ; the  so n a  cc is cove red b y a n  a l i t  —

r e f l e c t i o n  c o a t i n g  and p r o v i d e d  w i t h  oh m i c  e l e c t r i c a l  c o n t a c t s  on ( t o t h  s des .
‘1’ he o p er a t i o n s  of the  cell to  c o n v e r t  o p t i c a l  so l a r  cue  rgv  t o  ‘‘1 ec t r cal
e n e r g y  a r e  s i m i l a r  to t h o s e  of the  s i l i c o n  sola r cel l . S ince  t h e  (A1 Ga)As
layer  adds  a n ew din:en sion to the s tr u c t u r e  t h a t  is spec i f i t ’ to ( li t ’  GaAs
cell , t h i s  a sp ec t  n e e d s  spec  Lal cons  ide  ra t  j ot : . T h e  mood f o r  I he ct’! I ‘..va S
developed I ron:  a v a i l a b le  l i t  e r a t u  i’e and f r o m  our  OW ii ( ( a t  a

I h i ’ p — o n — i :  s t r u c t u r e  was  c h o s e n  l , t i  I wo  r e a s o n s . i ” i r s t , s in c e  ( l i e
d i f f u s i o n  l e n g t h  of &‘Ii ’ c tr  oti s in the  p laye 1’ is lo t i g e  r t h a n  t h a t  of h o le s  i i i
compa rabl y n — d o p e d  GaAs , t h e  r e s p o n se  of t h e  i t ’ll is im p r o v e d  b t i s t l i g
t h e  p— ty p e  l ayc  t in  t h e  opt i t’all y a 1)50 i’b i ng (op  r eg t ot :  . Si’ i ond , t h e  j u t  cr  —

f ac i a l  b a r r i e r  is  cot i s  ider e i l  t o  be smalle  r f o r  t h e  p (A 1Ga)As — () Ga .-\ s
(0 . 1 eV )  than fu r  the n (A 1Ga)As — n G a A s  case  (O . .~ e V )  ( s c e  Fi g u r e  1) .
S ince  t he se  b a r r i e r s  ac t  l ik e  S c l : o t t k y l ) a r r i c r s  in  s e r i e s  w i l l :  t i l t ’  s o l a r  i t ’ l l ,
t h e y  i n c r e a se  t h e  s e r i e s  r e s i s t a n c e  of t h e  cel l  a n d  a d v e r se l y a f f e c t  t h e  f i l l
f a c t o r .  \V e  u s ed  t h i s  b a s i c  ap pr o a c h  to d e riv e  p a r a m e t e r s  t o r  op t  i t n i ? . e I l  i-e l i
p e r f o r m a n c e  d u r i n g  th e  f i r s t  phase  of t h e  p r o g r a r t i  ( Se c t i o n  1\ ). ( l i t ~ f i n a l
b a s e l i n e  s t r u c t u r e  is g i v e n  in F’i gu r e  11 ( sec  S e c t i o n  111).

T h i s  sec t io n  p r o v i d e s  c a lc u l a t i o n s  f o r  (l ie s h o r t — c i r c u i t  c u r r e n t , open
• c i r c u i t  vol tage , f i l l  f a c t o r , and e f f i c i e n c y  of t h e  GaAs solar  ce l l s . \V e set

up a comput  et• prog ran :  w i t h  I lie se f a c t o r s  I o caic ida Ic I l ie ccl i  pe to  nin a t i c  C
as a f u n c t i o n  ot  v a r i O u s  pa r a n i e t e  r s  t h e  p r og r am  w a s  u p i i a t  ed as b e t t e r
va lues  for  t h e s e  p a r a m e t e r s  became  ava i lab le , and ~va s  used to  o p t i m i ’i~e
the i-eli des i g n .

Cornpa r i son  of the  t h e o r e t i c a l  model  w i t h  i-e l i  data (Sec I ion V ) i l emon  —

st r a t e d  the need for  a m o re  a c c u r at e  c l e t e r n i t n a t i o n  of suet :  P~ r a m e t e r s  as
m i n o r i t y  c a r r i e r  l i f e t i m e s  and opt ical  da ta  in t h e  v a r i o u s  l a y e r s  iii the  d e v i c e
to obtain at: accura te  p Ic t u r e  of the  ope r a t i o n  of t he  i-e l i .  We d i d  ob t a i n  a
m o r e  accura te  expe r imen ta l  d e f i n i t i o n  of t h e  ~t i t : ct io t :  q u a l i t y  f a c t o r  ii ( e f f e c t
of space charge  reg ion recorubi  nat i o n )  and of t h e  con t  r ibu t  j ot :  of v a r i o u s
reg ions in the cell to the e lec t r ica l  pa r a m e t e r s  (e .g .  , se r i e s  r e s i s t a n c e ) ,
as noted in succeeding s e c t i o n s  of t h i s  r e p o r t .
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FIGURE 1. BAND STRUCTURE FOR GaAs SOLAR CELL
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The con :puter i -he( 1 mod el was used to co r re l a t e  t heo ry  w i t h  expe r i -
m e n t a l l y measured  values , and the  f i n d i n g s  w e r e  used to vary gr o w t h
pa ra rn e te rs  and t a i lo r  the  e pi ta xia l  l aye r  p r o p e r t i e s  f o r  in t p r o v e i l  d e v L i ’ e
p e r f or m a n c e .  ‘l’he success  of t h i s  approach  is i i en i o n s t r a tc i l  b y t h e  ( i c I e r —
in m a  ( ion ant i  con t ro l  of I lie j u n c t i o n  d ep t h  to i-n m m :  iz e r a d i a t i o n  d a m a g e  in
the  GaAs  cell (Sect ion  V I ) .

I .  S1lOl~~l’ (‘ Il~ ( ’t 1I ’ l ’  (~t, tI ’~R E N ’ l ’  i) l ’~NSl ’I’’V ( I
Si’

‘ i b i s  subs e ct i on  com p u t e s  t h e  s h o r t  c i r c u i t  cu t -  r e n t  t i e - t i  s i t  y of t h e
(A l G a ) A s — G a A s  solar  ce l l .

When  li ght of wavelet :gt l i  ~i is i n c i d en t  on the  su r f ace  of a
sc’n izcondut ’tor , the- gent ’  r a t i on  ra te  of e l ec t  r o n —  hole pa ir s  as  a fon t ’ t ion ot
dis tance ’  x f r o m  the sur face ’  is

G(X , x) ~~(X ) 1” (X ) exp ( — o ( X )  x) 11 -

whe me ’ a (X )  is the a 1)sorption c o e f f ic i e n t  of a mate  r ii: 1, 1”( ~~
) is the  i:CII : :h e r of

i n c i d e n t  pho tons  per e’m~ per second , ti n ( i  R is t h e  I ra i ’t i o Il r c f t e -t ’ t t ’d  I r o i n  t l i ~
sur face .  l’o c;t I culat e  sola r cel l  output  oti e m ust  ( let  e m i m e l i i i  U t i l i t l ) C  t - 1
phot o— e x c i t e d  mi n o r i t y  c a r r i e r s  th a t  r e ach  the p — n  junc t i on  and a r t ’ collee’t e ( i .
F’or a low i n j e c ti on  Ic vi, I c o n d i t i o n  t h e  wino  i- it y c ~t i - n e  r i i  t n t  i nn  i t  V cq i i~ t t  i ons
a re

1) d~~~i + 0  ~~~~
~~~dx~ ~ T

p

for h oles in 1:—type m a t e r i a l .  Simita n y .

- ~ t Ii —D -f t1 - — — 0
t: ?_ t: -r

dx n

for e lectrons in p-type ma te r i a l , where  .~ p and  ~~ I I a r e  the ’  ex c e s s  c a r r i e r

clet: si t ie  s , D0 and D~1 are ’  t h e  d i f f us i o n  c o n s t a n t s , and r a nd n a re’ t i l t ’ ho le ’s

and e lec t ron ’s minor i t y c a r r i e r  l i fe t ime , r e spec t ive l y.

The short c i r cu i t  c u r r e n t  pr oduced by the abso rp tion ol sola r pho tons

ot  one s p e c i f i c  w a v t ~l e n g t l :  i s  ( l ie  sum of t h e  s p e c i f ic  i ’o n t n i b u t i o t i s  I r o n :  d l

l ay e  i-s of t h e  sot ~ r c e l l  shown in Fl gu m C . Th ese con! i-i i:iit ions  a r t ’ g i \ ’ t ’ ii

l ) e l O W .
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FIGURE 2. ENERGY BA ND DIAGRAM FOR (A IGaJAs GaAs
SOLAR CELL

• Co l l e c t i o n  1~ni:i:: t he_ (AlGa  ):\ s Win dow L ayt .  t- 
-

The m i n o r i t y c a r r i e r  i’ont inu ity  equation f o r  t he  ph o togen e  r a t e d
e l e c t r o n s  in t h i s  l aye r  is

- o x
D d .~n + ~ ( 1 — R ( ) )  ~

- 
~~ 

I 
— 

__ !L. = ~l)a dx~ 
1

w h e r e  I) is the  d i f fus ion  constant , 0 1 is t h e  absorp t ion  coef f i c ien t , and r
is t h e  el~ c tr on  l i fe t ime in the  p~ (Alaa)As layer .

The boundary  condition at the  window s u r fa ce  is de t e rmined  by sin-face
recombina t i,on ve loc i ty  Sa.

S~~~ n I)~~~ (.i )a a dxx 0
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and at the inter face

= 0  
(3)• x D

The short  c i r cu i t  c ur r e n t  density  con t r ibu t ion  f rom the window la y e ris

d.~n= 
- (4)x-D

A f t e r  so lv ing  fo r  ~~n and app lying  Equa t ion  4 , t he  c u r i - ent  d e n s i ty  pe runi t  wave leng th  is g iven  b y

t / - a D  — a Da j  1 1) 1 - D
- 

qFa 1 La
( l _ R( X ) ) 0 i L~~+ S~~~

_ 
k
l - e  cosh t—. - e  sinh ~~—

D D •1 a Sa t_ slnh . . . . .+ c o s h .

_ a
l La e ( 5 )

where  La is the e lect ron  d i f fus ion  l eng th  in the  (AlGa)As  l aye r . Th i s  cu r  i-entdens i ty  is that  of t he  e l ec t rons  being in jec ted  into t h e  1)-GaAs reg ion f r o mthe window layer .

• Collection fro m p-GaAs Re g ion

The minorit y carrier continuit y equation for electrons in the p-GaAsis

2 -~~1D-a2 (x-D
D d ‘~.n + 0  ( 1 - R ( X) )  Fe - ~~~~~ - = 0 (b)n 2 2 

Tdx n
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where Fe _ O
I D

(l  - R ( X ) )  is the attenuated photon flux at wavelen gth ~~ and o~is t h e  absor ption coefficient  in p-GaAs. The boundar y condition at t h e  inter-
face on the ( A I G a ) A s  window layer side is

D S ~~n - ~~~~ (7)
ii dx ii q

x D

and at the junc t ion  ed ge

= 0 (8)
x D+x~

where  D is the electron diffusion constant in p -GaAs and S~ is  the s u r f a c e
recombi~ at ion veloci ty  at the i n t e r f a c e  between (A 1 G a ) A s  an~ GaAs.

After solving for the electron densi t y,  the short c i r cu i t  c u r re w ,
(dens ity per uni t  wavelength)  at the junct ion ed ge is

-a 1 D
q Fe ( 1  - R ( X ) ) a L

( a
~~ 

i.~
2 

- i)  

:~~ ~~~ , X~ x •
- e  2 3 cos h~~~~) _ e

x
I T x .  x .  2 ii[ S~~~~L sinh -~ !_ + c osh 1_!

4 n n ii

t (( 1)

S sinh r cosh

where L~ is the e lectron d i f fus ion  l eng th  in p-GaAs.
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• Co l l ec t i o n  t’rou: Base n-GaAs R e g i o t :

‘l ’hie mini)  n i t y  cot it  i nu i t y  eq uat i on  t o m  h o l e s  in  t l ie  t )~t Sc n - ( i ,t  As is

r -0
1fl -n ~(x. w )  -° ) ( x — l)-x . - w)

I) -s-— t ° ( 1  — R ( \ ) )  I” i’ e e
e l X ~ -

- = 1) ( i & ~
)

p

w h e r e  w (~ t t~ V a /C 1 N I) ) ’ ~~ i~ th~ Ju n c t i o n  d e p let i o n  w i d t h :  based on a b r up t
j u n c t i o n  t h e o r y  (5 C c ’  J unct  Lou Depth  M e a s u r e m e n t s  in Sect ion \ ‘ ).

At the  j u n ct ion  edges the boundary  cond it  ion is

= (1 
~t l,t l

\ :  I) ~~-+w

~\t  t In ’  :‘a ~’k t o t e  t ’ t , t i ’ e l i i i ’ h, nI t : ( ia  t -V e ’ e : t i t t j t i ~~t i i s

— Sp .~i p t I  I b )p ci x

• x a l ) f x  t w I t

• W~ , I S S i t t t i t ’ t c t r t l i ~- I’ t h a t  t ( t i l t ’ ci’i l  b a s e - t l i j ~ ’L t : e s s  1 h a s  v a l u e s  i . t t t-
so t h a t

“ “  1 • ° and  t ‘ - t~ 1, 1. ’)P

‘l ’hle ~ sh:oi -t  c i  n~ - t i i t  cit i’ n e’nt el~’t:s i~~ per  u n i t  w a v e - l e n g t h :  c o l l e c t  eel  t’ r c : t i i
t h ~,’ ha Si’ 15 t h ~ ~~t i gi ~‘et :  l iv

q 1” (1  — R ( \ ) )  t’ Cl , I .  — n ,(x , + ‘w )
i i 

= —

~~~~~ 

L + 1) 
P “ ~I (1  ~h

w h : cr e  i s  t h e  I t o h - d i f fu s i o n  l e n g t h :  I I :  u - G aA s .

I 
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FIGURE 3. (AIGa)As-G As SOLAR CELL STRUCTURE
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• C o t l e c t i o t t I” r~it i: l) i ’plet iot :  Reg iot :

4 l ’he c u r  ren t  itt -us  i v  gene r at ed  in t h e  dep let i on  r e g ion  i s  g i vet :  1’v

q 1” ( 1  - R (X ))  ~
°l ~ 

( I  - e~~~~ 
) ~~~~~~ . t i d )

Equ at iot :  1-4 imp l ie  s t h a t  t he  m i n o r i ty  e’a r r u -  r t r at : s i t  t i m e ’ t h r o u g h :  th e ’  d e l i l u ’—
t ion reg ion is  shor t  compa red to t hit ’ m i n o r i t y  c a r r i - r  ii t e ’t i t ~~t ’ at n l  th: , t t t h ~’
r e comb i na t i on  Io~~ses of m i n o r i ty  i-a r r i i ’ vs ph o to g en e  r a t e d  i n  0: i s  r eg  ion  a r e ’
thu s n e g l i g ible .

• l’o ta l  Short  C i r c u i t  C u r  r en t  D e n s i ty

Fhi’ to ta l  s h o r t  ci rcu it c u r r en t  (ic ’usj ty I 
~~~

- is found fr o m  C h i c  511111 c i t

short c i r c u i t  c u rr e n t  d e n s i t i e s  per un i t  w a i e l e n gt h s  i n t e g ra t e d  over  C h i c
r elt ’ ~-a ut r , i ii ge’ of w a v e len g t h s :

1
sc 

= 

~~p ‘b ~~~ d \ ( 1  -~1

wh i - i-t ’ l~~, l~~, and  I
~~ 

a i-c g i v e n  by l - q u a t i o t : s  ‘~~. 1 , .: ud 1 1 . ( Flit ’  c e i t ’ t t  i - t l : u I  i t i t i
1 1) f rom  t h e  (AlGa ),‘\ 5 w in ( l  ow lay  c’ r is  inc  1 ud i’d i i :  t h e  cx pt -es si O t i  t o m  1 i v  t ’i:
liv E(1U.~t ion ‘~ - ) ‘I he inc  ul e mi t  p h o t o n  ti ox I-’ (\ ) in t ’l uded  in  t h ’  a m u  e e 1u a  I I C t I I  S

s obta i t ied f r o m  t h e  AM 0 sola t i r  :-a d ia 0cc ccli -  i c  t ci  r sun!  i g h: t out  s i t h  e t h e
ea rth  1 i a tr n e sp he re ’1  (see R e f e r e n c e s) .  i ’he v a l u e s  t t h e  a l i so  1 - l i t t o n  coc t t i  —

4 i’ t e f l t  o~~k ) used in Eq u a t i o n s  ~, 1 ~, 14 , a u t h  l : u \i’ere o b t a i n e d  fu - o t : :  t h e  c h i c o —
n ien t  s re fe re n cet i  in ‘l’ abl e I - Sonic r e fe  t ’et:ce s g i v e  I he dna  g t i : .u i-v par t  k
of t h e  i n d e x  of r e f r a c t  j o t :  ii: l i e u  ot ’ t h e  ab s o t -p i  j o t :  Cc it ’ t t i C L t ’i it  ~ ( \ ) _  I h i t ’
r e la t  i o t :sh ip  b e twe en  t h e  t w o  is  o ( \ )  4ii k (k )  •• \

The ca l cu l a t ions  of R ( X) ,  wh i cli a! so appea vs  in h’ :qu a t  ~~~ s 
t1 I , a n i l

1-! , w e r e  p e r f o r m e d  for  t he  con f ig ur a t  ion shown it: I” igu r e - Un’ v a l ue s
for  the  index  of re f rac t  ion m i ( X )  in  t h e s e  c a l c u l at i o n s  W e 1 - t’ a lso i:bt a i i:eel (r o t : :
t h e  r e f e r e n c e s  of Table 1

l’l :+ ’ - foll owing  pa rag raph s and Fi g u r e s  4 t h r o ug h ‘~ show t h e  va t -  h i t  i c u t :

~~~~ 
~~~~~ 

calcula ted w i t h  Eq u a t io n  I ~ as a fu nct io n of a n u m ber  of e n t  i t ’a I
pa r a m e t e r s .

£ 

I l
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D i f f u sion Len gth :

Fi gure 4 show s ‘Sc as a funct ion of the e l ec t ron  d i f fus ion  length: for
three  values of the  j u n c t i o n  d e p t h :  X j  = O .~~ sn : , 1 sn : , and .~ ~~m .  A hole
d i f f u s i o n  length: l

~~ 
= . 0 ~ ni is used in t h i s  c a l c u l a t i o n .  The fi g u r e  show s

that f o r  shallow j u n c t i o n  (x~ 0 , .~ ~~m ), t he  l~~ is i n d e p e n d e n t  of the  e l e c t r o n
(t i f fu s i o n  length : ; for a deep j u n c t ion  siila r ccli , the  ~ sc is  d r a s t i c a l l y r educed
as t h e  e l e c t r o n  d i f f u s i o n  l e n g t h  decreas es  -

1 

— _______ ________

L~~~ 2 &Lm
W - O 1 4~~m
0 - O2 O~~m

I 
_  _

ELECTRON DIFFUSION LENGTH (L~~) . MICROMETERS

F i G U R E  4, SHORT CIRCUIT CURRENT DENSITY
VER SUS ELEC TRON DIFFUSI ON LENGTH IN POSI T IVE
GaAs LAYER

12
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F ’igu re ~ sh :ow s 
~~ 

as a func t ion  of the  hole  d i f fu s i o n  l en g th :  in  die
• n — G a A s  la y e r  to t -  t h ree  va l ues of u n c t i o n  dep th  (x 1 (1 . 2 ~in . (~~. ‘

~ ~~fl: , ,tn (I
I ~,en:4 w i t h  L~ L~ and L~ 2 L~~. res  p ec t i ve l y .  Coni pa r is on if i’ ig t I  me S

and ~it  a ga i n  in d i c a t e s  th i a t  fo r  t h e  deep u n c t i o n  s o l a r  t’el I , I 
~~~~

. i s  g r e a t ly
r e du i ’ed w h en  t l ie ho le  d i f f u s i o n  l e n g t h :  is  s I t o r t en i ’ d . I I i i  s Si ’ r i  at i on  i s
inipo  r i a n t  ii lie re r e s i s t a n c e  to r a d i a ti o n  damage  is c o n c e r n e d . 1~ ecause
r a d i a t i o n  damage  leads  to s h o r t e r  d i f f u s i o n  l e n g t h s , t h i e  above r e s u l t s  m d i  —

c a t e  t h e  m e r i t s  of r e l a t i v c - I v  shallow j u n c t i o n  d e p t h s  ( ty p i c a l ly  x ~
- 0 . ~ p u : ) .

