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c h l o r i d e  f low r a t e  of 45 mR1min. 
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Summary 

This  is the  Second Quar te r ly  P r o j e c t  Report of t h e  Phase I1 of a  

r e sea rch  program "Gallium Arsenide Thin Films on TungstenIGraphite Sub- 

s t r a t e s "  supported by t h e  U. S. Department of Energy under Contract  No. 

EY-76-C-03-1284. The o b j e c t i v e s  of t h i s  c o n t r a c t  a r e  t o  i n v e s t i g a t e  t h i n  

f i l m s  of gal.l.i.um a r s e n i d e  on tungs t en lg raph i t e  s u b s t r a t e s  and t o  prepare  

s o l a r  c e l l s  wi th  an.AM1 e f f i c i e n c y  of 6% o r  h igher  by August 1978. 

~ f f o r t s . d u r i n ~  t h i s  q u a r t e r  have been d i r e c t e d  t o  (1) t h e  depos i t i on  

and c h a r a c t e r i z a t i o n  of  ga l l ium a r sen ide  f i l m s  on t u n g s t e n l g r a p h i t e  sub-. 

s t r a t e s  by t h e  a r s e n i c  and a r s i n e  processes ,  (2) t h e  cons t ruc t ion  and 

ope ra t ion  of an appara tus  f o r  t h e  depos i t i on  of t i t an ium d iox ide  f i l m s ,  

and ( 3 ) . t h e  f a b r i c a t i o n  and eva lua t ion  of MOS s o l a r  c e l l s  on tungs ten /  

g r a p h i t e  s u b s t r a t e s .  

Gallium a r s e n i d e  f i l m s  have been depos i ted  on t u n g s t e n l g r a p h i t e  sub- 

s t r a t e s  by t h e  r e a c t i o n  of ga l l ium,  hydrogen c h l o r i d e ,  and a r s e n i c  i n  a  

hydrogen flow. The s t r u c t u r a l  and e l e c t r i c a l  p r o p e r t i e s  of t h e s e  f i l m s  

a r e  ve ry  s i m i l a r  t o  t hose  obta ined  by t h e  a r s i n e  process .  The i n i t i a l  

s t a g e  of t h e  depos i t i on  of ga l l ium a r sen ide  f i l m s  on tungs t en lg raph i t e  

s u b s t r a t e s  has  been i n v e s t i g a t e d  by t h e  scanning e l e c t r o n  microscopy. 

An appara tus  f o r  t h e  low temperature depos i t i on  of t i t an ium d iox ide  

f i l m s  by t h e  hydro lys i s  of t e t r a i s o p r o p y l  t i t a n a t e  i n  an argon atmosphere 
0 

has  been cons t ruc ted .  Titanium d iox ide  f i l m s  of 600-700A th i ckness  have 

been depos i ted  on t h i n  f i l m  ga l l ium a r s e n i d e  s o l a r  c e l l s  a t  about 100°C 

as a n t i r e f l e c t i o n  coa t ings .  

The f a b r i c a t i o n  and c h a r a c t e r i z a t i o n  of t h i n  f i l m  ga l l ium a r s e n i d e  

MOS s o l a r  c e l l s  have been cont inued.  The b e s t  c e l l s  a t  p re sen t  have AM1 

ef f i c i e n c l e s  of higher ~ l ~ a f i  G%,  and t h e  t i t an ium d iox ide  coated s o l a r  

c e l l s  e x h i b i t  no e l e c t r i c a l  i n s t a b i l i t i e s .  The b a r r i e r  he igh t  and spec- 

t r a l  response of t h e  c e l l  have been measured. 



I. In t roduc t ion  

This  i s  t h e  Second Quar te r ly  P r o j e c t  Report of t h e  Phase I1 of a  

r e sea rch  program "Gallium Arsenide Thin Films on TungstenIGraphite Sub- 

s t r a t e s "  supported by t h e  Div is ion  of So la r  Technology of t h e  U. S. 

Department of Energy under Contract  No. EY-76-C-03-1284. The. o b j e c t i v e s  

of t h i s  c o n t r a c t  a r e  t o  perform i n t e n s i v e  s t u d i e s  concerning t h i a  f i l m s  

of ga l l ium a r s e n i d e  on t u n g s t e n l g r a p h i t e  s u b s t r a t e s  ... and t o  prepare  repro- 

duc ib ly  t h i n  f i l m  ga l l ium a r sen ide  s o l a r  c e l l s  wi th  an  AM1 e f f i c i e n c y  of 

6% o r  h ighe r  by August 1978. 