3e
ii W •O.14~ im bI W - 0,14Mm

0 -O.2pm U, 0 - 0.2~tA mn at
L~~~ 2 L ~

I’d
I’d

lid
1’ R ,pm - O-5

_ _ _ _ _ _

( 
on

I
I

~ 
I F-

o r
I 0
U,

2(1 ______________________ _____________________ 20 _____________________ _____________________

2 2
HOLE DIFFUSION LENGTH (L ot , MICROMETERS HOLE DIFFUSION LENGTH (L p ) . M ICROMETERS

FIGURE 5, SHORT CIRCUIT CURRENT DENSITY VERSUS HOLE DIFFUSION LENGTH
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~~~~~~~~• 
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0 05 t O  I S  2.0

0 WINDOW LAY ER THICKNESS , MICROMETERS

FIGUR E 7, • SHORT CIRCUIT CURRENT DENSITY VERSUS
WINDOW LAY ER THICKN ESS
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Junc t ion  Depth

Fi g u r e  e shows the shor t  c i r c u i t  c ur r e n t  d en s i ty  as a f u n c t i o n  of
j unc t i on  depth  for  s eve ra l  va lues  of e l ec t ron  d i f f u sio n  l e n g t h .  ‘Sc r i ’ac l i t ’s
i t s  peak value for at : opti mum junction depth x~ and then  d e c re a  Si ’s for
g r e a t e r  d e p t h s .  T h i s  o p t i m u m  va lue  depends on the d i f f u s i o n  length:  ~n
s ides  of the j u n c t i o n . The i h o r t  c i r c u i t  cur ren t  dens i ty  ~~~ can  l i t ’  d r a s t i c a l ly
reduced for deep Ju n c t i o n s  a t d  shor t  e l e c t r o n  d i f f u s i o n  le n g t h s  as  i l lu s t r , a t e d
in Fi g u r e  5 .

Wit idow La yer Th ickness

Fi g u r e  7 shows the behav ior  of ‘Sc as a func t ion  of (— \ 1 Ga)r ~ s l aye r
th ickness  for a r e p re sen t a t i v e  case in w h i c h  Xj = 0. 5 JIll , L~ 2 l.& m , and
L~ = 4 ~ m. It i l l u s t r a t e s  the  s ub s t a n t i a l  advantage  of and s t r ong  i n c e n t i v e
for using thin window (D ’— 0. 5 i~trn ) l ayers .

2 . OPE N C I RC U I T  “O L T AGE  (V oc

In p — n  j u n c t i o n s  two d o m i n a n t  c u r r e n t  t r an s  por t  n : e ch a n i s m i i s  o c c u r  in
para l le l :  t he  d i f f u s i o n  m e c h a n i s m  due to in jec t io tl  of c a rr i e r  a c r o s s  t h e
j u n c t i o n  b a r r i e r  and g e n e r a t i o n -  recombina  tion c u r r e n t  wi t h i n  tl:e dep let ion
reg ion . rhe d i f f u s i o n  c u r r e n t - vo l t a g e  r e l a t i onsh ip for  a f o r w a r d  bia s ca m:  be
expressed  as

‘dif f  = 101 (~ q\ /kT 
- 1) (hi)

where  V is the voltage drop a c r o s s  the junc t ion  and the  s a t u r a t i o n  c u r r en t
density shown in Equation 17