The p r i n c i p a l  approach used i n  t h i s  program i s  t h e  depos i t i on  of 

3 gal l ium a r s e n i d e  f i l m s  on low-cost f o r e i g n  s u b s t r a t e s  by t h e  r e a c t i o n  of 

gal l ium, hydrogen c h l o r i d e ,  and a r s i n e  i n  a hydrogen atmosphere i n  a  gas 

flow system. During t h e  f i r s t  phase of t h i s  program, tungsten-coated 

g r a p h i t e  and germanium f i l m s  r e c r y s t a l l i z e d  on t u n g s t e n l g r a p h i t e  were 

used ex tens ive ly  a s  s u b s t r a t e s  f o r  t h e  depos i t i on  of ga l l ium a r s e n i d e  

f i lms .  E p i t a x i a l  ga l l ium a r s e n i d e  f i l m s  were depos i ted  on r e c r y s t a l -  

l i z e d  germanium f i l m s  which contained elongated g r a i n s  of up t o  s e v e r a l  

m i l l i m e t e r s  i n  length .  (2)  However, t h e s e  f i l m s  have h igh  e l e c t r o n  con- 

c e n t r a t i o n s ,  2  x  1 0 l ~ c m - ~  and h ighe r ,  due t o  t h e  auto-doping e f f e c t  

aooociatcd wi th  t h e  h a l i d e  process and the high  d i f f u s i o n  r a t e  of germa- 

nium along g r a i n  bovndaries  i.n ga l l ium a r s e n i d e  f i lms .  Consequently, 

MOS type  s o l a r  c e l l s  prepared from t h e s e  ga l l ium a r s e n i d e  f i lms .show 

excess ive  dark  cu r r en t  i n  t h e  forward d i r e c t i o n ;  r e s u l t i n g  i n  low photo- 

c u r r e n t ,  apen-current v o l t a g e ,  and £ . i l l  f a c t o r .  Therefore ,  t h e  u s e  of 

.-,* 



r e c r y s t a l l i z e d  germanium f i l m s  a s  a  s u b s t r a t e  f o r  t h e  depos i t i on  of 

ga l l ium a r s e n i d e  f i l m s  has  been de-emphasized. 

Gallium a r sen ide  f i l m s  depos i ted  on t u n g s t e n l g r a p h i t e  s u b s t r a t e s  a r e  

e s s e n t i a l l y  p o l y c r y s t a l l i n e  wi th  average c r y s t a l l i t e  s i z e  of about 10  um. 

I n  s p i t e  of t h e  r e l a t i v e l y  sma l l  c r y s t a l l i t e s ,  MOS t y p e  s o l a r  c e l l s  have 

AM1 e f f i c i e n c i e s  of h igher  than  5%. The use  of t ungs t en lg raph i t e  sub- 

s t r a t e s  has  been f u r t h e r  emphasized i n  t h e  second phase of t h i s  program. 

I n  a d d i t i o n ,  t h e  use  of g r a p h i t e  s u b s t r a t e s  has  a l s o  been under i n v e s t i -  

ga t ion .  The use  of a  heavily-doped i n t e r f a c i a l  l a y e r  could reduce t h e  

i n t e r f a c e  r e s i s t a n c e  t o  a  t o l e r a b l e  l e v e l .  

The r e a c t i o n  between gal l ium, hydrogen c h l o r i d e ,  and a r s i n e  i n  a  . 
hydrogen f low has  been ,used  f o r  t h e  depos i t i on  of ga l l ium a r sen ide  f i l m s  

s i n c e  t h e  e a r l y  s t a g e  of t h i s  program. However, t h e  c a r r i e r  concen t r a t ion  

i n  deposi ted fil.ms was found t o  vary  w i t h  t h e  sou rce  of a r s i n e  due pre- 

sumably t o  v a r i a t i o n s  i n  impur i ty  con ten t s  i n  commercial a r s i n e .  During 

t h i s  r e p o r t i n g  pe r iod ,  t h e  r e a c t i o n  between gal l ium, hydrogen c h l o r i d e ,  

and a r s e n i c  has been i n v e s t i g a t e d  f o r  t h e  depos i t i on  of ga l l ium a r s e n i d e  

f i l m s  s i n c e  h igh  p u r i t y  a r s e n i c  is r e a d i l y  a v a i l a b l e .  I n  a d d i t i o n ,  an  

appara tus  f o r  t h e  depos i t t on  of t i t a n i u m  d iox ide  f i l m s  has  been construc-  

t e d  and used f o r . t h e  depos i t i on  of a n t i r e f l e c t i o n  c o a t i n g s  on ga l l ium 

a r s e n i d e  s o l a r  c e l l s .  Also, t h e  f a b r i c a t i o n  and c h a r a c t e r i z a t i o n  of t h i n  

f i l m  ga l l ium a r s e n i d e  s o l a r  c e l l s  on t ~ n g s t e n l g r a ~ h i t e  s u b s t r a t e s  have 

been continued. The r e s u l t s  t o  d a t e  a r e  d iscussed  i n  t h e  fo l lowing  

s e c t  ions.  



11. Deposi t ion of Gallium Arsenide Films by t h e  
Gallium-Hydrogen Chloride-Arsenic Process  

Gallium a r sen ide  f i lms  used i n  t h i s  program have been depos i ted  by 

t h e  r e a c t i o n  between gal l ium, hydrogen c h l o r i d e ,  and a r s i n e  because of 

i t s  s i m p l i c i t y  and low cos t .  However, t h e  impuri ty  content  i n  commercial 

a r s i n e  o f t e n  v a r i e s ,  thus  a f f e c t i n g  t h e  c a r r i e r  concen t r a t ion  i n  depos i t ed  

gal l ium a r s e n i d e  f i lms .  To minimize t h e s e  v a r i a t i o n s ,  t h e  r e a c t i o n  be t -  

ween ga l l ium,  hydrogen c h l o r i d e ,  and a r s e n i c  has  been i n v e s t i g a t e d  f o r  

t h e  d e p o s i t i o n  of ga l l ium a r s e n i d e  f i l m s  s i n c e  a r s e n i c  i s  r e a d i l y  a v a i l a b l e  

i n  p u r i t i e s  of h igher  than  99.999%. The gallium-hydrogen ch lo r ide -a r sen ic  

process  has  been repor ted  by o t h e r s .  (3) I n  t h i s  process ,  hydrogen. chlo- 

r i d e  i s  used t o  conver t  ga l l ium i n t o  ga l l ium monochloride, and hydrogen 

i s  used a s  a  c a r r i e r  gas  f o r  a r s e n i c .  The r e a c t i o n  between ga l l ium mono- 

c h l o r i d e  and a r s e n i c  on t h e  s u b s t r a t e  s u r f a c e  y i e l d s  ga l l ium a r s e n i d e  

according t o  t h e  r e a c t i o n  

6 GaCR(g) + A s 4  (g) -t 4GaAs ( s )  + 2GaCR3 (g) . 
Sing le  c r y s t a l l i n e  ga l l ium a r s e n i d e  wafers  wi th  main f a c e s  of a '  (100) 

o r i e n t a t i o n  were used a s  s u b s t r a t e s  f o r  t h i s  d e p o s i t i o n  process .  I n  

t h e s e  experiments,  a  f i v e  zone furnace  i s  used t o  main ta in  t h e  tempera- 

t u r e s  of t h e  s u b s t r a t e s  and ga l l ium a t  730-750°C and 870-890°C, respec-  

t i v e l y .  The temperature of a r s e n i c  was ad jus t ed  t o  y i e l d  an As/Ga molar 

r a t i o  of 2. The f l o w - r a t e  of hydrogen c h l o r i d e  was v a r i e d  i n  t h e  range 

of 10-45 mR/min and t h e  flow r a t e  of hydrogen was 1 R/min. N-type ep i -  

t a x i a l  f i l m s  of good s t r u c t u r a l  p e r f e c t i o n  were obta ined  i n  a l l  c a ses .  

The ne t  c a r r i e r  concen t r a t ions  i n  ga l l ium a r s e n i d e  f i l m s  a r e  i n  t h e  

15 -3 
range of (4-8) x  10 cm . Homoepitaxial ga l l ium a r s e n i d e  f i l m s  were 

-4-  



a l s o  prepared by us ing  a r s i n e  r e c e n t l y  procured from a  d i f f e r e n t  s u p p l i e r ,  

and t h e  concen t r a t i on  i n  depos i ted  ga l l i um a r s e n i d e  f i l m s  a r e  i n  t h e  

16 -3 range of (1-4) x 10 c m  . 
Tungsten coated g r a p h i t e  s u b s t r a t e s  were a l s o  used f o r  t h e  depos i t i on  

of ga l l ium a r s e n i d e  f i l m s  by t h e  r e a c t i o n  between ga l l ium,  hydrogen . .. 

c h l o r i d e ,  and a r s e n i c .  Using hydrogen and hydrogen c h l o r i d e  a t  f low 

r a t e s  of 1 Rlmin and 30 mRlmin, r e s p e c t i v e l y ,  and t h e  a r s e n i c  temperature  

of 590."C, t h e  depos i t i on  . r a t e  of ga l l ium a r s e n i d e  was about 0.8-1 pmlmin, 

and t h e  average  c r y s t a l l i t e  s i z e  was 10-15 pm. The s t r u c t u r a l  and e l ec -  

t r i c a l  p r o p e r t i e s  of depos i ted  f i l m s  a r e  very  s i m i l a r  t o  t h o s e  of ga l l ium 

a r s e n i d e  f i l m s  depos i t ed  from t h e  r e c e n t l y  procured a r s i n e .  The deposi-  

t i o n  of ga l l ium a r s e n i d e  f i l m s  by t h e  r e a c t i o n  between ga l l i um,  hydrogen 

c h l o r i d e ,  and a r s e n i c  has  been shown t o  be  a  promising method; however, 

t h e  a r s i n e  process  w i l l  con t inuous ly  be  used i n  t h i s  program because of 

i t s  s i m p l i c i t y .  



111. Deposi t ion of Titanium Dioxide Films a s  AR Coatings 

111.1 In t roduc t ion  

The a n t i r e f l e c t i v e  coa t ing  i s  an  important  parameter i n  t h e  design 

and f a b r i c a t i o n  of s o l a r  c e l l s .  ( 4 y 5 )  S ince  ga l l ium a r s e n i d e  has r e l a -  

t i v e l y  h igh  r e f r a c t i v e  i n d i c e s ,  about 3 .6 a t  900 nm and 4.8 a t  450 nm a t  

room temperature,  more than  30% of t h e  i n c i d e n t  l i g h t  i s  l o s t  by r e f l e c -  

t i o n ,  and coa t ings  of a p p r o p r i a t e  r e f r a c t i v e  index and th i ckness  must be 

app l i ed  t o  reduce t h i s  l o s s .  The o p t i c a l  t h i ckness  of t h e  coa t ing  should 

be  one-quarter wavelength a t  wavelength near  t h e  peak of t h e  c e l l  

response-solar  ou tput  product curve. The optimum r e f r a c t i v e  index  of t h e  

coa t ing  t o  g ive  zero  r e f l e c t a n c e  a t  t h e  quarter-wavelength th i ckness  i s  

% (nl n2) , where nl and n2 a r e  t h e  r e f r a c t i v e  i n d i c e s  of t h e  semiconductor 

and t h e  medium surrounding t h e  a n t i r e f l e c t i o n  coa t ing ,  r e s p e c t i v e l y .  