Di x , 4  w I) 11+ X . -I \V
1 fl - 1

S cosh— 4 _ Stf lh

- 

D P L~
ol 

- qn 1 NA L~ D~ D÷ >~~ D4 X . iv

~
— cosll ‘~ + S sinh __________

L Ln n

Dt p ’  t
D Sn cosh + -

~~~~~~~

. sinh

+ q n ~ N 
p p p ( 1 7 )

D P
t

E CO5h ~~~_ + S S i f l h !._
p p p

The first  term on the ri gh t—hand side of Equation 17 is due to the electron
injection into the base n reg ion. The second term is due to the hole inject ion
into the p reg ion.

15
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The generation and recombination current  within the depletion reg ionwas treated by Shockley, Sah , and Noyce 12 . The maxim um valu e of thisCurrent  density is given by

- 

qn 1 w 2 sinh (-&) i_
‘gr 

- 

~/Tp0 
i_
no q (V bj - V)/kT  -

~ (18 )

where  Tpo and Tfl0 are the res pective lifetimes of holes and electrons in th e
depletion reg ion and V bj is the bu i l t - in  voltage of the p-n junct i on.  The
actual  value of ‘gr can be lower 13 than tha t given by E quation 18.

The total diode cur ren t  density is the sum of ‘cliff and ‘gr~ This can
be approximated by

- i q VI — i~~ exp~~__~~~ ) — 1 (19)

where n is a quality factor which varies between 1 and 2. The lower limit
of n (n = 1) imp lies that the diode cur ren t  is diffusion limited , while the upper
value (n 2) corresponds to the l imit ing case of generat ion-recombinatj oi1 .
(Values of n > 2  are also possible if thc space charge recombination process
involves more than one in termediate  energy level. )

The outpu t cur rent  density of a solar cell under  i l luminat ion , takinginto account  the ser ies  res is tance R 5, is thus g iven by

= ‘Sc 
- i {,exp( ~~~~~ (V + I R )  ) -l } (20)

In the open c i rcu i t  condit ion , til e out put c u r r e n t  Ilensity is ze r o , Thus ,the cor r esponding  voltage (V 0~~) i s g iven by

kT ‘ScV = n__ ln (_i__ + 
1) (21)

It can be seen that the series resis tance doe s not a ffect the open
c i rcu i t  voltage. Equation 21 also implies that a hi gh value of n would be
desirable in obtaining hi gh V0~~. However , this is not the case , s ince hi gh u-i
implies hi gh I~ f rom Equations 16 throug h 19. Open c i rcu i t  voltage for p-n
junctions is always hi ghest for the diffu sion-limited case n 1. Thus ,  t h e
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FIGURE 8, OPEN CIRCUIT VOLTAGE VERSUS
BASE DOPING DENSITY

cell will  produce the hi ghest  open c i r cu i t  voltage when ti = 1.  Fur thermore ,
hi gh dop ing levels result in hi gh V 0~~, as seen in Fi gure b , in which V oc
is plotted as a function of til e n buffe r layer dop ing level ND for til e optimum
case where n = 1 .

3 . FILL FACTOR (FF)  AND POWER CONVERSIO N EFFIC IE NCY (11)

Solar cells of quite different desi gns cat : delive r identical  ‘sc and V oc
and yet may still diffe r in their power conversion eff iciency because of
di fferent forward current-voltage character is t ics . This is because the
current-voltage relationshi p doe s not have an absolutel y square ‘ knee. ‘ The
actual maximum power out put , Pmax, of the cell will  .i lways be less than the
product of ~~~ and V0~~. A convenient fi gure of merit to descr ibe this ef fec t
is the fill factor (FF) defined by

ii

4 p
FF = J

”~~~~ (22)

17
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Am:y effect  which  tends to softet : the knee of the diod e I - V  char a c-
t t ’ r i s t i c s  wi l l  reduc e Fl” and hem:ce reduce the POW(~~ out put from the sola r

• cel l.  Th e output power (P out ) of a sola r ce l l  under illumit :a t ion is g ive n by

= = ~~~~ 
- 

- 1
sc 

\ - l 2 R (2 3)out q 1 o / S

‘rhe maximum power output , 
~~ma x ’ occu r s  at  a c u r r e n t  11)1 ; it is

obtained by set t ing  dP /d I  0.

l’hu s ,

nkT ( I m~~~ ) = 
~~~~~, 

~~~~~~ 
- 

T
sc 

+ 2 i~~

] 

(24 )

and

4’ 1 - I

~ 
nkT~~ ( 1  - 

in sc~~ — R
max m q \ ~~ / 

in S

U s i n g  Equa t i o n  22 , t l :i s  i l l  f a c t o m ’  i s

/ I — I  \nkT ( 1  — 
rn sc 

— ,2 Hin q I / i n s
FF=— ---- -— -- ---- r v 

0 
(2 u )

Sc oc

The power efficiency of a solar cell  in conv er t ing  li ght of any
• a rbitrary spectral distribution into useful power is given by

V I F F x V  x l
a ,., in m 

= 
oc Sc

- 
P. P , ~~~1

in in

Table 2 shows the c a l c u l a t e d  va lues  for  f i l l  f a c to r  FF and  power ef f i-
c iency i) for  va r ious  va lues  of se r ies  r e s i s t a n c e  R 5 ,  The p a r a m e t e r s  used tn
c a l c u l a t e  the short  c i r c u i t  c u r r e n t  d e n s it y  ‘sc and the r eve r s e  sa tu r a t i o n  cur-
rent densit y I~ are D 0 . 2 ~im , xj (L2  

~t m , L n ~l p . N A 2 x I 0 1 4 I
~ c I f l

• N D I x 10 17 crn~~~, Sa 1 x 10 6 cm ’ sec , S 0 1 x l 0~ i -n:  see , S~ I X I t )
c m/ sec , and n 1 - (Note t ha t  I is a c u r r e n t  d en s i t y  and that  to  o b t a i n  V o l t a g e
un i t s  the R 5 is real l y oh m-cm 2 , The da ta in Table 2 ar e  t h u s  n or t i :a h i -icd
to 1 cm 2 area solar  c e l l . )  R 5  must be l a r g e r  t h a n  0 . oh m - c m 2 (or  0. 07~ (lht l l
for a 4 cm 2 solar  ce l l )  before  an appr ec ia b le  dec r e a s e  in Fl” is no t i ceab le  -

18 L
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TABLE 2. FF AND i~ FOR SEVERAL DIFFERENT VALUES OF SERIES RESISTANCE ’

2 ~ OC. 2 
1 SC’ Ill , ~fll

~2-cm Lp Volts A /cm 
- 

mA /cm 2 mA /cm 2 mW FE ‘i,%

0 1 1.0 5.47 x 10 31.3 30 43 27 . 70 0.885 20.46
2 1.02 2.l x  io .19 31.8 30.93 28. 72 0 885 21.71
3 1 .03 1 .8 x 10.19 31.8 30.93 29.04 0.887 2 1.45

03 1 1 .0 5.41 x 10~~ 31 .3 30.43 27 .42 0 876 20.25
2 10 2 2. 7 k  10~~ 31. 8 30.93 28.41 0.876 20.99
3 1 .03 1.8 x 10 .19 31.8 30.93 28.76 0.878 21 .24

1.0 1 1.0 5.41 x io 19 31.3 30.38 26.78 0.856 19. 78

2 1 .02 2. 7 x 10 19 31.8 30.89 27 . 76 0.856 20.50
3 1.03 1.8 x 10.19 31.8 30.89 28.09 0.857 20 74

3 1 1.0 5.41 x to .19 313  30.22 24 94 0.797 1842
2 1 .02 2.7 x ¶ 0 .19 31.8 30.74 25.86 0.797 it) 1
3 1.03 1 .8 x  ~~ 19 31.8 30.74 26.18 0.799 1934

6 1 1.0 5.41 x 31.3 29.92 22.23 0.710 1647
‘I 2 1.02 2 .7 x  io 19 31.8 30.4 1 23 06 0311  17 .03

3 1.03 
- 

i.8 x 10-19 31.8 30.45 23.38 0 7 1 4  17.26

10 1 1.0 5.4 1 x io .19 31.3 29.15 18. 73 0.598 13.83
2 1 .02 2 7  x 10 19 31.8 29.68 19.43 0.599 14 .35
3 1 .03 1.8 x 10-19 31.8 29.71 19. 74 0.603 14.58

‘AssumIng no shadowIng. ‘ 

— -

k I ’he uppe r l imit  to  ~~ c i s  det e u- mined b y ti ~e I u n u i gap  of t h e  se n h  con  —

duc t o t ’ . For  the  GaAs solas- c e l l  it i s  37 u t A / c n :~ t a r  A M O  sp( ’ .-t t’ , u l a u d i t i o n .
Thj ~ uppe r limit o c c u r s  when  e v e r y  i n c i d e n t  photon c r e a t t -s am: e le c t m ’ot:  ho le
pair which is subsequen t ly  co l l e c te d  by the p — n  j u n c t i o n . I l:e cot - res  p onil i  ng
theore t i ca l  uppe r lin:it f o r  power  conve r s ion  e f f i c i e n c y  i s  24 pe I-ed It t t s i  ug

a f i l l  facto r of 0. 88 and an open c i r cu i t  vol tage  of I volt . I ’i: c a c t u a l  ca l  en —

4 lated ef f ic iency in Tab le  2 is lower  t han  t h e  uppe r l imit  - ‘l’his d i s c  r ep . tney
is due to the losses in the bulk and s u r f a c e  re con:b inat i on  in d i f f e  i-ent r e g i o n s

-f the cell , which a re  re f lec ted  in th ~ pa u-a mete I -s  U S t l ( i  fa t- c , u l  cu l a t i ou i s  seem :
in Table 2 .

F igure  9 shows a sample calculation of power e f f ic iency  as a funct ion
of base di f fus ion  length for  d i f ferent  values of ser ies  res i s tance  used in
Table 2 . In this calculation we assume n = I and window layer  th ickness
0. 2 ~im.  Table 3 provi des the experimental data for cell 373 , w hose 1-\ c u r ve
is plotted in Figure 10 . From Figure 10 and the data in Table 3 1 it ~ S SL ~(’Il

that Rs can be less than 0. 075 ohm for a cell area of 4 cm 2 and that  the
c o n t r a c t  goa l of 18 to  20 p er c e n t  e f f i c i en c y  at A M O  is a r e a l i s t i c  goa l lot’ a
4 cm2 cell.

19
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SECTION 111

GaA s SOLAR CELL BASELINE DESIGN

An evaluat ion of the theore t i ca l  model and the cell s t ruc tu re  led to
the choice of the basel ine  de s ign  for  the GaA s solar cell shown in F igu re  11 ,
The n~’ concentra t ion for  the subs t ra te  was fixed at 5 x 10 17 cm”~

3 and Te was
selected as the dopant . The reason for th is  choice is that  the subs t ra te  has
been developed to a hig h degree  for use in LEDs , and it provides  the most
economical choice for  the solar cell until  we can establish the optimum
concentrat ion in the buffer  layer  for  the n side at the act ive junct ion . In the
f u t u r e  we may eliminate the need for one ep itaxial g rowth  of a buffe r laye r
by adequate improvement  in bulk growth . The hig hl y d o ped subs t ra t e a l so

[ 
makes contacting with Au-Ge-Ni  considerabl y easier .

For the cells to be fabr icated the n buffe r layer concentrat ion was
fixed at 1 x 1017 crn 3 . T h i s  value was chosen in the lig ht of r e su lt s  on the
variat ion of open c i rcu i t  voltage as a fun ct ion of c a r r i e r  concent ra t ion  in
the n layer . At this  doping leve l we have about I volt , and fu r the r increase
in n concentration seems to adversel y affect short  c i rcu i t  cur rent , We chose
it as the best compromise for  short c i rcui t  cu r r en t  and open c i r c u i t  voltage
control of epitaxial layer growth on tin-doped substrates. The thickness of

t t  this  layer was fixed at 10 ~~m or more because r e su l t s  indicated that the sub-
strate °visibility° is minimized at a buffer layer thickness of 10 ~~~ A
lesser thickness is not always sufficient to remove the effect of the substrate
on cell performance. It is worth noting that this thickness is about three
times the minority carrier diffusion length.

The p (AIGa)As window layer thickness , D, is chosen for the present
design to be ~0. 5 ~m because it is relatively easy to control the liquid phase
epitaxy (LPE) layer thickness at this value over the large areas necessary
for the solar cell. It is also a convenient dimension in terms of growth time ,
which effectively determines the junction depth in the f in ished  s t ruc ture .
During later stages of the program , we fine tuned this parameter to even
lower values.

The p-GaA s layer, fo rmed by the diffusion of Be into the grown LPE
n-type buffer layer , is controlled in thickness by the diffusion time and
temperature. In practice , it seems to be controlled by the time and tem-
perature of epitaxial growth of the (A 1Ga)As layer (Section VI) . The p GaA s
thickness (junction depth , xj ) is an extremel y important parameter for
radiation damage control and is therefore crucial to space cell performance.
O ptimization of this parameter constituted a princi pal activity of the second
phase of the program .

23 f”~
- 

~~kCZIlI~G p~~~ ia~

Lg



_ _ _

L

The remaining  par ts  of the basel ine s t r u c t u r e  are  s e l f - expana to ry .
The Au - Z n  contacts  are  about 3000 to 4000 A ~vi th  a s i lve r  ove r lay  about4 ~.im th ick;  the n contact i s  A u- G e - N i  (—5000 A) wi th  an Ag ove r lay .  The
an t i r e f l ec t ion  coating is 600 A of Ta2 05 and is the same as that  used in
silicon space cells , except that the thickness is opt imized to ma tch  the
spectral response of the GaA s cell . The cells  de l ivered  to the A i r  F orce
Aero Propuls ion  Laboratory were  based on the des ign  s hown in F i g u r e  11.

AR COATING

p CONTACT

LIGHT \ \
.~~ —n-- n—n n—ii--- i•l -

A p — 2 . 1 0 18 cm ’3
I (A IG.)Asp A I~,G.1 As ,[ 0 n — 10 17 cm ’3

I n~~ — 10 18 cm4
p GSAI 2 x 1 ~I 0 - O.5 IJ M

n GsA. I t  ~ 0,5 ~ M 

~‘ ‘ ~~~~~ GaAs I ~ 10M M

\ NUMBER OF FINGERS -24\ ~~~~ p CONTACT: Au Zn ’Ag

\ n CONTACT: Au’G.-Ni-Ag OR Ag-Sn

p-n JUNCTION n CONTACT

FIGURE 11. GaAs SOLAR CELL BASELINE DESIGN
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SECTIO N IV

EXPERIMENTAL CELL FABRICATION AND RESULTS

1 . CELL FABRICATION

At the beginning of the GaA s solar cell  p rogram, several  choices  had
to be made among the alternative fabr ica t ion techniques  available. On the
basis of the Hug hes Research  Laboratories  (HRL)  experience , we chose to
use the infini te melt  ep itaxial growth technique for the device s t ructure , a
mechanical  mask , Au-Ge-Ni  and Au - Z n  al loys  for the contacts , and Ta2 05for the AR coating , The r easons  for these choices  and t he i r  advantages a re
described below .

Liquid Phase Epitaxy Growth -

The basic building block of the GaA s solar cell  is an (AIGa)As-GaA s
s t r u c t u r e  grown by liquid phase ep itaxy (LPE),  since the best  r e su l t s  for  cell
performance have been obtained using thi s  method . Of the two best known
variants , the l imited melt’4 and the infin i te me lt t e chn ique s , we chose the
HRL-developed  in.finite mel t  technique for its abili ;y to reproduce large area
cells with superior  performance.  The advantages of this  technique have been

- a  d i sc u ssed in several  publications. ’5 ’ l6~ 17

Br ie f l y, the limited mel t  technique su ffe r s  f rom a Larg e surface- to-
volume ratio for  the growth solution , which  make s contaminat ion of the solu-
tion d i f f icu l t  to control.  This  factor becomes especial ly impor tant  in the
light of thermal  cycling test results  showing the adverse  effect  on cells of
oxygen contam ination (see Section VII) . The limited melt technique is also
disadvantageous from the stand point of the economics of cell product ion ,  It
cannot use the Ga solution eff ic ient ly because the wi ping technique used at
the end of ep itaxial Layer growth resul t s in unavoidable losses ,

By contras t, HRL has used a 1000 g Ga solution fo r  a period of
2 years  to produce over 1000 cells , and the solution has , if anything ,
improved in pur i ty  and reproduc ib i l i ty  over that period of t ime . Solar ce l ls
wi th  a r ea s  of 4 cm 2 have been reproducib ly and routine ly fabr ica ted  w it h
AMO ef f ic ienc ies  in excess of 15 percent , and we have demonstrated that t h i s
technique can be used to grow even larger  area cells . We are present ly set-
ting up a system under the High Eff ic iency  Solar Panel (HESP) program that
w i l t  enable us to grow eight cells  at a t ime , making the economics  of cel l
production extremely at t ract ive,
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FIGURE 12. INFINITE MELT LIQUID PHASE EPITAX IAL GROWTH OF GaAs
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The basic  LPE sy s t e m  developed at U R L  is  ~ho’~ n in Fi g u r e  12 . It• f ea tu res  an a l l -qua  t~ t~~ g r o w t h  tube connected t o  a s t a i n l e s s  s tee l  e n t r y  cham-
ber t h r o u g h  a hig h v a c u u m  va lve . A s o l u t i o n  of hi gh p u r i t y  GaA s in t’i t h e  i~Ga or a m i x t u r e  of Ga and Al s e r ve s  as  t h e  g r o w t h  s ol u t i o n . The Al  to  Ga
rat io can be ad jus ted  to  g ive any c o mp o s i t i o n  f r o m  G a A s  t o  AlA s fo r  t he
ep i t ax i a l  la y e r , and d o p a n t s  such  as Te , Sn . Ge , or Be can be used to pro-
duce a va r i e ty  of doped l ay e r s . Once a so l u t i o n  i s  p r e p a r e d  it  i s  m a i n t a i n e d
in a pure  Pd c r u c i b l e , d i f f u s e d  hyd r o g e n  a m bi e n t  at  c1ose t o  t h e  g r o w t h
tempe  r a t u r e  fo r  pe r i n d s  of m o n t h s  wh i l e  l , i  v er s  0 re g r u iwn  , ,‘\dd it iofl.l  1
d e t a i l s  about the  s y s t e m  can be obta ined f r o m  o t h e r  p u b l i c a t i o n s .  ~ • I t ’

I .ayers  have  b een  r ep r o d u c i b l y g (‘own t r o i l l  t h e  s v st e i n  w i t h  l i i  i ckn e s  s es
down to 0. 5 ~.t in w i t h  a v a r i a t i o n  in t h i c k ne s s  of l e s s  t h an  10 pe r c e nt ove r
s u b s t r a t e s  l a r g e r  t han  t’ c t l l ~~ in a r ea , Ti lt ’ s u r f a ce s  0 I’c spt ’ t - l l I a  i’ and ca n  be
processed  as g r o w n  fo r  dcv ices . S ine  e a g r o wt h  r u n  t o  h es on i  v a h~~ut  an  h o u r
the sys tem can  be a d ap t e d  fo r  l a rge  s c a le  p r o d u c t i on  ol lo~ co s t  c e l l s .

A subs t r a t e  holde r (F i gu i’ e I ~) is u set i  to e n s u re  good ~‘qu i l i br a t  ion
between the s u b s t r a te  and the  g r o w t h  so lu t i on  pr i or  to  the  s t , l  r t  of g r o w t h .  It
enhances  the c ap ab i l i ty  of the h R  L i n f i n i te  me l t  s v s t u , ’n t  t o r  t h e  t ’owth ot
s t r a i n —  f r ee  l a r ge  a r ca  l ay e r s  wi th  a u n i f o r l l l i t v  in c a r r ie r  c on c e n t r a t i o n  and
t h i c k n e s s  tha t  would be d i f f i c u l t  w i t h o u t  it .

Wc have  dis  c o ver e d  t h a t  the  va r i a b i l i tv  of c o l n l n er t ’ ia i i v  a v a i l a b l e
GaAs s u b s t r a t e s  r e s u l ts  in s e r io us  d i f f e r e n c e s  in t h e  qua l i t  v ot t i i~’ c t ’I is , t o
el i m i n a t e  th i s  j ) 1 0 i) l t ’ f l l  ,\ e  ) l . I V t ’ ad o p t e d  l i l t ’ 1 l 1 & ’ t  hod ot gro\~- i I 1 g  .111 1 1 — t y p e
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bu ffe r l a y e r  w i t h  a con t ro l l ed  n — t y p e  concent r a t i o n  provided  b y a t i n — d o p e d
GaAs  s o l u t i o n . i N c  method  also enables us to stud y the  v a r i a t i o n s  in  ( ‘CII
p e r f or m a n ce  a s  a f u n c t i o n  of the c a r r i e r  c o n c en t r a t i o n  in the n - t y p e  l a y e r .
‘l’ in has  t u r n e d  out  to be an excellent  dopant w i t h  low vapor p r e s s u r e  and w e l l
beha ved se g r e g a t i o n  co e f f i c i e n t s . We have t r i e d  Te as an a l t e r n at i v e  dopant .
B e c a u s e  of i t s  som e w h a t  l a r g e r  vapor p r e s su r e  we have , h o w e v e r , f a v o r e d
I in in m o s t  of our  s t u d i e s .

C o n t a c t  S

Once t h e  b a s i c  e p i t a x i a l  s t ru c t u r e  was ava i lab le , t he next i m p o r t a n t
— i’equt r e n ie n t  f o r  ce l l  f a b r i c a t i o n  was a method of mak ing  r e l i a b l e  o h m i c  con-

tac t  s , One of the  m a j o r  problem s encoun te red  by p r e v i o u s  w o r k e r s  was
m a k i n g  o h m i c  c o n t a c t s  t ha t  would adhere  to (A lGa)A s ,

C o n t a c t s  to  se mI c o n d u ct o r s  a re  e m p i r i c a l  at be s t .  One or m o r e
m e t a l s  a r e  ap p l ied  t o  t he  s e m i c o n d u c t o r  s u r f a c e  w i t h  a dopan t  and a f l u x i n g
t r a n s t t t o n  m e t a l  su ch  as Ni , Cr , Pd , or Ti . For t h e  n GaA s such c o n t a c t i n g
sy s t e m s  a r e  a v a i l a b l e . A u - G e - N i  and Au-Sn a re  good examp les , the f o r m e r
f o r  a 4~’0 ’ C c o n t a c t  and the l a t t e r  f o r  one w i t h  som e w h a t  h i g h e r  t e m p e r a t u r e
c a p a b i l i ty  (1 00 ‘C) .  \V e chose  A u — G e — N i  as  our  f i r s t  c a n d i d a t e s ince  it  i s
corn pat ib l t ’  w i t h  the  A u —  / n sy s t e m  fo 1’ t h ~’ p — t y p e  m a t e  n i ;  tile l a t ter  ha s  been
m o s t  o f t e n  used f o r  p — t y p e  GaAs  con tac t s .

1 l o v i n g  c h o s e n  t h e  a l l o y s , t h e  nex t  ques t  ion  w a s  t h e  b e s t  t e c h n iq u e
of in eta  11 i ~

- at t on  t’o r o p11 m um r t ’s uit s  . The two m o s t  c Ofl if l I  onl  u sed  iii ci N o d s
or e  ev. i p~ I r a t i o n  ( e i t h e r  t h e r m a l  o r  F — b e a m )  and sputteri ng ( R I ’  or  dc ii s ing
ion b e a m s ) .  ‘rhe e v ap o r a t i o n  me thod  imp l i e S  hig h t em p e r a t u r e s , and s i n ce
the  m e t a l s  ar c  so d i f f e r e n t  in vapor  p r e s s u r e s  ( Z n — A u ) ,  we b e l i e v e d  sp u t t er -
ing wou ld  have  Some advantages  in con t ro l . \Ve  t h e r e f o re  c o n c e n t r a t e d  on
s p u tt e  r i n g  as  the main app roach  d u r i n g  t h e  f~ r s t  phase  of t he  prog ram .

TNt ’ last  choice in contac ts  i s  with  respect  to t h e  p r o d u c t i o n  of t he
contact  g rid p a t t er n  on t he p s ide.  The t yp ica l  g r i d  p a t t e r n  we use  is a
~ 4 f i n g e r  p a t t e r n  ( F i g u r e  13) .  It i s  a good c om p r o m i s e  for  m i n i m u m  shadow-
ing (—‘ s to 8 percent)  and has good co l l e c t i on  e f f i c i e n c y .  \\‘ e co uld ob ta in  t i le
pat t e r n  u s ing  e i the r  D h o t o l i t h o g r a p h y or mechan ica l  masks . F I R I .  i s  develop-
ing both t e c h n i q u e s  c o n c u r r e n t l y fo r  use in a v a r i e ty  of app l i c a t i o n s . l” or a
ce l l  compat ib le  w i t h  c o n c e n t r a t e d  i l l u m i n a t i o n , the ph o t o l i t h o g r ap h i c  t e c h —
nique is especia l l y u s e f u l , si nce it p rovides  the h igh  r e s o l u t i o n  neces sa ry
for  t he  closel y spaced contact  p a t t e r n  r equ i red  to m i n im i z e  s e r i e s  r e s i s t a n c e
in h ig h cu r r e n t  opera t ion . Howeve r , for  high e f f i c i e n c y  ce l l s  at low concen-
t r a t i o n s  a mechanical  mask approach  o f f e r s  a s imp ler t echn ique  that  i s
com pat ib le  w i t h  s i l i c o n  so l a r  c e l l  p r a c t i c e , w h i c h  is a si g n i f i c a n t  f ac to r  in
es t a b l i s h i n g  a rapid  t r ans i t i on  to product ion  for  GaA s solar ce l l s . W e
a c c o r d i n g l y  concen t ra t ed  on the m e c h a n i c a l  mask  approach  and the s tandard
24 f i n g e r  mask  used by Spec t ro lab  for s i l i con  2 x 2 cm space ce l ls .

‘~ 7
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FIGU RE 13, 2)( 2CM GaAs SOLAR CELL WITH FRONT GRID PATTERN
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FIGU RE 14 . GaAs SOLAR CELL FABRICATION AND TEST
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co ~—t 01 L ’~a p r e t ’! i ide s sLI t ’ N a p r o v e  dot ’ e - G r owt  ii of I he  e pi t i \ i a l  b t i  (I ’~’ i’ 1 , t  ~~~ r
wi t  N t i i ~ opt 111111111 Ii  - t 

~ pt ’ con c e n t  r ot t ol l  t~ I 1 liii not C S  t i l t ’ lic e d o I’ e’t t o r i i l i ~~.It  a l so  lI e ’ t’ mi t  S t h e ’  r t ’ p r o d t t c  i b I c oct lIt r o t  of t lie ti — 1 . t\  01’ Co t i ipo  s i t  ion .  I i i  i s
t s  inipe t - t o n t  d u r i n g  t h e  e a r ly  p h a se ’s o f c - e l i  de~ ’ c’l optncnt , l i en  wt ’ a t’ e ’ I i ’V i l l g
t o  q u . t i i t  i t  .it i v  ‘Iv e St  a bI i s  i t t h e  si g in fi c a lice ot t h e  ii I aye’ I’ cenipo sit 1 on t o t ’

F c el l  pe r i o  rm uic  c . l’abl ’ A~ 11 111 cii p r e s e n t s  t h e  t h a t  .t fo i. ci g u t  Ct ’ I t s , de 111011 —
s t r a I t -s  t h e  st t’ e ng th  of  t h i s  app i ’oa ch i . t ’i ie se  c- e l i s  h ad  t i l e  s a m e  Ii 101-or
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TA BLE 4, HRLGaAs SOLAR CELLCHARA CTE RIST ICS : JANUARY 1976

Cell No, ND X 10 17 cm’3 D,pm ~~ mA V~~, mV 
~
‘) (AMO) FE

81 1 1.5 99 1000 13.6 73
82 1 ~,5 99 1000 14 76
83 1 1.5 99 1000 14.9 80
84 1 1,5 99 1000 14 74
85 1 1.5 100 990 14.1 77
86 Broken
87 8’ 2 ( Leaky)
88 8’ 1.3 89 950 12.9 73

‘Substrate with no buffer layer

TABLE 5. HRL GaAs SOLAR CELL CHARACTER IST iCS:
JUNE 1976

Ce l l
No. 

~~ 
mA V~~, V Efficiency, % FF

-
~~ 287 110 098 15.5 0,78

288 110 0. 98 15. 7 0.80
289 107 0.98 15.5 0,80 —

290 110 0,98 15.5 0,78
291 110 0.98 15 ,5 0,78
292 110 098 15,5 0.78
293 111 0.98 15. 7 0,80[ 294 110 098 15. 7 0.79

Cell size: 2 X 2cm; Al level (X~ = Q.~ 7 
17Be doping (A IGa)As >3 X 10 1 cm’ ND = 1 X 10 cm ’3

TABLE 6, HRL GaAs SOLAR CELL CHARACTERISTICS : JANUARY 1977

Cell No, N0 x ,o 17 cm ’3 0, pm ‘ SC’ 
mA V~~ V ?I (AMc~ FF

522 0.04 0,4 115 0.90 15.9 083
524 0.04 0.4 116 0.90 16.2 0,83
525 0.04 0,4 116 0,90 15,9 0.82
523 0.3 0.4 118 0.98 17,5 0,82
526 0,3 1 110 0,98 17,2 086
527 0.3 1 109 0,98 16,9 0,85
529 0,3 2 106 0,98 16,1 0.82
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concentration and p layer th ickness . The amazing r e p r o d u c i b i l i t y  of cell
parameters is the best jus t i f i ca t ion  for the HRL approach to cell fabr ica t ion .

Table 6 demonst rates the continuing improvement of ce l l  p r o p e r t i e s
dur ing  the present  contract . Several  f ac to r s  a re  shown by the r e s u l t s .
CeLls  522 , 524 , and 525 have the same n layer  c a r r ie r  concent ra t ion.  The i r
open c i r cu i t  vol tages  and shor t  c i r c u i t  c u r r e n t s are v e ry  s imi l a r . The
per fo rmance of cells  523 , 526 , 527 , and 529 v a r i e s  s y s t e m a t i c a l ly ( a s
would be expected f rom theory)  as a funct ion of p - Ga As layer  t h i c k n e s s  (xj )
and c a r r i e r  concen t ra t ion. The open c i r c u i t  vol tage  f u r t h e r  i n c r e a s e s  as
a func t ion  of n layer  c a r r i e r  concen t r a t ion  in the two sets  of samp les .
Final ly,  the cell f il l  f a c t o r s  a r e  the hig hes t  noted in the a v a i l a b l e  l i t e r a t u r e .

Since the 17 . 5 pe rcen t  e f f i c i ency  was achieved , the em p h a s i s  was
shif ted to i nc reas ing  the  r ad ia t ion  r e s i s t a n c e  of the  ce l l . In ou r  l at e s t  ce l l s ,
these  d e s i r a b l e  goa l s  a r e  achieved w i t h ou t  loss of e f f i c i e n cy .  The s t eps  tha t
led to these  i mp r o v e m e n t s  in ce l l  model ing  and p r o c e s s i n g  a r e  t rea ted  below
in de ta i l .

Bes t  solar cel l  p e r f o r m a n c e  is obtained if a doub le  LPE laye r  g r o w t h
is used . The l ayer  c a r r i e r  concen t r a t i on  f o r  both the  n and p l a y e r s  r e q u i re s
o p t i m i z a t i o n, but the  t r e n d s a re  c lear . The c e l l s  g r o w n  a c c o r d i n g  to t h e
g rowth  schedule  in Tables  5 and 6 were  used for rad iat ion d a m a ge  s t u d i e s
and showed d e g r a d a t i o n  in c lose  a g r e e m e n t  w i t h  c a l c u l a t e d  v a lu e s  ( s e e ’ 1~ i~~ i r ’ ~
40 , Sec t ion  V 1) f o r  c e l l s  w i t h  j u n c t i o n  d e p t h  —~0. 8 to I p.m. S ince  r - ,s I s l . I t i c
t o  r a d i a t i o n  d am a g e  is an i m p o r t a n t  c o n s i d e r a t i o n  for -  s pace  a pp i i i . ,l t i o f l s , \ .~~
had to modif y t he  g r o w t h  s chedu le  f o r  the  G a A s  sola  i- c e l l s  t o  a c h i e ve  t h e ’
n e c e s s a r y  j u n c t i o n  d ep t h  c o n t r o l .

The f a c t o r s  that  cont ro l  j unc t ion  dep th  a r e  1) the Be c o nc e n tr a t i o n
in the growt h so lu t ion , 2) the growt h p a r a m e t e r s  invo lv ing  n u c l e a t ion , and
3) the time of growt h . The stud y of these  f a c t o r s  r equ i red  m o d i f i c a t i o n  ~~
the Be concen t ra t ion  iii the  g rowth  solu t ion .  A s y s t e m a t i c  s tud y of t h e  g rowt h
temperatures and cooling cycle s used for  g rowth a lso  was needed .

1) Be Concentrat ion in G r ow t h  Solution - There  w e r e  a few s u rp r i s -
ing developm ents in the  use  of Be as a dopant  dci r i ng  the  c o u r s e
of th i s  stud y.  When  the amount  of Be in the  s o l u t i o n  was

• increased , we noted that the i n c r e a s e  in the  l ayer  c o n c e n t ra t i o n
was not p ropo r t i ona l . Inc r ea s ing  Be c o n c e n t r a t i o n  in the solu-
tion by a fac to r  of 5 above that  r e q u i r e d  fo r  1 x 10 18 cm- 3 c a r r i e r
in the ep i tax ial  layer  i nc r ea sed  the Layer  c o n c e n t r a t i o n  b y l e s s
than a fac tor  of 2 , We had , t h e r e f o r e , to conc lude  tha t  the  sta-
b i l i t y  of Be in the solid laye r reache s a s a t u r a t i o n  s o m e w h e r e
about 1 . 5  x 10 18 cm ”3 and is i n s e n s i t i v e  to i nc r e a s e d  Be con-
c e n t r a t i o n  in the solut ion . However , i n c r e a s e d  Be c o n c e n t r a t i o n
in the solut ion adve r se ly a f f e c t s  the l aye r  by i n c r e a s i n g  the
junc t ion  depth .  Our s tud ies  indicated that  t h e  so lu t i on  ac t~ as
a d i f f u s i o n  source  wi th  hig her  Be , i n c r e a s i n g  j u n c t i o n  dep th
w i t h o u t  i nc reas ing  the c o n c e n t r a t i on  in the sol id l a y e r .
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The j u n c t i o n  d ep t h  i s  e’ s p v c i a i l y s e n s i t i v e  t o  t i l t ’  s o l u t i o n
co ne’ e ’n t r a t i o n  w h e n  s low g r ow t h  r a t e s  a re  used and ti l e ’  (A l Ga ) A s
f o r m s  s lowl y ,  t h u s  i n c re as in g  ( l i t ’  l i m ’ fo r  w h i c h  T il t ’  G a A s  can
~~~~~~~~~~~ t he  h i g h s  i t t ’  co n cen t r a t i o n  in ( l i e  s o l u t i o n . ( ) i u.’e a O n h i r i —
d o n s  l a y e r  a few hund  red ang St rem s t h i c k  f o rr i l s  on t i l t ’  ( ; a A  s ,
t i l t ~ i I l j i U e ’ i i & ’ t ’ of i t t ’  i i i  the  sul~~tj o~ on ,l U i l c t i o i l  e I t ’ 1~t h i  i s  l j i ~ i I t e d .
l i l t ’  i i l i tL t l I . t j > L & I  th i ~ f u s i o t i  ol 1~e ’ ( s e c  I ’ i g u r e  •‘‘~ ~~~‘Ct ~~~~il  ~ ) e ’~ t I 1

be- at t  v t b u t e t l  t o  t i l e ’  l i l i l t ’ ( l u r i n g  w h i c h  T i l e ’ s o l u t i o n  see ’$t l k ’  G aA s .
1 l~ 

(. 1 C O l I C  l u s t  t i l l s  We ’ i’e ( I r a  w i l  f r u i t s  t i l e ’ s e ub s , ’ r v . i i  i on s :

a) in c r ea s e  of Rt ’ in th e ’  s o l u ti o n  b eyond t h a t  needed  t o
g i~ ’ t ’ — 1 . 5 x 1O~~~ ~~~~~~~~~~~~~ in List ’  s ol i d  is h a r m t u l  t o  co ni —

r’olled g r ow t i i .  T h i n s  f i nd i ng i s  a d d i t i o n a l l y d e s i r a b l e ’
to  f l l t f l i i l l i : ’, e ’ t h e  p o s s i b L e  i s a r u l f u l e f f e c t s of Re in
pr oce ’s s ing .

b) ‘I’ile ep i t a x i a l  l ay e r  g r o w t h  cy c l e  shou ld  t l l i n h t l s j i e  t i l e ’
e’on ta e’t of t h e  $ O l U t i uj )  t o  t i l e ’ G , i A s  s u bs l  r a t e ’ d t i  r i n g
i n i t i a l  nuclc ’at  ion and g rowl  II of t i l t ’ L ive ’  i- t o  r e ’due ’e’
j u n c t i o n  d ep t  I l ;  fu r t h i e  I’ , t i l t ’ lo~ve r t ile ’ t e ’n i i p e  r a t e r  r e of
g r o w t h , th e ’ s h a l l o w e r  t i le ’  d i f f u s i o n  w i l l  be ’ .