Thus, t h e  optimum r e f r a c t i v e  index of coa t ings  should be  about 2  f o r  un- 

covered c e l l s  and about 2.5 f o r  c e l l s  w i t h  g l a s s  covers  ( r e f r a c t i v e  

index 1 .5) .  I n  p r a c t i c e ,  t h e  r e f r a c t i v e  i n d i c e s  of both t h e  semiconduc- 

t o r  and t h e  a n t i r e f l e c t i n g  coa t ings  a r e  d i s p e r s i v e ;  however, t h e  choice  

of a  r e f r a c t i v e  index f o r  t h e  a n t i r e f l e c t i o n  coa t ing  c l o s e  t o  t h e  v a l u e  

% given by (nl n2) ensures  minimum o v e r a l l  r e f l e c t a n c e .  

I n  t h e  case  of Schottky b a r r i e r  and MIS type  s o l a r  c e l l s ,  t h e  se lec-  

t i o n  of a n t i r e f l e c t i o n  coa t ings  a r e  e s p e c i a l l y  important  s i n c e  t h e  meta l  

f i l m s  on t h e  semiconductor s u r f a c e  g r e a t l y  i n c r e a s e s  t h e  s o l a r  r e f l e c -  
0 

tance.  For example, f o r  100A meta l  f i l m s  on s i l i c o n  o r  gal l ium a r sen ide ,  

r e f l e c t i o n  i s  t h e  b igges t  o p t i c a l  l o s s ,  amounting t o  about 35% f o r  t h e  

most t r anspa ren t  f i l m s  such a s  copper,  go ld ,  o r  s i l v e r .  ( 6 )  A method f o r  
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ob ta in ing  parameters of p r a c t i c a l  a n t i r e f l e c t i o n  coa t ings  f o r  Schottky 

b a r r i e r  s o l a r  c e l l s  has  been developed u t i l i z i n g  t h e  measured equiva len t  

index o f '  r e f r a c t i o n  obtained from e l l i p somet ry .  (7) Gallium a r s e n i d e  

Schottky b a r r i e r  s o l a r  c e l l s  r e q u i r e  an a n t i r e f l e c t i o n  coa t ing  wi th  a  

r e f r a c t i v e  index of about 2.35 when matching t o  a i r  a t  600 nm, and h igher  

i n d i c e s  a r e  requi red  i f  matching t o  a n  adhes ive  o r  encapsulant  m a t e r i a l  

i s  des i r ed .  

Tantalum oxide and .niobium oxide f i l m s  wi th  r e f r a c t i v e  i n d i c e s  of 

2.2-2.4 have been developed a s  a n t i r e f l e c t i n g  coa t ings  f o r  s i l i c o n  s o l a r  

c e l l s .  (8) Although t h e  r e f r a c t i v e  i n d i c e s  of t h e s e  oxides  a r e  n e a r l y  

i d e a l  a s  a n t i r e f l e c t i o n  coa t ings  f o r  t h i n  f i l m  ga l l ium a r s e n i d e  MIS s o l a r  

c e l l s ,  t h e  a p p l i c a t i o n  of t h e s e  f i l m s  r e q u i r e s  r e l a t i v e l y  h igh  s u b s t r a t e  

temperature,  about 500°C, r e s u l t i n g  i n  t h e  degrada t ion  of t h e  e l e c t r i c a l  

p r o p e r t i e s  of MIS s t r u c t u r e s .  Recent ly,  Hovel has  r epo r t ed  t h e  u s e  of 

t h e  hydro lys i s  of t e t r a i s o p r o p y l  t i t a n a t e  by a spray  process  i n  a i r  f o r  

t h e  depos i t i on  of t i t a n i u m  oxide f i l m s  on ga l l ium a r s e n i d e  p-n junc t ion  

and Schottky b a r r i e r  s o l a r  c e l l s  a t  r e l a t i v e l y  low tempera tures ,  50' o r  
0 

above. "j The depos i t i on  r a t e  was 5-10 A / s e c ,  and t h e  f i l m s  depos i ted  

a t  temperatures  below 200°C were found t o  be amorphous. The r e f r a c t i v e  

index inc reases  l i n e a r l y  wi th  d e p o s i t i o n  temperature from 1 .9  a t  50°C.  
0 

t o  2.4 a t  300°C; t h e  absorp t ion  edge i n c r e a s e s  from 3400A f o r  t h e  low 
0 

temperatiire f i l m s  t o  4000A f o r  f i l m s  depos i t ed  a t  400°C. Thcsc 

r e s u l t s  i n d i c a t e  t h a t  t i t an ium d iox ide  i s  a n  a t t r a c t i v e  a n t i r e f l e c t i o n -  

coa t ing  m a t e r i a l  f o r  t h i n  f i l m  ga l l ium a r s e n i d e  s o l a r  c e l l s ,  and t h i s  .- 

approach has  been s e l e c t e d  i n  t h i s  work. 



211.2 Dep'osition of Titanium Dioxide Films 

Titanium d iox ide ,  because of i t s  h igh  d i e l e c t r i c  cons tan t  ( r u t i l e  has  

a  d i e l e c t r i c  cons tan t  of 90 1 t o  t h e  c-axis  and 180 p a r a l l e l  t o  t h e  c - ax i s ) ,  

has  been s tud ied  by many i n v e s t i g a t o r s .  Severa l  t echniques ,  i nc lud ing  

vacuum evapora t ion ,  s p u t t e r i n g ,  ox ida t ion  of evaporated t i t an ium f i l m s ,  

and chemical vapor depos i t i on  have been used f o r  t h e  p repa ra t ion  of t i t a -  

nium dioxide .  However, i t s  p r o p e r t i e s  vary  widely wi th  t h e  p repa ra t ion  

technique due presumably t o  t h e  non-stoichiometry and d i f f e r e n t  c r y s t a l - '  

l i n i t y  i n  t h e  d e p o s i t .  

Chemical vapor depos i t i on  i s  considered a s  t h e  most v e r s a t i l e  tech- 

n ique  f o r  t h e  depos i t i on  of t i t an ium dioxide .  ( l o )  The chemical r e a c t i o n s  

used f o r  t h e  depos i t i on  of t i t an ium d iox ide  inc lude  t h e , h y d r o l y s i s  and 

ox ida t ion  of t i t a n i u m  t e t r a c h l o r i d e ,  t h e  p y r o l y s i s  and hydro lys i s  of 

t i t an ium a lkoxide  compounds, e t c .  For example, t h e  ox ida t ion  of t i t an ium 

t e t r a c h l o r i d e  i n  an  oxygen atmosphere a t  990°-llOO°K y i e l d s  e s s e n t i a l l y  

t h e  r u t i l e  modi f ica t ion ,  (11) and t i t a n i u m  a lkoxides  (such a s  t e t r a -  

i sop ropy l  t i t a n a t e )  w i t h  titanium-oxygen bonds decompose a t  350' o r  above 

t o  y i e l d  t i t an ium dioxide .  (12) However, t h e  temperatures  requi red  i n  

t h e s e  r e a c t i o n s  a r e  excess ive  f o r  ga l l ium a r s e n i d e  Schottky b a r r i e r s .  On 

t h e  o t h e r  hand, t i t an ium t e t r a c h l o r i d e  and t e t r a i s o p r o p y l  t i t a n a t e  

hydrolyze r e a d i l y ,  b u t  t h e  experimental  cond i t i ons  must be c a r e f u l l y  

con t ro l l ed  t o  y i e l d  adherent  f i lms  on s u b s t r a t e s .  I n  a  German process ,  

t h e  o b j e c t  heated a t  200°C was r o t a t e d  i n  f r o n t  of an  o s c i l l a t i n g  burner  

which was f ed  wi th  a  c e n t r a l  j e t  of t i t an ium t e t r a c h l o r i d e  vapor c a r r i e d  

i n  dry  a i r .  Surrounding t h i s  j e t  and s e p a r a t i n g  i t  by an annular  j e t  of 



dry  a i r ,  was a  p e r i p h e r a l  j e t  of moist a i r .  Mixing of t h e  v a r i o u s  gas 

s t reams occurred a t  t h e  sample s u r f a c e ,  hydrolyzing t h e  t i t a n i u m  t e t r a -  

c h l o r i d e  and d e p o s i t i n g  a  t h i n  f i l m  of t i t an ium oxide  on t h e  o b j e c t .  A 

s i m i l a r  arrangement has  been used f o r  d e p o s i t i o n s  of t i t an ium d iox ide  

f i l m s  on germanium, s t e e l ,  and o t h e r  meta ls .  (14) 

When t i t an ium dioxide  i s  used a s  an  a n t i r e f l e c t i n g  coa t ing  f o r  s o l a r  

c e l l s ,  t h e  depos i t i on  cond i t i ons  must be c a r e f u l l y  c o n t r o l l e d  t o  minimize 

t h e  formation of i n t e r f a c e  s t a t e s  and o t h e r  d e f e c t s .  One important  r e -  

quirement f o r  t h e  chemical vapor depos i t i on  of d i e l e c t r i c  f i l m s  i s  t h a t  

t h e  r e a c t i o n  should be  predominately heterogeneous t ak ing  p l ace  on t h e  

s u b s t r a t e  su r f ace .  Otherwise, r e a c t i o n s  i n  t h e  volume surrounding t h e  

s u b s t r a t e  can y i e l d  s o l i d  products  i n  t h e  gas phase,  and t h e  d e p o s i t i o n  

of t h e s e  s o l i d s  on t h e  s u b s t r a t e  would y i e l d  nonadherent m a t e r i a l .  The 

volume r e a c t i o n  can be  suppressed by us ing  a  low p a r t i a l  p r e s s u r e  of t h e  

r e a c t a n t s  i n  t h e  r e a c t i o n  chamber and a  high l i n e a r  v e l o c i t y  of t h e  gas 

mixture over t h e  s u b s t r a t e  su r f ace .  T h i s  requirement i s  extremely 

important  i n  t h e  d e p o s i t i o n  of adherent  t i t an ium d iox ide  f i l m s  s i n c e  t h e  

hydro lys i s  of t i t an ium t e t r a c h l o r i d e  o r  t e t r a i s o p r o p y l  t i t a n a t e  t a k e s  

p l ace  r e a d i l y  a t  room temperature.  