2) i n f l u en c e ’  ut  G r o w t h  Pa rani ci ei- s — ‘l ’hie i n f l s i  elR’ e ’ of I he ’ t (‘I ll  pe’ r a —
f u n - c  of g r o w t h s  on d i f fu s e d  j u n c t i o n  de ’pt h i s  o b v io u s . h o w e v e r ,
w h a t  is not obviou s is t h e  i n flu e n c e  of t i le ’  s o lu t i o n  concen t  i’at iOn
in Be on t h e ’ j u n c t i o n  dep th  ( SCe’ i tern I a b o v e ) .  1’ he v a l u e s  elf
j u n c t i o n  dep th  shown  in Ta b l e  I -t and 1 5 (Sec t  ion \ ) s i l b s t , i n lt j  —

a t e  t i le  c o n c l u s i o n s f r o m  i t e m  1 . Tile  fa c t  t h a t  i n c r e as i n g  e’p i~t a x i a l  g r o w t h  t ime  i n c r e a s e s  j u n c t i o n  dep t  Ii onl y v e r y  slow lv
a g a i n silow S the  ove rwi ie  1111 ing i n flu e n c e  of t h e  s o l u t i o n  d ur i n g
ti le in t l  ia I second s . “he t il l p o r t a n ce  of t h i s  f i n d i n g  be ’ & ’oi~i~ s
obvious if we w i s h  t o  use  a s o l u t i o n  e t c h  p r i e r  to  g r owt  II of t h e
l a y e r , a p r a c t i c e  s o m e t i m e s  r e c on i n l e n d e d  b y o t h e r -  wot -k e  r s  to
improve  l ay e r  p e r f e c t i o n .  Such a p r o c e d u r e  wou ld  ~ X~~O5C t i l e
s u b s t r a t e  to  t i le  s o l u t i o n  for  app i-ee  i ab lv  longe  n’ t i m e , I bu s
i n c r e a s i n g  t i le  j u n c t i o n  d e p t h .  Since  we ha~’e e st a b l i  shied t i l e ’

• i mp o r t a n c e  of a shal low j u n c t i on  ill  r e d u c i n g  r a d i a l  ion d a m age ,
it becomes  ev iden t  t h a t  t h i s  d e s i r a b l e  ob ject iv e ’  can onl y be File t
by e i t h e r  reduc ing  the  Be c o n c e n t r a t i o n  ifl  t h e  s olu l  ion t o  t h e

- - min imum n e c e s s a ry  for cell  p e r f o r m a nc e -’ or  b y n~inin~ i z i n g  ( l i e
n u c l e a t i o n  t ime  so tha t  tile g r o w n  l a y e r  o f f e r s  an e f f e c t i v e  b a r r i e r
to d i f f u s i o n  f r om  the so lu t ion .  U Se’ of th e se - ’  t w o  a p p r o a e-’hes ‘1
combinat ion  has  enabled us  to reduce ’ the j u n c t i o n  dep th  t o  l e s s
than 0 5  p .m .

3) G r o w t h  Time — The i n f l u e n ce  of t h e ’ ep i t a x i a l  l a y e r  g r o w t h  t i m e
on junc t ion  dep th  was  d i s cu s s e d  in p a r t  u n d e r  i t em  2 above’ .
To reduce  j u n c t i o n  dep th , it  would be d e s i r a b l e  to  r edu ce  g r o wt h
t in le  as  we ll  as nuc l ea t ion  t i m e , I t  L S l i i i  pe r i an t  , ilo\v e’ve r , t h a t
t h e  g r o wt h  r a t e  be slo~ ’ enough to  ah ie ,~~’ fo r  o r d e r l y gr o~ ’ti i  of
the l ay e r  to m a i n t a i n  good e ’ry s t a l  pe i- fe ’ct  ion as ~‘ell  as dopant

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ 
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s e g r e g a t i o n  at the  g r o w t h  i n t e r fa c e . B e s i d e s  t h e s e  l i m i t a t i o n s ,
t h e r e  a r e  a l so  p r a c t i c a l  c o n s i d e r a t i on s  of cool ing l a r ge  v o l u m e s
of s o l u t i o n  w h i l e  u s i n g  a h e a v i l y in su la t ed  f u r n a c e  w he n  coo l ing
r a t e s  exceed s eve ral  d e g r e e s  per  m i n u t e . Til e g r o w t h  t empera -
t u r e  of 800°C i mp o s e s  a p r a c t i c a l  l i m i t  of ap p r o x i m a t e l y 2°C / n u n
w t t h o u t  r e s o r t  to fo rced  cooling . In our  e xp e r i m e n t s  we f ind
tha t  a good c o mp r o m i s e  fo r  GaA s so lu t i on  in Ga is  son lewha t
below 1°C/n l in , the  exact r a t e  being dependen t  on the  s y st e m
g e o m e t r y ,  dopant  type , and c o n c e n t r a t i o n.  T h i s  enab le s  us  t o
grow an c’pitaxial Layer at about 1 p .m/mm ; a buffer laye r about
10 p .m th i ck  can then be g r ow n  in 10 m i n u t e s .  The (A IG a ) As
laye r is grown at a much slower rate since we have  to ob t a in
t h i c k n e s s  con t ro l  in the 0 .4  p .m range , At  a g r o w t h  t e mp e r a t u r e
of 800°C , a cooling ra te  of— ’ O . 3 d e g/ m i n  has g i v e n  us a 2000 A
layer  per m i n u t e . The g r o w t h  r a te  f o r  t he  ( Al G a ) A s  l ay e r  is
cons ide rab ly s lower  because  the solute concen t r a t ion  is  lowered
as we go to A l A s  f r o m  GaA s at com parab le  t e mp e r a t u r e s . T h u s .
at 800°C we have ap p r o x i m a t e ly a 2 pe r cen t  s o l u t i o n  in ( A l G a ) A s
compared  to a 5 percent  solu t ion  in GaA s . Since slow g r o w t h
ra tes  have to be used to ach ieve  r e p r o d u c i b l e  l ay e r  t h i c k n e s s  in
the s u b m i c r o n  window layer  g r o w t h , i t  becomes  i mp e r a t i v e  to
keep down the Be concen t rat ion  to r educe  j u n c t i o n  dept h .

f B y combin ing  the cons ide ra t i ons  d i s c u s se d  above , we w e r e  e f f e c t i v e l y
able to reduce  the j u n c t i o n  depth of the GaA s cel l  below the h e t e r op hase
boundary  of the  window layer  to l e s s  than 0 . 5 p .m . The i mp r o v e m e n t  in
ra dia t ion damage so achieved can be seen in F igu re  42 (Section V I ) .

An examinat ion of the  ce l l  e f f i c i e n c i e s  in Table  16 (Sect ion V )  shows
that 17. 5 percent  e f f i c i ency  at AMO was achieved in Janua ry  1977 , S ince
then , the cel ls  have not exceeded th i s  f i g u r e , even though severa l  improve-
ments have been achieved in contact in tegr i ty ,  cell r e p r o d u c i b i l i t y ,  and
improved  p r o c e s s  control , r e su l t i ng  in bet ter  overa l l  dev ice  y ie ld . The
main  reason for  th i s  r e s u l t  is  the concentrat ion of our e ff o r t s  in r e d u c i n g
junc t ion  dep th . However , as the junc t ion  ge t s  sha l lower , two p r o b l e m s
a r i s e .  F i r s t , the he te rophase boundary  (AIGa)As -GaA s gets  c lo se r  to the
e lec t r ica l  junct ion .  Th i s  e f fec t ive l y r educes  j unc t i on  q u a l i t y  because  the
he te rop hase boundary  is somewhat more  s t ra ined  and tend s to have a lower
minor i ty  c a r r i e r  d i f f u s i on  length  region close to it . Second , as we reduce
the window layer t h i ckness, the e lec t r ica l  junc t ion  a lso  gets  c l o s e r  to the
top surface  of the cell , where  the meta l l i c  contac ts  that  have to be annealed
are located . Metals  in the contacts are  suscept ib le  to m i g r a t i o n  and diffu-
sion , both effects  being enhanced by the strained he te ro p hase region.  As
we tried to modif y the p rocess ing  pa ramete r s  to con t ro l  j u nc t i on  depth ,
these  problems had to be studied and solut ions found for  them in pa ra l l e l .
Since very little is known about the c h a r a c t e r i s t i c s  of (A IGa)As  w i t h  h i g h e r
th an 85 to 90 percent Al , progress was slow . However , by slowing the
growth of epitaxial layers , we were able to minimize  the adverse e f f ec t s  of
the heterophase boundary and to fabricate the sola r cel ls  f rom s t r u c t u r e s

33

L~ 
-



r ~~~1~~~~~~T ~~~~~1~EIT ’T~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 7I~~~~ T~~~~~ :~~

V

140

2083 8
J J 9

2)93 
_  _120 — 

_____  _____  _____

209 1

I ~~1oo

-4 
~~~ 8O

- 0,2 0.4 ;.6 
~~~~ 1.0 1.2

VOLTAGE , VOLTS

FI GURE 15. TYPICAL PHOTO I.V CHARACTERISTICS
• FOR CELLS IN TABLE 7

34

________



—~~~~-- 
-

~~~~

-

- _ _ _

with junct ion depths  less than 0. 5 p.m. The improvements  in the cell
charac te r i s t i c s  can best be seen wi th  stead y improvement  in the f i l l  factor
from < 0 . 75 to 0 . 78 to 0 . 8. It is wor th  noting that the deep junct ion  cells
(520 to 527) had f i l l  factors  as high as 0 . 86 . We believe furthe r imp rove-
ment in layer  qua l i ty  wi l l  enable us to rees tabl i sh  these h igher  value s even
wi th  shal lower junc t ions .

The combined effect of these inv e stigations led to cells with  the cha r-
ac te r i s t i c s  shown in Table 7 . AMO ef f ic ienc ies  are  once again in the
17 percent  rang e, even thoug h the cells  are  g rown  using the  new p roces s ing
techniques with window Layers  and junct ion depth p a r a m e t e r s  su i t ab l e  fo r
h igher  radia t ion res is tance. The process ing  r e p r o d u c i b i l i ty  and cell y ield s
improved cons iderab ly, and the contacts  do not peel as eas i ly as they  did
in ou r e a r l i e r  ce l ls . The open c i rcu i t  voltages are  cons is ten t l y above I vol t ,
and the short circuit current s are above 110 mA . The photo I-V chara cter-
istics of these cells are given in Figure 15 . Com parison with F i g u r e  33
(Section V) shows the similarity in c h a r a c t e r i s t i c s  wi th  the e a r l i e r  ce l l s
wi th  the deepe r j u nc t i on .

R o l e  of Oxygen in Liquid Phase E pitaxy Layer  Cha rac t e r i s t i c s

Dur ing  the course  of the p rogram , we s tudied the  i n f l u e n c e  of oxygen
irs the g rowth  ambient on cell  pe r fo rmance .  It is known f rom the l it e r a t u r e
that oxygen acts as a deep donor in GaA s and t h e r e f o r e  a f f ec t s  i t s  e l e c t r i c a l
charact er i st ics . It should have a s imi lar  role in (A lGa)As , a l though  its
exact behavior is not known; it can act in d i f f e r e n t  w a y s .  For examp le , it

TABLE 7. (AlGa) As-GaAs SOLAR CELL
CHARACTERISTICS (AMO I ’

V0~ m
— Cell No , mA V FF %

1960 116 1.01 0 7 6 16.5
1966 116 1 .01 0.76 16.5
2029 118 1 .02 0.76 16.9
2083 120 1.01 0.76 17 . 1
2087 113 1 .02 0.78 16. 7
2089 112 1.02 0.78 16.4
2090 11 3 0.99 0.77 16 ,0
2091 117 102 078 17 .0
2092 11 8 1,02 0.78 17 .4
2093 121 1 ,01 0.76 17 .2

‘Delivered to AFAPL Jun e 1978. Cell size = 2 X 2 cm2;
buffer layer carrier con c N 1 X 1017 cm ’3.
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can combine  w i t h  s i l i con  n o r m a l l y p r e s e n t  as an i m p u r i t y  in  t h e  g r o w t h
sys tem to fo rm 5i0 2 ,  w h i c h  is  inact ive and t h e r e ’f o r c  r e ’duce s  t u e  s i l ic o n
l e v e l  in the  g r o w n  l ay e r . A l t e  m a t  ivel y ,  it  can compe ’ s a t e ’  f o r  t h e  shl.~l low
acceptot -  levels  and t h e r e f o r e  a f fec t  t h e  c a r r i e ’ r ba lance ’  i n  ti le- ’  G a A s .

At  one’ p o in t  in the  pr o g r a m , one of t h e  ep i t a x i a i  g r o w th  sy s t e m s
de’veloped a leak , and we not iced  a se ’r i o u s  de’te r i o r a t  ion in t h e  pe’ r f o  m s  —

ance’ of t he  sola  s- c e l l s . S i m u l t a n e o u s ly , we d i  scove red a roug h en i n g  of
the  g r o w n  s u r f a c e  and an a b n o n -n l a l  i n c r e a s e  in t i le  n u m b e r  of d i s l o c a t i o n s
Ifl t i l e’ ep i t ax i al  l a y e n - . W e  a c c o r d i n g l y c a r r i e d  out a d e ’t a i l e d  i n v e s t i g a t i o n
of t h e  inf l u e n c e  of t r a c e s  of oxygen on ep i t ax i a i  l a y e r  p r o p e r t i e s . A n y
inc rease - ’  of oxygen above 10 PPM r e s u l t e d  in  v i s i b l e  and ex t e n s i v e  su r f a ce
d e t e r i o r a t i o n ;  even t r a c e s  in the  PP\1 range a f fec t  t u e  f l a i l  n i o b i  l i l y  of I he
(A lG a)A s l a y e r . T a ble 8 s h o w s  a t y p ica l  set  of v a l u e s  o b t a i ned  d u r i n g  t h i s
per iod . Tile r e s u l t s  seem to indicate that oxygen acts as  a com p e n s a tin g
de’ep donor  in (A i G a) A s . w i t h  a Se’ve~ r-e r e d u c t i o n  of f l u ’  1- h a l l  m o b i l i t  even
in la y e r s  doped as hig h as 1018 cnl 3 w i t h  l e .

Since’ t h e  i n f l u e n c e ’  of oxygen  on the  l ay e r  q u a l i t y  has  been  demon-
s t r a t e d , we have i n s t a l l e d  an oxygen  m o n i t o r  ( R e s e a r c h . Inc . o x y g e n  moni-
to r  w i t h  range  e x t e n d e r )  tha t  can m e a s u r e  o x y g e n  c o n c e n t r a t i o n  dow n to
0 . 2 PPM in the H 2 f lowing  t h r o u g h the s y s t e m . The o xy g en  l e v e l s  a r e
kept below 0 . 5 PPM t h r o u g hout  tile ep i t a x i a l  l aye r  g r o w t h  c y c l e . Our
i n v e s t i ga t ions  have shown tha t  t h i s  m e a s u r e  is  e sp e c i a l l y i m p o r t a n t  f o r
e n s u r i n g  the  r e p r o d u c i b i l i t y  of t h e  window l ayer  of ( A lG a )A s .

A n o t h e r  f a c t o r  of c r i t i c a l  s i g n i f i c a n c e’  to the ’ r e p r o d u c i b i l i t y  of tile
layer  c i l a r a c t e r i s t i c s  is  the  qua l i ty  of de ionized  w a t e r  used to  c l ean  t h e
Ga As s u b s t r a t e s  and f in i shed  g rown  s t r u c t u re s . W h e n  t h e  wat en -  q u a l i t y
fa l l s  below 10 to 12 megohm s , the  g rown  l a y e r s  b e g i n  t o  ev idence  s u r f a c e
p rob lems :  roug hness , and an inc reased  t ende ’ncy to  r e t a i n  g a l l i u m  on

TABLE 8. ROL E OF OXYGEN IN (AIGa)As LAYERS:
ELECTRICAL CHARACTERISTICS

Hall Measurome’n Values
Carrier

Concentr ation , Hall Mobility,
Date Grown p cm 3 cm 2 V 1 sec l R emarks

8 Dec 197 6 2 x 1018 108 • Pt cot to oxyqen It ’ak cells w it h
17 Jan 1977 2 x 10 18 117 e f f i c i en cy  16 to 17% (AM O )

6 Apr 197 7 7 .7 x 1017 48 • After leak starte d
• Cell s show poor (‘ f t ictene:y, ~ 14%

23 May 1977 2 x 10 18 114 • Leak fixed
• M ob i l i t y  I u’covei ~,

• New ~ ‘IIs show be tt et  e ff ic i ency
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spots . with a subsequent i n c r e a s e  in oxidat ion of tile sur face  at t hese  spots .
Espec ia l l y wi th  the l a rge  area ce l l s , it is impor tan t  to avoid th i s  problem
to obtain high enoug h y ield s in ce l l  product ion.  B e s i d e s  the de ion ized  wa te r .
al l o rgan ic  chemica ls  such as i sopropy l alcoho l , f reon , and s i m i l a r  so lven ts
used m u s t  be me t i cu lous l y kept  f r ee  of d u s t  p a r t i c l e s  and m o i s t u r e , S ince
these  tend to cause ta i l ing  of Ga on the s u b s t r a te  s u r f ac e  and subsequen t
i r r egu l a r growth . B e s i d e s  the problems in ep itaxia l growth . the lack of
care in handling , de t e r i o r i~t ion of w a t e r  or solvent  q u a l i t y ,  or u n d u e  expo-
su r e  to h u m i d i t y  or dus ty  a i r , ca n lea d to s eve re  a d h e s i o n  p r o b l e m s  in t he
g r i d  co n t a c t s  on the p ( Al - G a ) A s  layer . Some contact  peel ing in our  ea rl y
c e l l s  has been t r a c e d  to these  p ro b l e m s .

Contacts

T a b l e s  4 , 5 , and 6 show that  tile con tac ts  to ( Al G a)A s  l a y e r s  u s i n g
A u - Z n  a r e  s a t i s f a c t o r y .  H o w e v e r , our  e x p e r i e n c e  has  been t h a t  t h e s e ’  Con-
t ac t s  ex hibi t  e r r a t i c  b e h a v io r . \V h i l e  Some sets  of c e l l s  have exce ’l len t
ohmic  c o n t a c t s , o the r s  tend to have se r i o u s  n o n oh mi c  componen t s , as s h o w n
by the I - V  c ut - ye s . A s y s t e m a t i c  stud y of t h e  contact  p roblem e s t a b l i s he d
the r e a s o n s  f o r  t i le C i -r a t i c  behav io r . Til e me ai-e t h r e e  p i - i n c i p a l  ‘as~~-is
fo r  tile f a i l u re  of A u - Z n  con tac ts  to (AlGa)As :

1) Tile r e f r a c t o r y  na t ive  oxide layer  on ( AI G a ) A s  a c t s  as  a b a r r i e r
layer , p revent ing ohm i c i t y .

2~ Tile ext re f l l e l y h i g h  vapor  p r e s s u r e  of z inc  make s c o n t r o l l e d
depos i t i on  of A u - Z n  by evapora t ion  of the a l lo y  d i f f i c u l t .

3) The con t ro l  of the s t o i c h iom e t ry  of Au-/ . n is  e s p e c i a l ly c r i t i c a l
at til e s e m i c o n d u c t o r  s u r f a c e .

The use  of a low t e m p e r a t u r e  s p u t t e r i n g  p r o c e ss  e l i m i n a t e d  tile
p roblems assoc ia ted  with  i t ems  2 and 3 . The last ba tches  of ce l l s  made ’
have reproducib le  c h a r a c t e ri s t i c s , demons t ra t ing  that sucil r e p r o d u c i b i l i t y
can be obtained by ca re fu l l y preventing any t e m p e r a t u r e  r i se  in the deposi-
tion system.  The problem a r i s e s  pr inc i paL l y because  z inc  has  a h i g h  vapor
p res su re  at tempe ra tures  as low as 100°C , and the s t i ck ing  coef f i c ien t  of
zinc to (AL Ga)As is quite low once the t empera tu re  r i ses . Since an alloy
of about 5 to 8 percent  Zn is used for  sput ter ing , it is  i m p o r t a n t  that  a l l
tempe ra tu res  in the system be maintained low , es p ec ia l l y i f fa i r l y long
deposi t ion t imes  are used . Increas ing the amount of z inc  in the starting
alloy causes problems because of zinc oxide format ion  and large depos i t s
of zinc in the bell j a r .

The increased t e m p e r a t u r e  in the deposi t ion sys tem is a lso undesir-
able because it causes  oxide format ion  at tile (A 1Ga)As  s u r f a c e .  W e  suc-
ceeded in minimizing the oxide formation b y better handling procedures and
l i m i t i n g  t empera tu re  excurs ions  on the sur face . Once the  p roces s ing  is
f in ished and the contacts are annealed at 500 C , the oxide formation prob-
lems seem to be eliminated .
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We also established a s imp le way to e l iminate  all t r a ce s  of the oxide
jus t  pr ior  to the Au - Z n  contact deposit ion by backsputter ing about 100 Ain the contacting sys tem.  Ext reme care has to be taken , however , toensure that the sputter ing system is oxygen-free , since t races  of oxygen
cause an oxide formation on the v i rg in  sput tered su r face  ver y rap idl y.

We investigated the poss ib i l i ty  of using photo li tho grap h y as an
al ternat ive to mechanical  masks . The method is at t rac t ive  because of thehi g h resolution obtainable and because it ena bles us to contact the GaA s
di rec t l y r a the r  than the (A 1Ga)As . Photo l i thograp h y can be su ccess fu l ly
use d , and we have proved it to be desi r ab l e , es pecia l l y for  h igh  concert -
t rac t ion  cel ls  that  r equ i r e  c lose-spaced f i n g e r  pa t t e rns  w i t h  t h i c k  contac ts
to provide  m i n i m u m  s e r i e s  r e s i s t a n c e  in h ig h  c u r r e n t  ope ra t i on  at ove r

— 500 suns.  However , the  process  has severa l  p r o b l e m s  for  hig h e f f i c i e nc y
ce l l s :

1) The ph o t ol i th og r a p hic t e c h ni q u e  r e q u i r e s  two separa te  piloto-
r e s i s t  st eps i n v o l v i ng  t h e  u se  of a l k a l i n e  so l u t i o n s . They  gen el--
all y c ause  some s u r fa c e  d e t e r i or a t i o n  and oxide f o r m a t i o n ,

~) Wi th  t i l i n  l ay e r s  l e s s  t h a n  0. 5 ~em , s u r f a c e  de tes-iora tj on  and
oxide f o r m a t i o n  can c a u s e  p r o b l e m s . It s eems  a lso  tha t  t i le
r e a c t i v i t y  of t h e  epi t ax ia l  laye s-  i n c r e a s e s  as the  j u n c t i o n  ge ts
c l o s e r  to  t i le top  s u r f a c e , pos s ib ly because  of t i le  i n c r e a s e d
s t r a i n  at t h e  u n c t i o n , a f f e c t i ng  t h e  s us- f a c e  r e a ct i v i t y .

3) The oxide  p r o v i d e s  a good AR coat ing on t i l e  s u rf a c e  of t h e  c e l l s
t h a t  i s  op t in iun s  f o r  an i n t er f a c e  to a i r . I l o w ev e  r , t h e  r e f r a c t i ve
index  (~~ l . ~ t is  not \ -ery  good fo r  a g l a s s  c o v e r . ‘ibe r emova l
of t h e  o xi de  by s p u t t e r i n g  is touch y for  th in  l ay e r s  and of ten

- ‘ c a u s e s  a d d i t i o na l  danlage .

4) The e c o n o n s i— ~s of se t t i ng  up  a comp lete li ne of pho to l i t hograp hic
p r o c e s s i n g  f o r  hi g h e f f ic i e n c y  ce l l s  is  not a t t r a c t i v e  u n t i l  the
volume of ce l l s  goes above several  hundred thousand per y e a r .

It is notewor th y t h a t  the s i l icon  cells are p re sen t l y being made us ing
m e c h a n i c a l  m a sk s . Since com p a t i b i l i ty  w i t h  s i l i c o n  ce l l  t echno logy  is  a
def in i te  adv antag e in rap id t rans i t io n to large scale productio n , it would

4 appear  advantageous  to proceed wi th  the m e c h a n i c a l  mask  approach  whereit i s p rac t i cab le . We have demons t ra ted  that  the  mechan ica l  mask  approachis fu l l y acceptable . ~- e  are ’ a lso , however , capable  of u t i l i z i n g  the  photo-l i t h o g r a p hic  process  and a r e , in deed , deve lop ing it f o r  t h e  t e r r e s t r ia l  con-ce n t r a to r  ce l l  on a n o t h e r  prog rail s . We bel ieve t h a t  w i t h  t h i s  para l l e ldevelopment , we wi l l  be ful l y capable of u s ing  e i ther  t e c h n i q u e .
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Contact Annea l ing  Studies

In s tudying the pe r fo rmance  of the cells  with shal low junc t ions , we
noticed that an increas ing  number of them d i sp layed leak y I - V  c h a r a c t e r i s t i c s.
An invest i gation of t h e p rocessin g h i s to ry  of these  cel ls  suggested that  the
problem was due at least in pa rt to the annea l ing  of the contacts . We there-
fore conducted a se r i e s  of exper iments  to de t e rmine  the i n f l u e n c e  of anneal-
ing on contact p e r f o r m a n c e.

Typ ical curves showing the effect  of annealing t empe ra tu r e s  and
t imes  on solar cell per formance  are  shown in Figure s 16 and 17. Cell 1817
was f i r s t  annealed at 425 °C (3 minutes)  and subsequentl y annealed at 450 C
( 3 m i n u t e s ).  Af te r  annealing at 450°C , the cell  became ve ry  leaky. The
cell was then cleaved and divided into four equal areas . F igure  18 show s
the dark I-V cha rac t e r i s t i c s  of two such areas .  The second quar t e r  shows
leaky I-V cha rac t e r i s t i c s. (It is even possible that an annealing tempe ra-
ture  of 425 C is too high for this  cell .)  A fu r the r  exam ple , using a new cell
(1833),  of the effect  of contact annealing t empera ture  on cell  per formance  is
given in Table 9. The e f f i c i e n c i e s  g iven in the last column a re  for  the bare
cells  without  AR coating or glass cove r and would correspond to ove r 15 pe r-
cent AMO for  the comp leted cell . We proceeded to stud y the problem in two
stages: 1) the reduc t ion  of the cell  open c i r c u i t  voltage and 2) the  o r i g i n  of
the problem and its geographic location in the cell .

1) The lowering of V 0~ can be exp lai ned by the inc reas ing  diode
leakage cu r r en t  caused by the i m p u r i t y  d i f fus ion  to the junct ion .
The i mp u r i t y  may be Au or Zn . The increased leakage cur ren t
is m easu red by the dark  I -V c h a r a c t e r i s t i c s  at each s intered
stage.

2) To inves t iga te  w h e t h e r  this  impur ty d i f f u s i o n  o c c u r s  onl y
local ly,  the same cell  (No . 1822) was cleaved and divided into
three  regions . The photo I-V cha rac t e r i s t i c s  are  measured
for each region as shown in F igu re  19. Both region 1 and

4 region 2 have V oc about 1 vo lt , and region  3 has V oc 0 . 9 volt.
-
~~~~ Thus , it can be seen that the degradat ion of cel l  pe r fo rmance

is onl y caused by regiona l defects .

TABLE 9. EFFECT OF ANNEALING ON CELL PERFORMANCE

Cell 1833
D 0 . 4 tim
x~~~0.3~ .im

Photo I-V Characteristics
Annea linq Annealing ITemperature, Time Sc . oc,

O~~ min ,sec mA V FF 1 1 %

375 1. 49 84 0.98 0.71 10.7

425 2 . 18 83 0.97 0.74 11 .0

450 3, 29 85 0.89 0.78 11 .3
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These r e su l t s  indicate  that  there  is some migra t ion  of e i ther  Au or
Zn in localized a reas  in the cell that causes ser ious  degrada t ion  of cell per-
fo rmance . Th i s  condi t ion is aggravated  when  the j u n c t i o n  depth f rom the
contact becomes smal le r  than a mic ron . W e bel ieve  t hat d i s l oca t ion s
produced in the s t ra ined region close to the he te rophase boundary may  con-
t r ibute  to thi s problem.  The l a rge r  the cell area , the g r e a t e r  the p r o b a b i l i t y
of such a problem occu r r ing  locall y. It is also in te res t ing  to note that the
problem is aggrava ted  when  the A l  concen t r a t i on  goes  h i g h er , s i nce  the
s t r a i n  at the i n t e r f ace  is l a rge r .  W e  bel ieve , however , that  once the prob-.
le m and i ts  causes a re  unders tood , p rocess ing  method s can al lev~ate and
u lt i m a t e ly e l iminate  the p rob lem.  \Ve i nves t iga ted  the  cel l  p r o c e s s i n g  steps
in c lose  de ta i l  u s ing  the  new (AI Ga)As  so lu t ion  to e s t a b l i s h  the  op t imum con-
d i t i o n s . ~Since t h i n n e r  wind ow l a y e r s  and sha l lower  j u n c t i o n s  a r e  n e c e s s a r y
for  ob ta in ing  m a x i m u m  e f f i c i e n c y  and low radia t ion  damage , t h e s e  s tudies
w e r e  e s p e c i a l l y  s i g n i f i c a n t .

Since h igh  Be doping would cause  addi t ional  p r o b l e m s  in the window
l a y e r , we proceeded  to stud y the  behav io r  of contac ts  to the  (A I G a )A s  l ayer
as a f u n c t i o n  of Be dop ing . These  e xp e r i m e n t s  showed tha t  some cel ls  w i t h
low open c i r c u i t  vo l t ages  (V 0~~) had u n u s u a l ly  low Be c o n c e n t r a t i o n s. The
j u n c t i o n  d e p t h  m e a s u r e m e n ts on these  ce l l s  showed that  they  had u n u s u a l l y
sha l low j u n c t i o n s  o f — 0 . 2 ~~~ or lower  (Table  10).

- r W e  not iced on c e l l s  f ab r i ca t ed  under  these  cond it ions  that  lower
a n n e a l i n g  t e mp e r a t u r e s  (<420°C)  for  contac ts  could lead to i m p r o v e d  open
c i r c u i t  v o l t a g e s . Thi s  is , however , an unaccep tab le  p r o c e d u r e . \ V i t h
j u n c t i o n s  d e e p e r  than  — 0 . 25 j i m , we have a lmos t  n e v e r  seen such  b e h a v i o r.
Even c e l l s  g r o w n  w i t h  onl y — 0 . 18 ~im j u n c t i o n  depth somet imes  show n o r m a l
behav io r , w h i c h  s t rong l y s u g g e s t s  tha t  the p rob lem w i t h  shal low j u n c t i o n s  is
caused b y local va r i a t ions  in the  j tvnct ion r e g i o n  w h i c h  tend to a f fec t  the  per-
f o r m a n c e  of t he  l a rge  a r ea  ce l l s . Ca re fu l p rocess  r e f i n e m e n t  shou ld  reso lve
these  p r o ble m s .

TABLE 10. GaAs CELLS WITH VERY SHALLOW JUNCTIONS

Window Layer Junction Open Circuit
Thickness , Depth , Voltage .

Cell No. ljm 14m V

1945 0.3 0.18 0.85
1946 0.3 0.18 0.9
1956 0.35 0.18 1.0
1936 030 0.25 0.99
1848 0.50 0.30 0.89
1849 0.50 0.30 0.94
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A pr ime  suspect  in the anomalous  behavior  in shal low j u n c t i o n , th in
window layer  cells is the gold in the A n - Z n  contact , w h i c h  is known to be a
f as t  d i f f u s e r , e spec i a l ly along s t r a i n  boundar ies  in G a A s.  Th i s  c o n c l u s i o n
is s t r eng thened  by the  f a c t  tha t  v a r y i n g  Zn by a f a c t o r  of 2 does not p roduce
any chang e in A u - Z n  contact  behav io r . Since Au i s  known to cause  pr obl ems
in the A u - G e - N i  contac ts  c o m m o n ly  used in m i c r o w a ve  d e v i c e s , we fee l  t h a t
e l imina t ion  of Au f rom the con tac t s  is d e s i r a b l e .  A g-Z n  as  a con tac t  is
being p r e s e n t l y i n v e s t i g a t e d  on t h e  I-IESP prog r a m .  The b e h a v i o r  of A g - Z n
in h i g h  A l ( Al G a)A s  is being examined  in d e t a i l  w i t h  s h a l l o w  3u n c t i on s  and
t h i n  w i n dow  layet -  s -

L C O N C L U S I O N S

The LPE lay e i  g i -owth is we l l  in hand , and the  HR l~ i n f i n i t e  s o l u t i o n
t e c h n i q u e  has  been proven  s a t i s f a c t o r y  fo i- g r o w i n g  t h e  so la r  c e l l  st r u c t u t - e s
needed . A d d i t i o n a l  r e f i n e m e n t  in g rowth  t e mp e r a t u r e s  and coo l ing  r a t e s
shou ld f u r t h e r  i mp r ov e  the  hete  rojunc t i on  reg ion  and reduce  t h e  s t r a i n  f ie l d s
a s soc ia t ed  w i t h  i t .  A m o r e  c a r e f u l stud y of dopant  c o n c e n t r a t i o n s  at t h e

-~~ e le c t r i c a l  j u n c t i o n  and of the  p o s s i ble  a d v a n t a g e s  of a l t e r n a t i v e  p - t y p e
d o p a n t s  such  as  M g m a y  improve  the  j u n c l i o n  and r emove  some of the  l im i -
t a t i o n s  noted  w i t h  Be . The cells made  a c c o r d i ng  t o  t h e  p r e s e n t  pr o c e s s  a r e ,
however , s u i t a b l e  fo r  space e x p e r i m e n t s  to e s t a b l i s h  GaA s c e l l  a c c ep t a b i l i t y .

( A lGa )A s contact  t e c h n o l o g y  i s  a d i f f i cu lt p r o b l e m  at b e s t  - We have
produced  A u - Z n  c o n t a c t s  t h a t  ai-e  a c c e p t a b l e  fo r  mos t  n o r m a l  op e r a t i o n s .
W i t h  imp ?-oved annea l i ng  p i-ocedu re s and ca r c f t i l  cont rol  of t h e  t e r n  p er a t u  re
d u r i n g  t h e  s p u t t e r i n g  ope ra t ion , the con tac t s  a re  m e c h a n i c a l ly  and e l ec t r i-
c a l l y r e p r o d u c i b l e . The  A u— ‘in  cont act , h o wev e r , has  som e l i m i t a t i o n s
because  of the  t endency  of Au to m i g r a t e  u n p r e d i c t a b l y t h r o u g h s t r a i n  bound —
a r i e s  in t he window layc i- . I”u r the  r , the  c o n t a ct  i s onl y st a b l e  be low 400°C .
The a d d i t i o n  of a r e f r a c t  ory  m eta l to t h e  a l l o y  would a pp e a r  t o  be a s o l u t i o n.
Ti , Ta , Cr , and Ni  ar c  good cand ida te s . A pp l i c a t i o n  - -‘i a t h i  ii f i l m  of one of
these  m a t e r  ia is  to the  s u r f a c e  p r i o r  to c o n t a ct i n g  shou ld  he t i - i ed - e wou ld
p r e f e r t o  a t t en .4  pt t h i s  s tep  u s i n g  A g — Z n  i - at l i e  i- t h a n  A u — / ’ i t  in  o r d e r  t o  c l i  m i  —

nate Au (rot -n t h e  c o n t a c t s  - SU Ch a con tac t ing  stu ds ’ wou ld  i n vo l v e  a sy s i c —
m at i ( -  and sus ta ined  i n ve s t  iga t  ion of sev e r a l  m o n t h ’ s d u r a t i o n .  C o n t a c t i n g
d i r e c t ly t o  (A lG a ) A s  is , however , a p re  r e q u i s i t e  of r e d u c i ng  t h e  corn p l e xit  y
of ce l l  f a b r i c a t i o n  if a t h i n  window and a sl ial lo~ ’ j u n c t i o n  a re  t o  be suc cess-
ful l y i nc luded  in the  ce l l  st r u c t u r e  . I IR I • is  p r e sen t l y pu r SO in)A t h i s  t ech-
nol ogy u n der  an lod e p end ent  R e s e a r c h  and l) cv e l op r n e nt  ( JR & 1)) p ro~ cc1
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SECTION V

SOLAR CELL CHARACTERIZATION AND PER FORMANCE

1. CARRIER CONCENTRATION IN LAYERS

The car r ie r  concentration for the n GaA s buffe r laye r and for the p
diffused GaA s layer was obtained from Hall effect measurements. The
carr ie r  concentration of the p diffused layer was found to be close to that of
th e (AIGa)As layer.  We formed a thick layer (3 FIm) by the d iffusion of
beryl l ium (Be) from the (A1Ga)As layer into the ep itaxially grown n layer .
Two samp les were  made for Hall effect measurements . The (AlGa)As layer
on one sam ple was etched off completely, and the Hall measurement  was
made on the p d iffused layer . On the other sam ple , the measurement  was F

made direct ly on the(AlG a)As layer .  The c a r r i e r  concentrat ion in both lay-
ers  is of the same order .  The Hall measurement  resu l t s  are  given in
Table 11.

Both the secondary ion mass spectroscopy (SIMS) and Hall mea sure-
ment s indicate a higher p type dop ing level in the GaA s than in the (AIG a)As .
The exact reason for this is not clear . It could be a d i f ference  in the impur i ty
level position in the band gaps of the two mater ia ls , with the Be level in
GaAs being shallower. This  aspect need s to be studied in g r ea t e r  de ta i l  by
taking Hall mea surements as a function of t empera ture .

2 . DIFFUSION LENGTH MEASUREMENTS

Figure 20 shows the electron beam induced cur ren t  (EBIC) technique
developed under a separate program at HRL to m e a s u r e  the d i f fus ion  lengths

TABLE 11. HALL EF F ECT M EASUREMENT R ESU LTS

cm 2

Layer Thickness , u r n  t.L~ ,V-seC NA. cm -3

(A 1Ga)As 3.7 114.2 1.5x 1018

Di ffused p layer 3.0 93.2 2 x 1018

j
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FIGURE 21 . SEM MINORITY CARRIER DIFFUSION LENGTH MEASUREMENTS
GaAs-GaAs -(A IGa)As SOLAR CELL
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\ TABLE 12. DI FFUSION LENG THS MEASURED IN EACH
LAYER OF (AlGa) As-GaAs SOLAR CELL.

Doping
Density ,

Material cm 3 L~ .Pm 
_________

(AIGa)As 2.0 x io18 0.75
GaAs (p) EPI 1.5 x 1018 1.8
GaAs (n) EPI 1 x io17 1.4
GaAs substrate 7 x 10 17 0.6

in (A 1Ga)As-GaAs solar cells. In this technique , the beam of a scanning
electron microscope (SEM) generates minor i ty  carr ier$near  the surface  of
the semiconductor  which d i f fuse  toward the junc t ion .  The induced junct ion
cur ren t  I var ies  exponentially with scan distance X.

1 x1(x) = I exp k— r

In one of our f i r s t  successful  measurem~ nts , the dop ing densit y for the n~
substrate and n buffer  layer was 7 x 101 cm ” 3  and 1 x ~~~~ cm-3 , res pec-
tivel y. The d i f fused  p layer (NA= 3 .8 x io 18 cm 3) forming a junction within
the n buff ~ r laye r measured 3 urn  thick , and the (AIGa)As window layer (N A=
2. 5 x lo~° cm 3 ) was 2 pm thick . Figure  21 shows the logarithmic plot of
the induced cur ren t  versus scan distanc e along the cleaved surface for this
measurement.  The minority ca r r i e r  diffusion length in each layer was
determined from the linear portion of the log I versus  X plot . The result s
are summarized in Table 12 . H owever , onl y a small number  of samples was
tested . The diffusion length in each layer still  needs to be confirmed by a
larger number of measurements.