S ince  water  vapor is used i n  t h e  depos i t i on  of t i t a n i u m  d iox ide  

f i l m s ,  and water  vapor could cause undes i r ab le  contaminat ions i n  t h e  

e x i s t i n g  CVD appara tus  f o r  tungs ten ,  s i l i c o n  n i t r i d e ,  and o t h e r s ,  a n  

appara tus  was cons t ruc ted  f o r . t h e  exc lus ive  depos i t i on  of t i t a n i u m  dio-  

x ide  f i lms .  It c o n s i s t s  of two p a r t s :  t h e  gas f low c o n t r o l  and t h e  

r e a c t i o n  tube.  A schematic diagram of t h e  appara tus  is  shown i n  F igu re  1. 
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F i g u r e  1 Schematic d iagram of  t h e  a p p a r a t u s  f o r  t h e  d e p o s i t i o n  of t i t a n i u m  d i o x i d e  f i l m s .  



The s o l a r  c e l l s  a r e  supported on a  g r a p h i t e  susceptor  i n  a  fused  s i l i c a  

r e a c t i o n  tube.  The susceptor  i s  hea ted  e x t e r n a l l y  by an  r f  g e n e r a t o r ,  

and i t s  tempera ture  i s  monitored by a  thermocouple inser . t ed  i n t o  t h e  

suscep to r .  The t e t r a i s o p r o p y l  t i t a n a t e  c o n t a i n e r  i s , a l s o  placed i n  t h e  

r e a c t i o n  tube  and i t s  vapor i s  c a r r i e d  over  t o  t h e  s u b s t r a t e  s u r f a c e  by 

argon. Argon is  a l s o  used a s  a  c a r r i e r  gas  t o  i n t roduce  water  vapor  t o  

t h e  s u b s t r a t e  su r f ace .  It i s  important  t h a t  t h e  mixing of t e t r a i s o p r o p y l  

t i t a n a t e  and water  vapor t a k e  p l a c e  on t h e  s u r f a c e  of t h e  s u b s t r a t e  t o  

minimize homogeneous nuc l ea t i ons .  

A number of experiments  have been c a r r i e d  ou t  u s i n g  argon f low r a t e  

i n  t h e  range of 2-10 R/min, s o l a r  c e l l  temperature  a t  60-100°C, and 

s u f f i c i e n t  t e t r a i s o p r o p y l  t i t a n a t e  and water  vapor t o  y i e l d  d e p o s i t i o n  
0 0 

r a t e s  of 50A-500A/min. The depos i t ed  f i l m  is  no t  y e t  uniform a t . p r e s e n t ,  

and f u r t h e r  op t imiza t ion  i s  underway. 



I V .  Gallium Arsenide Films on TungstenIGraphi te  S u b s t r a t e s  

I n v e s t i g a t i o n s  of ga l l ium a r s e n i d e  f i l m s  on t u n g s t e n l g r a p h i t e  

s u b s t r a t e s  have been cont inued wi th  emphasis on t h e  i n i t i a l  n u c l e a t i o n  

du r ing  t h e  depos i t i on  of ga l l i um a r s e n i d e  and t h e  f a b r i c a t i o n  and charac- 

t e r i z a t i o n  of MOS s o l a r  c e l l s .  

I V . l .  Depos i t ion  of Gallium Arsenide Films 

Gallium a r s e n i d e  f i l m s  have been depos i t ed  on t u n g s t e n l g r a p h i t e  sub- 

s t r a t e s  by t h e  r e a c t i o n  of ga l l ium,  hydrogen c h l o r i d e ,  and a r s i n e  i n  a  

fused  s i l i c a  r e a c t i o n  tube  of 55 mm I D ;  t h e  t ungs t en  f i l m ,  approximately 

3-5 pm i n  t h i c k n e s s ,  was depos i ted  by t h e  thermal  r educ t ion  of tungs ten  

hexa f luo r ide  a t  500°C. I n  most experiments  c a r r i e d  ou t  du r ing  t h e  f i r s t  

phase of t h i s  work, t h e  temperature  of ga l l i um was maintained a t  880-890°C, 

and t h e  f low r a t e s  of hydrogen, hydrogen c h l o r i d e ,  and a r s i n e  were f i x e d  

a t  1 Rlmin, 45 mRImin, and 90 m!Z/min, r e s p e c t i v e l y .  The d e p o s i t i o n  r a t e  

and average c r y s t a l l i t e  s i z e  have been found t o  depend s t r o n g l y  bn t h e  

s u b s t r a t e  temperature .  I n  f i l m s  depos i t ed  a t  7 7 5 ' ~ ~  t h e  d e p o s i t i o n  r a t e  

is  approximately 1.5 ~ m l m i n ,  .and t h e  average c r y s t a l l i t e  s i z e  i s  l a r g e r  

t h a t  10 pm. The c a r r i e r  concen t r a t i ons  a r e  u s u a l l y  i n  t h e  range  of 

5  x  1 0 l 6  - 1 0  17 cm-3 

The e f f e c t s  of the concen t r a t i on  of hydrogen c h l o r i d e  i n  t h e  reac-  

t a n t  mix ture  have been s t u d i e d  us ing  hydrogen, hydrogen c h l o r i d e ,  and 

a r s i n e  a t  f low r a t e s  of 1 Rlmin, 15 mRlmin, and 30 mRlmin, r e s p e c t i v e l y .  