3. JUNCTION DEPTH MEASUREMENTS

Junction depth is an important param eter for  (A 1Ga)As-GaA s sola r
cells because of the large optical absorption coefficient in GaAs . The cor-
relation between junction depth , mino r i t y  ca r r i e r  d i f fus ion  length , and
solar cell eff iciency would requi re  us to keep the junction shallow
(see Section II , Theoret ical  Model) . We use three  d i f fe ren t  t echniques
to measure  junction depths in our solar cell s t ruc tu re s .  These a re  ident if ied
in Table 13 . O ptical examination of the cleaved edge is not sa t i s fac tory  for
measur ing  junction th ickness  less than 0. 5 urn because this  thickness is of

- 
- 

the same order  as the wavelength of the light used.  The beveled s t r u c t u r e
seem s to disp lay the various layers  fa i r l y well if the polishing can be done
carefull y.
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TABLE 13. TECHNIQUES USED FOR JUNCTION DEPTH MEASUREMEN TS

Technique Sample Structure Remarks

SEM Clcaved mesa diode
SIMS (A IGa)As -GaAs Slow etching rate required costly

mach ine time
Staining and optica l Cleaved Measur able distance >1 ~microscope Beveled Careful polishing needed;

rel iable results with optimum
etch

The scanning electron microscope  techni que with vol tage  con t ra s t
mode allows us to de te rmine  junction depth with suff ic ient  re l iabi l i ty .  The
ar rangement  used is shown in Figure  22 . Typ ical SEM pa t t e r n s  observed
are  shown in Fi gure  23 f o r  0 and -4 volt bias . The bias improves  the con-

F t r a s t  and makes measurements  easier .  These photos show that  the r e v e r s e
bias actuall y widens the depletion width. The dep le t ion w i d t h  inc r ea se
agrees  well with the calculation based on the ab rup t  j unc t ion  t h e o r y  (see sub -

F section II. 1. Equation 10). The doping den sit y used in th is  ca l cu la t ion  aga in- . con f i rms  the Hall ef fect  measurem ent.

Th e re su lt obt ain ed by SE M was a l so con f i rmed b y m e a s u r e ment s
using SIMS. A typical result f rom SIMS m e a s u r e m e n t s  is shown in Fi g u r e  N .
The init ial  0. 5 pm is the (A I Ga)As layer  where  the c o n c e n t r a t i o n  of A l  and
As is re la t ive ly hi g h . The p d i f fu sed  layer  s tar t s w h e r e  the  Al  c on c e n t r at i o n

- - is being reduced and end s at the junc t ion  w h e r e  Be c o nc e n t r a t i o n  has  v a n i s h e d.
This layer is approximate l y 1 pm th ick . This m e a s u r em e n t  also shows tha t
the d i f fu sed  p layer  is un i fo rml y doped with Be. Of these techni ques , the
SEM seems to be the best and most  c onvenient  tool to  d e t e r m in e  the j u n c t i o n
depth .

4 . JUNCTION DEPTH M E A S U R E M E N T  VERSUS GROWTH P A R A M E T E R S

Table 14 shows the junc t ion  depth as a func t ion  of g rowth  p a r a m e t e r s.
The var iat ion of junction depth as a funct ion of g rowth  tim e -is show n at the
top of the table , its variat ion as a func t ion  of d i f f u s i o n  t i me  fo l lowing  5 min-
utes of growt h is shown in the middle , and junc ti on dep th at h igher growt h
tempera tu res  is shown at the bottom . The r e s u l t s , s u m m a r i z e d  in Fi g u r e  25 .
lead to the following conc lusions:

1) Shallow junction (less than 0. 5 ~n~) ca n be obtained below 8 10°C
if growth t imes are  held to less than 5 minu tes .

2) The d i f fus ion  t ime at 810°C following S m i n ut e s  g rowth  t ime does
not apprec iab l y i n c r e a s e  ,ju nc t ion  depth .

3) The j u n c t i o n  depth , x . ,  i n c r e a s e s  at hi g he r  g rowth  t e m p e r a t u r e .

c-i l
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TABLE 14. JUNCTION DEPTH MEASUREMENTS VERSUS GROWTH PARAMETERS

(A lGj) A ~.Init ial Growth Gi owth Cooling Rate , Be Junction L.iyi~iTemperature , T~, Time , ~ t j  ~oncenti alien, Depth , Thickness .
Cell No. °C ‘ 

~~~ t~~. mill • c-1C ‘nih cm3 x~. pm D , pm

Junction Depth Variation as F unction of Gi owili I

721 809.7 0.8 3 ‘ 0 0.267 1 ~. 10 18 04 2  0.25
727(a) 810.0 1.05 4 0 0.262 1 x 10 18 0.46 0.67
730(c) 810.0 1.3 5 + 0 0.26 1 x 10 18 0.54
727(b) 810 3.4 10 + 0 0.34 1 ~ 10~~ 0.75 2.59
727(c) 822 5.3 2 0 + 0  0 265 l x  io 18 1 1 5  6.30

Junction Depth V ar iat ion as Function of Diffusion Time

751 809.7 
J 

1.25 5 + 5  0.25 l x  io 18 0.55 1.12
740 809.7 1.1 5 + 1 0  I 0.22 1>. 1018 0.60 1.30
738 809.9 I 1 .45 5 15 0.29 1 1018 0.65 1.20
737 810 

L1
.25 5 + 2  

J 
0.25 1 ‘, 1 0 ~~ 0.66 1.42

Junction Depth at Higher Growth Tempe r atui es

768 822 2.5 10 ‘0  0.25 1 x 1018 1.15 5.48
727 822 20 -t O  0.16 1 \10 18 1.15
761 822 0.80 5 + 10 0.16 1 ~. 10 18 0.90 2.0
756 822 1.25 5 * 5  0.25 1 ‘-. 10 18 1.0 2.5
782 836 0.64 4 + 10 0.16 1 x 1018 o.si 1 ~.2
791 836 0.80 5 + 10 0.16 1 x i0~~ 1.00 0.62
792 836 1.28 8 +  10 0.16 1 x 10~~ 1.20 2.33
526 836 

_ _ _  

~~+20  oos { 3 ~~lo 18 f2oo__L~~~~~~J
Growth time + ij iff usi oi i time.

4) The junc t ion  depth x 1 i n c r e a se s  at a f a s t e r  r a te  at t h e  beg i n n i n g
of the growth . Th i s  p robab l y ref lect s the inc r eased in f luence  of
the  solut ion with its h igher  Be concen t r a t i on  as a d i f f u s  ion s o u re r ’
at the inception of epitaxial growth . The ef fec t  of the solut ion on
in i t ia l  stages of growt h has to be cou p led with the re la t ive posi-
t ions of the energy  level of Be in the band gaps of GaAs and
(A lGa)As  to exp lain full y the behavior of Be as a dopant in the
GaAs sola r cell s t r u c t u r e .

These  f ind ing s w e r e  inco rpora t ed  into  a mod i f i ed  p ro c es s  f o r  the
g r owth of LPE Laye r s  to y ield sola r cel ls  wi th  improved r a d i a t i o n  r e s i s t a n c e
(see Section IV ) .  Table 15 g ives  the r e s u l t s  for  these  c e l l s .
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TABLE 15. JUNCTION DEPTH MEASUR EMENTS VERSUS GROWTH
TIME FOR RADIATION RESISTANT CELLS

Initial Growth Growth Cooling Rate , Be Junction Layer
Tempe ratu ie , T~ - Time . \fq tq, Concen~~ation, Depth , Thickness ,

c~UN~. CC
] T g t

g~ ~~~I1 ’ °C-mi i r  
- 

cm~ - 
~~ prn~~~~~~~D,pni

- 
2099 792 0.4 2 0,25 1 ~ 10 18 0.25 0.4
LEPI 1103 792 2.8 5 0.56 I x 1018 0.3

- LEPI 1102 792 17 .8 20 0.89 1 x io 18 o. i 4.5
L . — - . - - - - - - - —

~~. D A R K  [ -V  C H ARA C TE R I S TI C S

D a r k  c u r r e n t— v o l t a g e  ( 1— \‘ ) c h a r a c t e r is t i c s  a re  a n  in ip o  r t an t  i n c a  so r
c - j f  so la r  i d E  p e r f o r m a n c e  because  t h e y  r e f l e c t  the  ce l l ’ s f i l l  f a c tor  an d  open
c i r c u i t  vo l tage . D a r k  I — V  c h a r a c t e r i s t i c s  a ri’ d e t e r m in e d  by the  corn b ined
ef f e c t  of t h e  cu r r e n t  t r a n s p o r t  m e c h a n i s m s, m a i n l y d i f f u s i o n  and r e c o m b i —
na t ion  c u r r e n t s .
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The diffusion current-voltage relationshi p for forward bias wasF expressed in Equation 16 (Section II) as

i qV /kTdiff 01 (e — 1 )

where V is the voltage drop across the jun ction and 101 is the leakage cur-rent density  shown in Equation 17 , i . e. ,

/ D+~~.+~~ D D+x ,+w
/ D S cosh 

L~~~~~~~~~~5tfl h~~~~~~~101 qn~ 
( fl— ~~A 

~~~~ 
cosh______ + S stnh~~~~~~~

+ qn~ 
(
~ 

S
n COSh + sinh

~~~ D P
~~~~~ c h t

+ S t )

The generat ion and recombinat ion current_ vol tage  re la t ionship  under
9 

forward bias condition is

,~~~
kT  I

I I ~t e  — 11 

(28)gr o2~~ /

where

qn.w
I = — t
o2 

IT T
\( i~1o P0

*Equatj on 18 (Section II) is an expanded expression of this  value .
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Thus , t he t o t a l  f o r w a rd  c u r r e n t — v o l t a g e  r e l a t i o n s h i p is  g i v e n  b y t he  sum of
t hese two c u r r e n t  component s , namel y,

( -s: ) (~~~~~~~~~ )
1 = 1  \ e  — 1  + l , \ e  — 1 (2~~)( 11

Fi g u r e  2o shows  the t h e o r e t i c a l  da i-k 1 — V  r e l a t i o n s h i p fo r  a hi g h
q u a l i t y  Ga As cel l  ( sol id  l ine )  and for  a leak y Ga As cel l  (dashed  l ine) .  The
m a x im um power point  n o r m a l ly  o c c u r s  in a r e g i o n  ~ ‘he re  both  cu r  r e n t  con-
t r i b u t i o n s  a re  i mp o r t a n t .  H owever , fo r a leaky cell  w i t h  e x c e ss  d a r k  cur-
re n t , t he gene ra t  i o n —  recot-ub ina t io n ~u r  rent  ~‘i l I  be t h e  d o m in a n t  cent r ib u t c i  r-

— at t he m a x i m u m  power  po in t .

F i g u r e  27a show s a typ ical  l — \ ’  m e a s u r e m e n t  of our  hi gh q u a l i t y
- 

- 

( A l G a ) A s — G a A s  cell . It has  two  exponen t i a l  r eg ions  w i t h  s lope s q \’ ‘ 2 . I k i ’
(n  = 2 . 1) and q V / 1 .  8 kT (n 1. S) , r e spec t ive ly. The d e c r e a s in g  slope of
the  c u r r e n t  a r o u nd  0 . 1 ampe re r e s u l t s  f r o m  the  s e r ie s  r e s i s t an c e  of t h e  —
dev ice  ( a round  0 . 1 o h m ).  At  the sho r t  c i r c u i t  c u r r e n t  va lue  of 120 mA .
12 ni \ ’  a r e  lo st ac ros s  t h i s  r e s i s t anc e . l” igure  27b show s the l- \ ’  c harac-
t e r i s t i c s  for  a leaky GaAs ce l l . The s lope  of log I - V  i s  q \-~I2 . I kT (n  = 2 . 1)
at the max imum power point . T h u s , fo r  t h e s e  ce l l s , it is seen once a g a i n
t hat the  I -V  cha r a c t e r i s t i c s  a re  g e ne r a t i o n -  reconlb inat ion l i m i t e d .

The la t e ra l  u n i f o r m i t y  of the p-n j u n c t i o n  between the  p di f fu s ed
layer  and n g r o w n  laye r  was  examined wi th  a scanning  e l ec t ron  m i c r o sc op e  

Fopera ted  in t he e l ec t ron bea m induced  c u r r e n t  (E B I C )  mod e . Fi gu r e  2S
shows an EBIC p ict u r e  of a cro s s  sect ion of an ( A l G a ) A s - G a A s  mesa s t r u c -
tu re .  F igu re  29 is the scanning e lec t ron  m n i c r o g r a p h obtained in t he  EBIC
mode for  the same samp le. The p resence  of a l a t e r a l l y con t inuous  j u n c t i o n
is indicated by the un i fo rm co l l ec t ion  of induced c u r r e nt  in t he  space c h a r g e
re gion . Thi s technique can be used to  ex amine  the  j u n c t i o n  q u a l i t y  of t h e
e n t i r e  area (2 x 2 cm) of the solar cel l .

— - 
6. E L E C T R O L U MI N E S C E N C E  EX P E R I M E N T

A lig ht emiss ion  image in the f o r w a r d  b iased  2 x 2 cm (AlGa) : \ s-
GaAs solar  cells is shown in F i g u r e  30 . The photo show s nonrad iat ive  d a r k
spots . Three d i f fe ren t  e f f ic iency  solar  ce l l s  are  used for  com p a r i s o n . The
cell wi th  the l a rges t  densi ty  of nonrad ia t ive  dark  spots has the  lowes t
e f f ic iency .

In the case of reverse  bias , em is sion spots  or i g i n a l l y  f rom t h e
mic rop lasma were  observed . F igu re  31 shows the r eve r se  biased image of
the diode through the infrared microscope ; F ig u r e  32 shows the  com parable
image produced b y the optical  microscope  (vi s ib le  range) .  Sometimes the
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m i c r o p lasnla emis s ions  appear  at pos i t ions  w h e r e  the  non rad ia t ive  dark
spots would be , and these emis s ion  spots occur  at d i f f e r e n t  r everse  bias
voltages . Thi s show s that  the breakdown voltages at some of these  pos i t ions
are  h i g h e r  than  t h o s e  at o t h e r  pos i t ions . It  is r ea sonab le  to  a s s u m e  tha t  t wo
d i f f e r e n t  type s of d e f e c t s  give r i s e  to the spots  observed  in the  two r eg ions
of t he spe c t r u m examined b y the i n f r a r e d  and opti cal m i c roscopes .

7. (A lGa)As -GaAs SOLA R CELL PER E’OR M A N C E

F - - 
Table l~ show s the p e r f o r m a n c e  of s e l e c t e d  ( A l G a ) A s — G a A s so la r

ce l l s . O b s e r v a t i o n s  i n c l u d e  the f o l l o w i n g :

I )  I)e p end ence  of ~~
‘ 

~~ on n b u f f e r la o’ t- ( N ) ) )  c a r r i e r
conce n t r a t i on

2) Compara t i ve l y low s e n s i t i v i t y  of ‘sc to t h e  b u f f e r  l ay et -
c a r r i e r  c o n c e n t r a t i o n  in the  ran~ e of 4 x 11) to  x 10 I t )  cm

~) In f l u e n c e  of ( A I C ~~)As l a y e r  t h i c k n e s s , D , ofl

Fi g u r e  33 show s the  c u r  r e n t — v o l t a g e  t- e l a t i an s h i ps ( I — V t  of t h e se  cel ls .
F i g u r e  34 shows the spect  i- al  r e s p o nse  of c e l l  ~‘2 C ’  - f l i ’  nu n i be i - s in t h e
di ag ram give the  no rmal ized  q u a n tum  e f f i c i e n c y  t o r  photon to  elect ron con-
ve r s ion as meas ur e ( I  on a 2 x 2 cm GaAs cel l  u s i nc  l ig h t  of 0 , t pm wave —

length .  The m e a s u r e m e n t  is appt - oxin~atel y 5 pe rcen t .

The exce l l en t  u n i fo  rn i it y of r e sponse  is  i nd i c a t i ve  of the  q u a l i ty  of
the  epita .xial l a y e r .  Mea su r em e n t s  at oth t ’ r w;i~’e l ength s  COI l fi  rn~ t h e  sam e
u n i f o r m i ty  at all pa r ts  of t he so l a r  spect  r un l  bet ween  0 . 4 and 0 . 9 p in .

TABLE 16. HA L. G~IAS SOLAR Cl LL CHA RACT ERISTIcS (JANUARY 1977)

HILNO. N0 X 1 0 11 ccn ’~ j 11 pm mA V , mV ~(AMOTJ~~~~
522 004 04  115 BOO 15.9 0.83
524 0.04 0 4  116 900 16.2 083

- 
I I 525 0.04 04 11€~ 900 j 15.9 082

523 03 0.4 118 980 J 1i~~~ J 0.82
526 0.3 1 110 980 172 0.86
527 03 1 109 980 16.9 0.85
52 

~~~ J~~~~~~~~~~ 106~~ 
980 J~ i J ~~J

1.13
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FIGU RE 34. SPECTRAL RESPONSE . CELL 526

For  c o m p a r i s o n  of t heo ry  and exper iment  the  measu red  values of
I 5(~ f rom Table 16 a re  shown wi th  the theo re t i ca l  c u r v e s  of F i g u r e  35.
F igure  35 p lot s the  m e asu r e d  and t h e o r e t i c a l  va lues  of ~~~ as a func t i on  of
( Al G a ) A s  L ay e r  t h ic l me s s .  The p a r a m e t e r s  used in t h i s  ca lcu la t ion  a r e
L~ ~~~~~~ W = 0. 14 ~m , Xj 0 . 5  ) . Lf l t . 

—

F i g u r e  36 show s the  m e a s u r e d  open c i r c u i t  vol tage V 0~ as  a func t ion
of base doping de n s i t i e s  (NI )) .  Each delta in the  p lot r ep rese n t s th e best
measu red V ()e values  for  the 2 x 2 cm 2 (AlGa)As-GaAs  solar  cel ls .  For a
given dop ing d e n s i t y  the re  is som e var ia t ion  in V 0~ among t he cel ls . This
is due to the d i f f e r e n c e s  in the diod e sa tura t ion  c u r r e n t . The la rge  satura-
tion c u r r e n t  wi l l  lower the V 0~~. The continuou s line in F igu re  36 represent s
the V oc calculated for  n = 1 as a l imiting case . Again , the hig her doping
dens i ty  reduces the diode saturation d e n s i t y  I , resu l t ing  in hig h V .

The f i l l  f ac tors  for  these  re la t ivel y deep j unct ion  (‘~1 ~&n~) c e l l s .
shown in Table 16 , are  excel lent ; t h e i r  m a x i m u m  va lue of 0 . 86 is  close to
the theore t i ca l  value of 0 . 88,
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SECTION VI

RADIATION RESISTANCE STUDIE S

1. INTRODUCTION

During the last 2 yea r s , Hug hes has done a cons id erable amount of
work on understanding the effects of electron radiation damage and proton
radiation damage . Thi s work was accomplished with program funding supp le-
mented by IR&D fund s and contracts  f rom NASA (NAS 1-14727) and the Air
Force (Hig h Ef f i c i ency  Solar Panel) .  The resul ts  of this  work are presented
here in summary form .

2 . STUDY S U M M AR Y

The behavior of solar cel ls  under r adiat ion environmen t is of great
importance for  space app lication.  Previous s tudies  have shown (A lGa)As-
GaA s solar cells to achieve an eff iciency of 18 . 5 percent  AM0 14 with  a rad i-
ation resis tance equal to or better than that observed in violet s i l icon
cells , 18 We report here  the radiat ion effect  on la rge-area  (Z x  2 cm)
(AlGa)As-GaA s solar cells fabricated at HRL using the infinite melt  l iquid
phase ep itaxial (LPE) growth system.

GaA s has a large optical absorption constant and a short d iffusion
length; essentially, all the photovoltaic response is close to the GaA s sur-
face,  The radiation damage beyond this active region has a negl ig ib le  effect
on cell performance . Consequently, the reduction in the requi red  m i n o r it y
car r ie r  d iffusion Length and the relative shallowness of the act ive region are
the key factors  that can be exp loited to make GaA s solar cel ls  more  radia-
tion resis tant. Data consistent with these observations is presented below .

Experimental

The Dynam itron particle accelerator  at JPL was used as the electron
source for  h i g h - e n e r g y  electron i r r ad ia t i on ;  the i r rad i a t ions  w e r e  p e r f o r m e d
in vacuum at room tempera ture .  Tl~ un i fo rmi ty  ove r the test plane was
±4 percent with no areas  of d iscont inui ty .  Fluxe s and f luences w e r e  mea-

-: sured with a Faraday cup the cu r r en t  of which was integrated to es tabl ish
electron f luences and to automatically stop the i r r ad ia t i on  at the des i red  flu-
erice Leve l s .

- _ - •~~~~~~~~~~
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A m a t r i x  of the t e st s  per formed on the (AlGa)A s-GaA s solar cel ls
and on several  representa t ive  s i l icon solar ce l l s  is given in  Table  17.

Bes u lt s  and Discuss ion

Elec t ron  Damage

A group  of cells was fabr ica ted  ear ly  in this program for  electron
radiat ion tes ts . These cells were  designed to have hig h e f f i c i ency ,  but no
at tempt was  made to op t i m i z e  the des ign  pa rame te r s  to increase  rad ia t ion
hardness . F i g u r e  37 show s the maximum power obtained f rom the ce l l s
p lotted ag a i n s t  I M eV e l e c t r o n  radiation fk ience. These  r e s u l t s  w e r e  then
com pared wi th  those  for two type s of s i l i con  cells , as shown in Table 17 .The compar i son  showed the need to improve these ear ly  ce l l s  for  b et t e r
res i s tance to e lectron radiat ion damage at flu e n c e s  in e x c e s s  of 4 x 10 14e /crn  -

F igure  38 show s the spectral  response  befo re and a f t e r  e l ec t ron
i r rad ia t ion.  The resul ts  show that in these cells the spect ra l  response in the
short  wavelength region show s g rea te r  damage than that in the long wave-
length region.  Since the optical absorpt ion  coefficient is grea ter  for  shor t
wavelengths , most of the absorpt ion in this  region ‘~ i[[ be close to the sur face
of the cell . The photogen erated ca r r i e r s, therefore , must  t ravel  f u r t he r  to
reach the junction than do those generated by longer  wavelengths . The spe c-
tral  response of the damaged cells suggested that thei r  junct ions  had to be
relatively deep compared to the m i n o r i t y  c a r r i er  d i f fu s ion  length in the
damaged laye r — a suspic ion that was confirmed by the measured  junc t ion
depth of ~ 1 ~m . These observations occasioned a more careful examination
of the influence of junction depth on radiation damage.

To correlate theory and experiments, Figure 39 shows the
(AlGa)As-GaA s solar cell short c i rcu i t  current  dens i ty  as a funct ion of

TABLE 17. ELECTRON IRRADIATI ON TEST MATRIX

‘ 
Type and Numbel of Cells

Electron Electron
Energy, Fluence Si Si High

MeV elcm 2 (A IGa)As-GaAs Conventional Efficiency

1;O 1x10 13  3 3 3
4x 10 14  3 3 3
1 x 1015 3 3 3
5x 10 15  3 3 3
1x 10 16  3 3 3

0.7 1s10 15  2 -

19 1 i i 0 15  2
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I MeV electron radiation fluence. The continuous curve represents  the
normali zed experimental values. The dotted line is the theoret ica l  curve.
Both curv es cor respond to an (AIGa ) As layer thi ckness of 1 ~im and a junc-
tion depth of 1 ~m , For calculating the theoret ical  curve , the m inority
car r te r  d i f fus ion  length L was related to the fluence 4) b y the usua l  relat ion:

-
~~~~~

= —~~+ K ~~4) - (30)

The initial d i ffus ion lengths for holes (L~ 0) and electrons (L~ 0) we r e
assum ed to be 2 and 5 ~m , respectively,  in these calculations. The damage
constant K L for the diffusion length used for both p- and n- ty pe GaAs was
deduced b y matching the theore t ica l  curve to the experimental curve as
shown in F igure  39. It was found to be KL 7 x i0 8, assuming the sam e

P value of KL for the n- and p-doped GaAs ,

Using  this  value fo r  K L, the shor t -c i rcu i t  densi ty  was calculated for
seve r al j unc t ion  de pth s as a fu nc tion of a 1 MeV e lec t ron  f luence  ( F igure 4 0) .
Exper imenta l  resu l ts  were in close agreement  with these va lues , showing
th at r ad iat ion damag e dec r eases  a s junc t ion depth decreases .

On the bas is  of this anal ysis  we proceeded to fabr ica te  a second gen-
eration of (AIGa)A s -GaAs solar cells with the goal of dec reased  sens i t iv i ty  to
the radia t ion environme nt . The window layer  t h i cknes s  was mad e at 0 . ~while the junction depth was decreased to — ‘0. 5 ~im by readjusting the LPE
layer growth parameters .

F igu re  41 show s the measured  short c i rcu i t  cu r ren t  of these shallower
junction cells versus  I MeV electron f luence.  The experimental l y observed
improved radiation resistance is in good agreement with  the predic t ions  of
the theory.  F igure  42 shows the experimental  r e su l t s  for both (AlGa)As-
GaAs solar cells and newly developed high eff iciency Si solar cells as a
function of 1 MeV electron irrad iation . Also shown for  reference are the
resul ts  for the previous set of i r radiated (AIGa)As-GaA s deep junct ion sola r
cells .

The spectral  responses of the deep junct ion and shal lower junct ion
cells , both before and after  irradiation , are given in F igure  43 . The f i gu re
show s that the radiat ion damage in the deepe r junction cel ls  is concentrated
in the short  wavelength region , whereas  the shal lower junc t ion  causes  the
damage to shift to the longer wavelength.  Thi s is consis tent  wi th  our

- 
I observation that the collection of minor i ty  c a r r i e r s  in the p region is not

much affected up to the fluence at w h i c h  the electron d i f fu s ion  length is
reduced to less than the p layer thickness .

‘ II
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I ” i gu r e  44 shows  t h e  spec t  I- al  r e s p o n s e  of t h e  s h a l l o w e r  j u n c t i o n
s o la r  c e l l s  i r r a d i a t e d  at f l u e nc e s  1 x 10 15 C/ c m 2 w i t h  e l ec t ron  energ ies
v a l -y in g  f r o m  0 .7  to 1. ° \ l eV . As expec t ed  at h i g h e r  e n e r g i e s , t h e s e  ce l l s
show m or e  d e g r a d a t i o n , p t - cbab l y beca u se K 1, i n c r e a s e s  w i t h  i n c r e a s i n g
e l e c t r o n e n e r g y .  F i g u r e  45 shows  t y p i c a l  d a r k  I - V  c h a r a c t e r i s t i c s  b e for e
and . t f t e i- e l e c t  ron i r r a d i a t i o n , A l t h o u g h so l a r  ce l ls  become mu re l e a ky
a f t e r  i r r a d i a t i o n , t he bas ic  t r a n s p o r t  mechan i sm  r e m a i n s  the  same (as

- - s hown by the  I — V  c u r ve s , w h i c h  r e m a i n  pa r a l l et  to  each  o t h e r )  - Th i s
i nc rea sed  l eakage  c u r r e n t  p r o b a b l y r e s ult s f r o m  an i n c r e a s e  in  t h e  n u m b e r
of r ecoti ~b in a t i o n  c ent e  i-s at t he  j u n c t i o n ,

R a d i a t i o n  Annea l ing  S tud ies

Ga As sola r ce l l s  damaged  b y r a d i a t i o n  recove r t h e i r  e f f i c i e n c y  when
annealed at low t e m p e r a t u r es  on the o r d e r  of ~00°C to  300 °C , l9 .~~0 Some
p r e l in - i i n a r v  t h e r m a l  a n n e a l i n g  e x p e r i m e n t s  on the  r a d i a t i o n - d a m a g e d
(A I G a ) A  s -GaAs  s o l a r  c e l l s  we t - c pe r f o r m e d  in the  HR L l a b o r a t o r y .  The
c e l l s  w e r e  i r r a d ia ted  at (Luenc es  of 1 x i0~~~ c/ cm 2 w i t h  e l e c t r o n  ene rg ies

- 

~
. v a r y ing f r o m  0 . 7 N I e V  t h r o u g h  1. 0 \ le V t o  1 , ~ N l e V . Subseque n t l y .  t hey

w e r e  annea l ed  in v a c u u m  at t e m p e r a t u r e s  of ove r  ~ 00°C . F i g u r e  4o s h o w s
t h e  e f f e c t  of annea l i ng  as a f u n c t i o n  of annea l ing  t i m e  and t e m p e r a t u r es .

F i g u r e  47 com pare s  the  s p e c t r a l  r e s p o n s e  of t h e s e  c e l l s  a f t e r  t h e
anneal ing step with  the spec t r a l  r e sponse  b e f o r e  and a f t e r  e l e c t r o n  i r r a d i a -
t i o n ,  The long w a v e l en g t h  r eg ion  show s s ign i f i can t  r e c o v e r y ,  T h i s  sugges t s
that  the  annealing lead s to a s ign i f i can t  r e c o v e r y  in t h e  m i n o i - i t v  c a r r i e r
d i f f u s i o n  l e n g t h  in G a A s  a f te r r a d i a t i o n  d a m a g e .

l’ i gur e  48 shows the d a r k  1-V c h a r a c t e r i s t i c s  of these  ce l l s .  T h e s e
cel l s show leak y p-n junc t ions  a f t e r  i r r a d i a t i o n ;  however , they  a lmos t  com-
pl e t e l y recove r to t h e i r  p r e - i r r a d i a t i o n  condi t ion a f t e r  anneal ing at 210°C .
These r e s ul t s  ind ica te  tha t  (A lGa)A s -GaAs  solar  cells  can be a n n e a l e d  at
p r a c t i c a l  t e m p e r a t u r e s  to remove radiat ion damage , a fac t  t ha t  could be
exp loi ted for  longer  space m i s s i o n s .

Con c l u s i on

1’ he Hug hes  st udies  clea r l y de n lon st  r a t e  t ha t , in a d d i t i o n  t o  h a v i n g  a
hi g her  a b s o l u t e  e f f i c i ency  t h a n  s i l icon ce l l s , Ga A s  ce l l s  a l s o  h a v e  s up e r i o r
r a d i a t i o n  r e s i s t a n c e — a  s u p e r i o r i t y  tha t  r e s u l t s  in l ess  p e r f o r m a n ce  deg t ’ a d . ui I o n
ir on~ beg inn ing  of l i f e  to end of l i fe . The s tud i e s  . i lso  show t h a t  t h e  li quid pha s e
ep i t a x i a l  g r owt h me thod  c a n  be s uc e s  s fu ll y used to g row l a r g e  a r ea  ep i t ax ia  i

- 
l a y e r s  s u i t a b l e  fo r  f a b r i c a t i n g  sola r ce l l s  w i t h  r ep rodu c ib le  pa 1-a m o t e  r s  nec  —
e s s a z - y  fo r  f u r t h e r  r e f i n e men t s  t h a t  could y ie ld  AMO ef f i c i en c o s  in excess  of
18 p ercen t  beg i n n i n g  of l i f e .  Reduc t ion  of j u n c t i o n  dep th  to -0.  .~ to  0. 3 ~~~
should  lead  t o  f u r t h e r  reduct ion  in r ad ia t ion  d a m age .
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SEC’UO N V I I

‘F I - I E R M A I  C Y CL I N G . 1 1 U K I I D T ’l ’Y , A N I )  ‘l ’APE l ’ I - ; E i ,  ‘I’ I ;S l’S

- ‘r f r F : R M A L  C Y C L I N G  ‘rl~;ST s
- - 

F ive  c e ll s  we re s u b j ect e d  to  the  i-mal  cy c l i n g  in c o n f o r m i t y  wi th  t h e
~‘ont r a c t t t a l  r equ i r e m e n t .  ‘l’he the  r inal  cyc les  w e r e  f r o m  — l  ‘15 °C to  1 10°C
wit h a cool ing r a t e  of ~~- I 00°C/win such that the en t i r e  cv cle took p lace in
ii,I)tRLt 0 minu tes .  T he cells were  sub 3ccted to 100 cycles while the cel l  t e r n —
pe ra tu  re was moni to red  by a thc r rnocouplc . ‘ t h e  cel ls  succe s s f t i l l y s u r v i v e d
the t e s t s.  disp l ay ing  no ev iden t  p rob lems  in e l e c t r i c a l  c h a r a c t e r i s t i c s , as
seen f r o m  F igu re  4’1, al though one cel l  was si ightlv damaged  d u r i n g
h a n d l i ng .

Independent l y of these  c y c l i n g  tes ts , ce l l s  were  subjec ted  to  tem-
p e r a t u r e s  up to 250°C for  severa l  hour s  d u r i n g  the t h e r m al  annea l ing  of
r ad ia t ion  damaged ce l l s  conducted at l I E  L (see  Section \‘ I) . A f t e r  up to 20
hours  at this  t e m p e r a t u r e , these cel ls  d i sp layed  no apparent  degrada t ion .
U s i n g  the same equipment used in the a n n e a l i n g  s t u d i e s , we s u b j e c t e d  a
numbe r of ce l l s  to t h e r m a l  cycle s f rom - 180°C ( l i quid N 2 t e m p e r a t u r e )  to
250°C without  caus ing  any degradat ion  to the major i ty  of them. Some cells
showed evide nce of contact loosening u n d e r  these t es t s ;  th is  e f f e c t  was
t raced  t o lack of prope r contact adhesion in some stage of cell  p rocess ing .
As out- contact ing techniques  have improved , t he inc idence  o f peel ing has
l e s sened  con side r abl y. ‘[‘he problem , at l eas t  in part , was a r e s u l t  of the

‘

~~ 

- way cell  f abr ica t ion  had to be ca r ri ed  out in the labora tory.  Often  cells had
— 

, to wait , afte r LPE growth , for  periods of days before the contac t ing  opera-
tion could begin . l’his delay caused e i ther  a slig ht oxidation or con taminat ion

4 
of the su r face .  It is ext r em ely  d i f f i c u l t  to clean the su r f ace  of ( A l  GalAs
because of its hig h react iv ity , es pecial ly when ex t r eme ly  thin window layers
a re involve d. When the cells are processed  without  undue  de lay  or when
suff ic ien t  precaution is taken to min imize  oxidat ion , rout ine s p u t t e r- c l e aning
pr io r  to contacting su f f i ces  to resolve the adhesion problem , as the marked
improvement  seen in our latest cells clearly de monst ra tes.  I lie addit ion
of some fluxing metal such as Cr or I i  p r io r  to  Au -Zn  contact ing may be
anothe r way of improving the su r face  cleaning of the cell .  It is n o t e wor fh l y
that the s i l icon solar  cell contacts were develope d us ing a s imi la r  procedure .
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2. H U M I D I T Y  TEST

Six cel ls  with cove r glasses we re tested at a min imum tempera ture
of 45°C and a relative humidity of at least 90 percent for  a period of 10 days.
As shown in Table 18 , four of the cells exhibited n egl ig ible powe r degra-
dation . Only two degraded significantly due to an opaque , white growth

- 
- 

unde r the cover glass which initiated at the ed ge and progressed ove r the
uppe r cell surface .  The cause was t raced to a process ing step. Both these
cells had been etched using hydrof luor ic  acid solution as a cleaning step.
Apparently, a subsequent cleaning us ing  deionized wate r was inadequate and
lef t  some absorbed f luor ide  ions on the su r face  that were activated d u r i ng
the humidity cycling. Such behavior has been observed in s i l icon cells  as
well .

For comple t eness , e lectr ical  charac te r i s t i cs  of all  six cells are
shown in F igu re  50. In addition , s ignif icant  pa ramete r s  are presented in
Table 18. In the latter , before (B) and afte r (A) value s of V oc, powe r at a
speci f ic  voltage (775 mV) and I~~ are compared. In addition , percentages of
degradation are tabulated . Finally, two sets of average f igures , with and
without value s for  the two fai led cells , are calculated. Signif icantly, if the
two degraded cells can be ignored (since fa i lure  was not due to an inherent
materials  limitation of the cell),  ave r age de g rada ti on of the remaining cells
fell  well within acceptable levels.

-fi‘1
3 . TAPE PEEL TESTS

The tape peel tests we conducted confirm the argument of the
preceding paragraph. Under the best conditions , when oxide format ion was
minimized and cell processing was expeditious , contacts to both n and p
sides of the cell proved to be mechanically strong. Howeve r , when there
were areas on the surface of the cell that were not clean and f ree  of oxide ,
the tape peel test resulted in contact pull-off .  Both visual contact appearance
and peel test results improved considerably dur ing  the course of testing.  It
was found that this was direct l y related to increased sealing of the annealing
furnace.

TABLE 18. ELECTRICAL PARAMETERS BEFORE AND AFTER HUMIDITY TEST

V 0~~
, V~~ - Pv 775. P~,.775. Ip~ I sc ,

mV mV AV 7,~~. mW mW 
~~~v -775- mA mA S~

II $C.
Call ID (B) (A) % (B) (A) % (B) (A)

944 1000.0 990.4 096 
- 

78.28 74 87 4.36 108 0 106 9 -1.94
879 980.8 838.4 .14.52 78.90 14,49 .81 63 108.0 14.0 -.31.48
962 996.2 987.2 -080 19.67 75.96 -4 66 110.4 106.9 -4.08
971 1009.6 979.2 -3.01 79 83 0 10000 115.0 29.1 ‘14.70

877 1004.8 1003.2 -0.16 78.59 78 59 0 101.2 107.8 +0.56

941 974.4 982.4 +0.82 79.67 79.67 0 706.8 109.0 +0 19

Avar ags 1 994.1 963.5 -3 08 19.16 53.93 -31.97 709.6 88.6 -1916
Awi ng. 2~ 993.6 990.8 -0.28 79.05 77.27 -2.25 108.6 107 .2 -1.29

~Av.naga 2 dis rsgar ds calls 819 and Oil.
Not. Accuracy of vatu.s using th. simu lator is ± 1.0%.
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The Au-Ge-Ni -Ag n- type contact has been success fu l ly used for
F I soldering as well  as to mount on metal l ic  blocks (genera l l y Mo) . The

integrity of these contacts is therefore  deemed acceptable . The p-type con-
tact (A u Z n -A g ) ,  however , remains imperfec t .  A weak adhesion is observed
in random spots on the (AIGa)As .  In many instances these spots can be
traced to surface defects  ar is ing ei ther  f rom oxidation , as noted above , or
f rom contamination. In other cases they can be traced to fine submicron
gall ium part ic les  left on the surface when the layer is pulled out of the
growth system.  When  these are removed by mechanica l  abras ion , they seem
to leave a tail on the surface , and wherever  tail ing occurs , contac t p r o b l e m s
resul t . Some of the oxide problems are  apparently caused by such ta i l ing .
We have developed cleaning method s that  m i n i m i z e  tai l ing , and in our la test
cells the improvement in adhesion between the contact and tl’~ su r face  has
been remarkable.

As  a resul t  of these studies , we believe that  the  contacts can be made
suff ic ient ly strong to pass the tape peel test .  H ow ever , in the laboratory
environment it will  be diff icul t  to e stablish the operating condit ions n e c e s s a r y
to ensure complete reproducib i l i ty  for  cell contacts unti l  the volum e of cel ls
wa r r an t s  the setting up of a fabricat ion fac i l i ty  to handle the cel ls  on a small
pilot line bas is .

I

I

-
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SECTION VIII

WELDING STUDIES

GaA s cel ls  fabr ica ted  at HRL were  sent to the Space and
C o m m u n ic a t i o n s  G r o u p  for  at taching permanent  irte rconnects  to  both the  top
and bottom metal l ized  contacts  using SCG’ s recent l y developed u l t r a s o n ic
seam w e l de r . Five such completed cel ls , wi th  tabs of the maximum
mec han ical  pull s t rength  poss ib le  us ing  opt imum present  t echnology ,  w e r e
t o be p rocessed . O pt imum present  technology invo lves not onl y the capa-
b i l i t y  of the seam w e l d i n g  m a c h i n e  but a lso  the la tes t  contact  me t a ll i z a t i o n s
of the cel l , as wel l  as cleaning and handling techniques . T o accom plis h s u c h
f a b r i c a t i on econom ica ll y,  extensive  p r e l i m i na r y  r e s e a r c h  was d i r ect ed
toward , f i r s t , Si and then to GaAs prac t ice  cel ls .

4

~1 ~ R E Q U I R E M E N T

GaAs cells fabr icat ed  at the M a l i b u  f a c il i ty  ~cer e  sent  to the SCG
Solar Panel Labora to ry  fo r  the  bonding of p e rmanen t  leads or tabs  to both
the top and bottom metal l ized contacts  us ing  the u l t ra son ic  seai’n w e l d e r
appara tus .

The fac i l i ty  in producing repeatable , reliable welds is not cons tan t
but instead depends heavily on the p a r t i c u l a r  condi t ions  of the sy s t e m  to be
we lded. For examp le , the  ability to weld thick Mo to polished sapp h i r e  wil l
d i f fe r conside rabl y f rom bonding Au leaf to s eve re l y abraded g r a p hite.  Thus ,
weldability is a func t ion  of , among aot her  thing s , subs t r a t e  mater ia l , compo-
nent s u r f a c e  conditions , con tact/tab composition , and c r o s s - s ec t i o n a l  georn-
e t ry , in addition to s e n s i tiv e  equi pment controls  and oper at ion  t e c h n i q u e s .
Because of this , a brie f review of cell  c ha r a c t e r i s t i c s , tab c h a r a c t er i s t i c s ,
welding apparatus , and bond ing p rocedure  is in o r d e r .

2 . CELL Ch AR ACTERISTICS

The solar  cells to be bonded w e r e  2 x 2 cm x 14 mU d ev i c e s
f o r m e d  by ~ rowing two GaAs ep ilaye rs onto an n b u l k  s ub st  r a te  dop ed to
1 x l8 1~ cm ~. The f i r s t  of t h e s e  l a y e r s  was n — t y p e  1 x 10 1 I 

~~~~~~ and
b e t w e e n  15 to 20 mic rons  in depth .  The t opmos t  ep t laye  r was p - t  \ pe
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. FIGURE 51. SILVER FOIL PATTERN CONSISTING OF SIX TABS

MOVABLE BLOCK
(MOTOR NOT SHOWN)
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FIGURE 52. TOP VIEW SCHEMATIC OF ULTRASONIC WHEE L-WELDER AND
SUPPORTING EQUIP MENT
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(AlGa)As  ( 1 x 10 18 cm 3 ) and onl y 0 . 1 to 1. 0 m i c r o n. Onto th is  la t ter
su r face  was  deposi ted an upper  m u l t i m e t a l  contact and g r i d  pat tern consis t -
ing of 250 of sputtered Z n - A u  alloy super imposed wi th  5 . O p.t (±2 . O~. t )  of
eva porated A g. The gr id  pat tern  consisted of 24 evenl y s paced l ines taper-
ing f rom 3 . 00 to 0 .75  mu , all of which  were  joined to a 2 cm b y 28 mu  bus
bar wh ic h in all  case s was a pproxi matel y 33 percent  obstructed along its
length by the 12 m u  cove r glass attached at a later stag e of fabr ica t ion . The
lower contact was  formed over the entire bulk subs t ra te  by a 2000 ~ deposi-
tion of s imultaneously evaporated Au-Ge-Ni  followed by 5 . Op. (±2 . O p .)  of
evaporated A g.