A t  a  s u b s t r a t e  temperature  of 775"C, t h e  average d e p o s i t i o n  r a t e  is  

about  0.6' pm/min, and t h e  average  c r y s t a l l i t e  s i z e  i s  4-5 pm i n  f i l m s  of 

15 pm th i cknes s .  The c r y s t a l l o g r a p h i c  p r o p e r t i e s  of t h e s e  f i l m s  a r e  
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very  s i m i l a r  t o  those  depos i ted  a t  h ighe r  hydrogen c h l o r i d e  concen t r a t ions  

i n  t h e  r e a c t a n t  mixture.  However, t h e  c a r r i e r  concen t r a t ions  i n  t h e s e  

17 -3 
f i lms ,  about 10 . cm , a r e  somewhat h igher  than  those  i n  f i l m s  depos i ted  

by us ing  h ighe r  flow r a t e s  of hydrogen ch lo r ide .  Th i s  i s  due presumably 

t o  t h e  d i f f e r e n c e  i n  t h e  inco rpora t ion  of i m p u r i t i e s  i n t o  ga l l ium a r sen ide  

f i l m s  a t  d i f f e r e n t  hydrogen c h l o r i d e  concent ra t ion .  Since t h e  MOS s o l a r  

c e l l s  f a b r i c a t e d  from ga l l ium a r s e n i d e  f i l m s  depos i ted  a t  h ighe r  f low 

r a t e s  of hydrogen c h l o r i d e  have b e t t e r  c h a r a c t e r i s t i c s ,  t h e  u se  of t hese  

experimental  cond i t i ons  has been continued f o r  t h e  depos i t i on  of gal l ium 

a r s e n i d e  f i lms .  

I V .  2. I n i t i a l  Nucleat i on  of Gallium Arsenide Films 
on TungstenIGraphite S u b s t r a t e s  

The i n i t i a l  nuc l ea t ion  of ga l l ium a r s e n i d e  f i l m s  on t u n g s t i n l g r a p h i t e  

s u b s t r a t e s  has  been i n v e s t i g a t e d .  Gallium a r s e n i d e  f i l m s  were depos i ted  

a t  775°C by us ing  hydrogen c h l o r i d e  a t  f low r a t e s  i n  t h e  range of 

15-45 ml/min and an A S H ~ / H C R  molar r a t i o  of 2. The d u r a t i o n s  of deposi-  

t i o n  were 15  s e c ,  30 s e c ,  1 min, and 3  min. The depos i ted  f i l m s  were 

then  examined by us ing  a  scanning e l e c t r o n  microscope. The r a t e  of nu- 

c l e a t i o n  and t h e  d e n s i t y  of n u c l e i  appear t o  be r a t h e r  h igh .  Figur,es 2 

and 3  show r e s p e c t i v e l y  t h e  s u r f a c e  of ga l l ium a r s e n i d e  d e p o s i t s  a f t e r  

15  and 30 seconds of depos i t ion  us ing  a hydrogen c h l o r i d e  f low r a t e  of 

45 mRlmin. About 10X of the.  s i - lbstrate  s u r f a c e  was covered by ga l l ium 

a r s e n i d e  c r y s t a l l i t e s  a f e e r  15  seconds of d e p o s i t i o n ,  and about 90% of 

t h e  s u r f a c e  was covered a f t e r  30 seconds of depos i t i on .  I n  both c a s e s ,  

t h e  c r y s t a l l i t e s  a r e  too  sma l l  t o  determine i f  they  e x h i b i t  any geometr ies .  ' 

Figures  4  and 5  show t h e  scanning e l e c t r o n  micrographs of ga l l ium a r s e n i d e  
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Figere  2 Scanning slect.ron micrqra h of the gall%uzn erstsnide g deposit on a tungstealgrap ite subetrate after 15 
s~coads of depoo%tion at 77SaC u s b g  a hydrogen chlo- 
ride E l m  tats QE 45 @/@EL. 

Figure 3 scanning electron micrograph of the gallium arsenide 
deposit on a tungstenjgraphite substrate after 30 
seconds of deposition at 775OC using a hydrogen chlo- 
ride flow rate of 45 mR/min. 



Figure 4 Scanning electron naicrograph of the gallium arsenide 
deposit on a tungsten/graphite substrate after 1 
minute of deposition at 775OC using a hydrogen chlo- 
ride flow rate of 45 mRlmin. 