3 . TAB CHARACTERISTICS

Tabs were  constructed from 99 .99  percent  Ag foil  1.0 mi l  thick .
Uni ts  prepared for weld ing were  made up of six tab s , each o r ig ina l l y con-
nected as shown in F igure  51. W eld s were  mad e b y p lacing the f i n g e r s  over
the solar cell contact and running the wheel f rom A to A’ . The foi l  was then
cut along the das hed l ines and individ u all y separated following the welding
operat ion. Thu s , attached to the completed cell were  12 independent tabs
eac h a pp roxi m atel y 1. 1 x 6 .5  mm 2 in area.

- fi
4 . WELDIN G APPARATUS

A simp lified block schematic of the ul t rasonic seam welder and( supporting equi pment is shown in F i g u r e  52 (the horizontal  plane is the sur-
face of the fi gu re ;  the ve r t i ca l  d i rec t ion  is into the d iagram) .  Here  the
weldin g tool is 0. 71 inch diameter wheel machined from dril l  rod and at tached
to a 6 in ch lon g tapered horn ri gidly connected to a magnetos t r ic t ive  ( fer ro-
ma gnet ic)  t ransducer .  This entire unit is spr ing mounted to a block in such
a way that the spring tension and thereby the contac t for ce F~ of t he wheel
again st th e dev ice can be inc r eased or de creased in the ver t ical d i rec t ion  by
m eans of set screws (not shown). The block , in t u rn , can be motor  dr iven
along a track in the horizontal plane at various speeds.

The t ransducer  is controlled by a UTI Power Log icon (Model 40C)
~ equi pped wi th both powe r and tuning ad jus tments .  Relative scales associated

with each ensures  reproducibil i ty of se t t ings.  Tuning is f u r th er fac i l i ta ted
using an HP oscilloscope (Model 1ZZAR ) display ing a Lissajous  pat tern result-
ing from simultaneousl y monitoring the cu r r en t  and voltage throug h the
t ransducer .

The vacuum stage supports both the solar cell and tab s dur ing weld-
ing while the calibration stage is used to determine the contact force Fc of
the wheel by means of a simple switch circui t .
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5. B O N D I NG  P R O CE Du RF :

P r el i n~~~~~~y O p e r a t i o n s

The f i r s t  s tep  toward  p r o d u c i n g  r epea tabl y r e l i a b l e  bond s e n t a i l s
p r e l i m i n a ry  t r i a l  and e r r o r  t e s t  o p e r a t i o n s  involv ing  s e n s it i v e  a dj u s t m e n t
of equi pment  and t echn iques  in o r d e r  to d et e r m i n e  the  p r o p e r  s e t t i n g s f o r  the
par t i c u l a r  s u b st r a t e / c o n t a c t/ t a b  sys t e m to be w e l d e d . At t h i s  stage a mi f l i -
mum of four p a r a m e t e r s  a r e  of s i gn i f i cance .  Notab l y ,  a ll a d d r e s s  them-
se lves  to the  amoun t  and mode of e n e r g y  d e l i v e ry  to  the i n t e r f a c e  b e tween
t he tab and the contact  su r f a c e  of the  ce l l :

1) ~~~ contac t  f o r ce  — Thi s  f o rc e  is tha t  w h ic h  the weld w h e e l
e x e r t s  upon the t a b / c e ll combina t ion  d u r i n g  w e l d i n g .  In the pas t  i t  was
d e t e r m i n e d  by pos i t ion ing  the  whee l  upon the c a l i b r a t i o n  stage  w h i c h  closed a
c i r c u i t  so tha t  an i n d i c at o r  li g ht  was  i l l u m i n a t e d . A w i r e  was  looped a r o u nd
the horn  and a t t ached  to a pul l  gauge  and the whee l  w a s  1if ted the m in i ma l
amount  r e q u i r e d  to e f f e c t  open c i r c u i t . A m o r e  d i r ec t  method  invo lved  a
t w o — h a n d e d  p r o c e d u r e  in w h ic h  the w h e e l  was  r e p o s i t i o n e d  upon the  v a c u u m
s t ag e  and a p iece of pape r  was  i n s e r t e d  in be tween . The w h e el  was  t h e n
~au~~e l i f t ed  with one hand  un t i l  the paper could be barel y sli pped awa y u-i~Ji
the  o t h e r . In  e i t h e r  case  F~ w a s  capab le  of being a d j u s t ed  t h r o u g h a r angef rom ze ro  to wel l  over 430 g r a m s .

2) P, r e l a t i ve  power  output  of the  U T I  sou rce  — Thi s i n s t r u m en t
conve r t s  60 Hz to 60 , 000 Hz w h i ch , in t u r n , is i n t r od u c e d  to the  r o i l  a r o u n d
the  f e r r om a g n e t i c  core the h e a r t  of the t r a n s du c e r . T h i s  core  is  m a g ne t o -
s t r i c t i ve :  i ts  ph y s i c a l  d i m e n s i o n s  ( l eng th )  va ry  in r e s p o n s e  to the  c h a n g e s
in the su rround ing  m ag n e t i c  f ie ld . Thus , the 60 . 000 Flz e le c t r o m a g n e t i c
w a v e s  a re  conver ted  to 60 , 000 Hz mechan ica l  o sc i l l a t i o n s  f o r c i n g  the w h e e l
to v i b r a t e  h o r iz o n t a ll y .  Thus , an ad j us tme n t in t h e a m p l i tude  of t h e  el ec t ro-
m a g n e t i c  wave t ra n s l a t e s  in to  a change  in e ne r g y  d e l i v e r e d  to the weld .
Power is repeatable  due to the un it le s s  scale provided  on t h e  s ou r c e .

3) T. tun ing  of the  I J T I  source  — A 60 , 000 Hz mechan ica l  wave
t r ave l s  down the 6 inch horn and is de livered  to the  w h e e l  and , u l t i m a t e l y ,the weld . For maximum energy  level and m i n i m u m  feedback v i b r a t i o n s  t he
amp li tude of the mechanica l  wave m u st  be at its max imum at the t ab -con t ac t
in terface . If it is not , the wheel  wi l l  be osci l la ting par t l y in response  to theinducing 60 , 000 Hz magne ti c signal and par t l y in response to ref lected
mechanica l  v ibra t ions , ca using a de s t ruc t i ve  ( feedback)  e l e c t r ic a l  impedancein the coil indicated b y a phase  shi f t  in its c u r re n t  and vol tage . Tun ing
a lt e r s  sli ght l y the f r equency  of the e l ec t r i c a l  s igna l  and th e r e b y the
mechanical  oscil la t ions.  This  maximizes  energy  del iver y to the wheel  bymatching the resonant  f requency  of the h o rn / w h e e l  a s sembl y. I t  is m e a s u r edin r elative , u n it less  val u es by a meter  d i r ec t l y m o n i t o r i ng  coil impedance.

4) V, veloci ty  of th~ wheel  d u r i ng  the weld ing  O p e r a t i o n  — Obvious l y ,the longer  the wheel r e s t s  on any g ive n a rea  of the weld , the more  e n e r gyde l ivered  to that a rea .  I f  too grea t  a veloci ty  is u s ed , then  the energy  im-pa r t e d is too l it t le  to cause prope r d e fo r m a t i o n  and adhes ion :  too slow a
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velocity,  and the wheel abrades throug h the metals and even the cell  itself .
Velocity is adjusted reproducibl y using , again , a relative but  scaled control .

Determination of F~
An immediate concern was lack of adequate control of F~~. Nei the r

of the two former  method s of determining this  setting was acceptable since
- - resul t ing values often d iffered by over 100 gram s . Signif icant l y, measure-

ments f rom neither were found to repeatabl y and accurately p inpoint  the t rue
force of the real  case situation. There fo re , a sim p le indicato r device  wa s
constructed s imi lar  to the one connected to the cal ibrat ion stage but designed
to measu re  the force of the wheel on the actual solar cell mounted on the
vacuum stage i tself . By means of this technique , the contact force  was
eas i l y repeatable to within ±10 gram s .

6. TAB PULL TE STS

Af te r  welding , tabs were separated and individuall y test ed us ing t he
Unitek Mic ropu l l  Tester  (Model 6 -092 -0 3) .  Cells  and each of t h e i r  tabs were
indexed f o r  fu tu re  re ference  and saved for poss ib le  f u r t h e r exper imen ta t ion .
In addit ion to an ident i f icat ion number and the pull f o r ce  ( in  pounds) , the
weld condition and that of the metal area beneath the weld (after  pul l ing)
were tabulated for  each cell. An exp lanation of the codes &dopted and thei r
s ignif icance is as fol lows:

1) Weld condition

a) AO — Alread y off.  The weld was a total f a i l u r e  in that
the tab did not adhere and was not available for
pulling . AO always imp lies a pull  force of zero .

b) T O —  Tab off. During testing , the entire tab (the parts
on both sides of the weld area) became totall y
dislodged . TO indicates a success fu l  weld onl y
for  pulls ~ 0 .56 pound . For s t rengths  less than
thi s , TO imp lies:

( 1) Weld fa i lu re  — if the metal  under  the weld
area is com pletel y intact (OK ) .

(2) Metal f a ilu re  — if the metal  under the weld
• a rea  is less than com pletely intact (NG) .

c) BAW Broke at weld . D u r i ng  tes t ing the tab bro ke at
the weld so that tti e pulled section was removed
w h i l e  the other portion remained .  BAW indicates
a successfu l weld onl y for pul ls  ~ 0 . 56 pound .
For s t rengths  less than this , BAW i m p l ies  a
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weld f a i l u r e , mos t  l ike l y due  to e x c e s s i ve  whee l
fo rce caus ing  e x t r a o r d i na r y  d e f o r m at i o n  of t h e
m e t a l s .

d) T B —  Tab b roke . D u r i ng  t e s t i ng  the  tab i t s e l f  b roke .
Th i s  may  happen  e i t h e r  beca u se t h e we ld w a s
exc e s s i v e ly s trong or t here  was  a defect  in
t he tab be fo re  pu l l ing .  T h e r e f o re ,  b y means  of
t h e assoc ia ted  pu ll f orce , T B can in d i c a t e  an
except ional l y good weld . On t he o ther  hand it can
never  imp ly any th ing  n e g at i v e  about  the weld or
m eta l cond i t i o n s .

2 ) Met al co nd i t i on

a) 01< — Af t e r t e s t in g  t h e r e  was no v i s u a l  e v i d e n c e  of any
da mage to the con tac t  m e t al l i z a t ion  of the ce ll .  T h u s ,

• all metal  l ayers  are i n t a c t  and n o t h i ng  was r e m ov e d
by means of adhesion to the tab. O b s e rv a t i o n  OK in
the metal  co lumn does not  in i t se l f  indicate  an accept-
able we ld if pull f o r ce  is ~ 0. So pound .

b) NG — A f t e r  t e s t i n g  the re  was v i sua l  evidence  tha t par t  or
all of the meta l  contac t  was  r emoved  by the tab.  Even
thoug h NG r e c o rd s  meta l damage , pull  f o r c e  may  s t i l l
i n d i c a t e  an accep tab le  weld if ? U . So pound.

7 . STUDY R E SU L TS

Sil icon Cel ls

Us ing  the method desc ribed  above to measu re  F~~, the f o l l o w i n g
opt imum values were  dete rmined for s il icon ce l l s:

F = 200 g r am s

P 6 . 0

V = 35

T = 0 . 80
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However , regardless of whether these or other settings were chosen , weld-
ing was less  than reliable in the sense that with the same cell some tabs far
exceeded minimum requirements ( ?  0. 56 pound) while others failed. Table 19
presents typical results in which pull strengths ranged from 0. 40 to
0. 90 pound. Such a spread can be taken to indicate localized di f ferences  in
the sola r cell contact metallization. Significantly,  with all silicon cells ,
all failures involved the welds themselves. In no case was there a loss of
integrity in the device ’s metallization under and around the weld areas.

GaAs Cells

On the basis of the result s obtained for silicon cells , a number of
GaA s cells were subjected to welding stud ie s to determine optimum welding
conditions. The parameters finally chosen were the following :

F 260 gram s

P = 8 .0

V = 3 5

T = O . 49

TABLE 19. TAB PULL RESULTS FOR SILICON SOLAR CELL SlOl

F~ 
= 200 gm

‘ P = 6.0
V = 35
I = 0.80

4 _____ 

Front Contact Back Contact

Pull Pull
Tab Force . Weld Metal Tab Force, Weld Metal
No. lb Condition Condition No. lb Condition Condition

1 0.90 TB OK 1 0.75 BAW OK

2 0.70 TO OK 2 0.60 TO OK

3 0.40 TO OK 3 0.25 TO OK

4 0.50 TO OK 4 0.25 TO OK

_____ _______ _________ _________ 

: ~ ________
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Tables 20 throug h 23 show the tab pull resul ts  for  the GaA s solar cell s
tested . In general , it can be seen that weld s to the front  contacts were rela-
t ivel y successfu l .  For the most  part pull s t rengths  exceeded 0 . 56 pound ,
regard less  of the subsequent metal cond ition. On the othe r hand , back con-
tact s t rengths were less consistently good , but low pull s t r eng ths  were often
attributed to poor adhesion of the metall ization to the GaA s substrate  rather
than to inherent fa i lu re  of the weld i tself .  Howeve r , in later cells , the
adhesion of the back cells improved significantl y. As a resul t , it is believed
that with  prope r controls , ul t rasonic  weld s can be success fu l ly accomplished
to GaAs cells with  silver rnetal liza t ion .

TABLE 20. TAB PULL RESULTS FOR GaAs SOLAR CELL 2M928

Fc = 260 gm
P = 8.0
V = 35
T = 0.49

Front Contact Back Contact

Pull Pull
Tab Force, Weld Metal Tab Force , Weld Metal
No. lb Condition Condition No. lb Condition Condition

1 0.90 TO OK 1 0.50 TO NG
2 0.80 BAW OK 2 0 AO OK
3 0.90 BAW OK 3 0.30 BAW OK
4 0.20 TO OK 4 0.35 TO NG
5 0.80 TO OK 5 0.40 BAW OK
6 0.95 TO OK 6 0.40 BAW NG
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TABLE 21. TAB PULL RESULTS FOR GAAs SOLAR CELL 2M1098

F~ - 260 gm
P = 8.0
V - 35
I = 049

Front Contact Back Contact

Pull Pull
Tab Force, Weld Metal Tab Force, Weld Metal
No. lb Condition Condition No. lb Condition condit~~~~j

1 0.85 TO NG 1 1.00 TO OK
2 0 AO NG 2 0.95 BAW OK
3 0.90 TO NG 3 0.80 BAW OK
4 0.85 TO NG 4 1.05 BAW OK
5 0.50 TO NG 5 0 AO OK
6 0.60 TO_ _ j  NG 6 0.35 TO OK__ -_  - --

TABLE 22, TAB PULL RESULTS FOR GaAs SOLAR CELL 1E98 1

Fc = 290 gm
P = 8.0
V = 35
T = 0.45

k Front Contact Back Contact

Pull Pull
Tab Force, Weld Metal Tab Force. Weld Metal
No. lb Condition Condition No. lb Condition Condition

1 0.68 TO/BAW OK 1 0 TO NG
2 1.01 TO OK 2 0.24 TO NG

3 1.11 TO NG 3 0.01 TO NG

4 0.64 TO NG 4 0.02 TO NG
5 0.64 TO/BAW OK 5 0 TO NG
6 0.13 TO NG 

- - 
6 0.51 TO 

-
~~~~~ NG

9~
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TABLE 23. TAB PULL RESULTS FOR GaAs CELL 1E1O21A

290 gm
P — 8.0
V - 35
I - 0.45

Front Contact Pdck Contact

Pull Pull
Tab Force, Weld Metal Tab Force. Weld Metal
No. lb Condition Condition No. lb Condition Condition

1 0.60 TO/SAW NG 1 
- —

2 0.94 BAW OK 2
3 1.00 TB OK 3
4 0.91 BAW NG 4 0

5 0.86 BAW OK 5
6 0.86 BAW OK 6

Back contact not tested.
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C ON C I  .I 1SI()NS

t he’ stu d y de inon st  r a t ed  th e  fea & . t b i l i t y  of f ab r i c a t i ng  ( ~aA s c e L l s
sing t h e  I lug he’ s u i f in e  te ’ me I t  t e c h ni q ue ’ . C el l s  t h u s  lab r i  ca ted  e xh i b i t

ma rked r e p r o d u c i b il i t y  in  s h o r t  c i r c u i t  c u r r e n t  and open c i r c u i t  v o l t a g e .
~ 1idwa ~ t h r o u g h  the  p rog  r a In , 17. ~ p e r c e n t  e f f i c i en c y  at  A~~l0 ~~ s a c h i e v e d
for  the  c e l l s . W i t h  r e d uct i o n  in  fund i ng and the  a t tendan t  ne’ e’ S s i t y  of
r e e v a l u a t i n g  p rog  r a m  go a l s , t he  d e c i s i o n  w a s  made’ to  concent  r a t e  on
inc  rca  sing r a d i a t i o n  r e s is t a n ce ’  and cell  per  f o rn i an c e  r e ’p r odu c  eb i  l i t  y . In
s u b seq u e n t  w o r k . A \ t O  e f f i c ien c i e s  in t h e  17 p e rce n t  r ang e w er e  a g a i n
a c h i e v e d , and im p r ov em e n t s w er e  made  in con tac t  i n t e g r i t y  • ecU r e p r o d u c e —
hi L i ty  , .end p roc  e s cont  ro t . O pen c i r c u i t  v o l t a g e ’s ar e  e o f l  i s tent  l y a bov ’
I vo l t  • and s hor t  c i r cu i t  c u r  r en t s  ar e  a hove ’ 110 n e A

l u r t h e r w o r k  is  now r e q u i red  on packag ing  t e c h n i q ue ’ s . t he n ext  s t ep
in  t h i s  d i r e c t i o n  bt ’ing f a b r i c a t i o n  of GaAs ce l l s  on a p i l ot  l ine ’  b a s i s  in p r e p —
a r a t e  on f o r  t h e  i r L a r g e  sc a Ic p r o d u c t i o n .  U e su i t  s lea~’ e’ e s ta hi is  bed t h e
advantage’ s of t h e  Ga A s  ce l l  ove r s i l i c o n  and it  s r e p r o d u c i b i l i t y  in
t a br  ic a t i o n .
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