Figure 5 Scanning electron micrograph of the gallllum arsenide 
deposit on a tungstenlgraphite substrate after 3 
minutes of deposition at 775OC using a hydrogen chlo- 
ride Ilow raLe of 45 mR/min. 



fi lms a f t e r  l m i n u t e  and 3 minutes of deposition, respectively. The 

gallium arsenide f i lm is continuous a f t e r  1 minute of deposition; however, 

the  c r y s t a l l i t e  s i z e  i s  only of the  order of 1 pm. The average crysta l -  

l i t e  s i z e  i n  gallium arsenide fi lms a f t e r  3 minutes of deposition is  

2-3 pm. Figure 6 shows the  scanning electron micrograph of a gallium 

arsenide f i lm a f t e r  1 minute of deposition using a hydrogen chloride flow 

rate of 15 mR/min. This f i lm i s  a l so  continuous with c r y s t a l l i t e  s i z e  

s imilar  t o  tha t  shown i n  Figure 4. Since the  gallium arsenide f i lm on 

tungstedgraphi te  substra tes  is  continuous a f t e r  a r e l a t i ve ly  short  depo- 

s i t i o n  t i m e ,  the use of gallium arsenide/tungsten/graphite s t ruc tures  is  

a promising approach f o r  the  fabr icat ion of t h in  f i lm gallium arsenide 

so la r  ce l l s .  

IV.  3. MOS Solar C e l l s  

A number of MOS so la r  c e l l s  of t he  configuration Au/oxide/n-G&/ 

n + - ~ a A s / ~ / ~ r a ~ h i t e  have been prepared with emphasis on the optimization 

of the  oxidation process and the  heavily doped i n t e r f a c i a l  layer. Gallium 

arsenide f i lms w e r e  deposited on tungsten/graphite subs t ra tes  a t  775% by 

using hydrogen, hydrogen chloride,  and a rs ine  a t  flow rates of I R/mfn, 

45 mR/min, and 90 mR/min, respectively,  and hydrogen su l f ide  was used a s  

a dopant during the  i n i t i a l  s tage of the deposition process t o  yie ld  a 

c a r r i e r  concentration of higher than 1018 i n  t he  deposited gallium 

arsenide. m e d i a t e l y  a f t e r  t h e  deposition process, gallium arsenide 

fi lms were oxidized in s i t u  with oxygen a t  100-200°c fo r  % - 2 hours. 

This in-si tu oxidation assures the  dormation of a uniform continuous 

oxide film. The specimen was then t ransferred,  with minimum exposure 



Figure 6 Scanning electron micrograph of the gallium arsenide 
deposit on a tungstedgraphite substrate a f ter  1 
minute of deposition a t  7 7 5 ' ~  using a hydrogen chlo- 
r ide flow rate  of 15 d l m i n .  



t o  a i r ,  t o  a  g l a s s  tube  through which flowed oxygen s a t u r a t e d  wi th  water  

vapor a t  room temperature a t  a  r a t e  of 100 mR/min. The du ra t ion  of t h i s  

ox ida t ion  was 10-24 hours.  Subsequent t o  t h e  ox ida t ion  process ,  a  gold 
0 

filrrl of 60-70A. th i ckness  was evaporated onto t h e  s u r f a c e  under a  p r e s s u r e  

of l e s s  t han  10'~ Tor r ,  and t h e  g r i d  con tac t  was formed by evapora t ing  

s i l v e r  through a  meta l  mask. 

The cur ren t -vol tage  c h a r a c t e r i s t i c s  of t h e  r e s u l t i n g  s o l a r  c e l l s  

were measured a t  room temperature i n  t h e  dark  and under i l l u m i n a t i o n  wi th  

ELH quartz-halogen lamps c a l i b r a t e d  wi th  a  s tandard  s i l i c o n  s o l a r  c e l l  

under AM1 condi t ions .  I n  gene ra l ,  t h e  i n i t i a l  open-c i rcu i t  v o l t a g e  of 

s o l a r  c e l l s  prepared from i n - s i t u  oxid ized  ga l l ium a r s e n i d e  depends 

s t r o n g l y  on t h e  temperature and d u r a t i o n  of ox ida t ion .  When t h e  ox ida t ion  

was c a r r i e d  out  a t  200°C f o r  3 hours  o r  longer ,  t h e  s o l a r  c e l l s  had 

open-c i rcu i t  v o l t a g e s  of 0 .5-0 .6V;  however, t h e i r  s e r i e s  r e s i s t a n c e  was 

very  high due t o  t h e  excess ive  th i ckness  of t h e  oxide. When t h e  tempera- 

t u r e  and/or  t h e  d u r a t i o n  of i n - s i t u  ox ida t ion  was reduced, t h e  i n i t i a l  

open-c i rcu i t  vo l t age  and s e r i e s  r e s i s t a n c e  of t h e  s o l a r  c e l l s  were 

lowered. When t h e  s u r f a c e  of ga l l ium a r s e n i d e  was oxid ized  by a  combi- 

n a t i o n  of i n - s i t u  ox ida t ion  and water  vapor t r ea tmen t ,  t h e  d u r a t i o n  and 

temperature of water  vapor t rea tment  s t r o n g l y  a f f e c t e d  t h e  s o l a r  c e l l  

c h a r a c t e r i s t i c s .  I f  t h e  water vapor t reatmenr aL ioom tempcrnture 

exceeded 20 hours ,  t h e  s o l a r  c e l l s  always exh ib i t ed  a  high s e r i e s  r e s i s -  

t ance  due t o  t h e  exces s ive  th i ckness  of t h e  oxide.  When t h e  water  vapor 

t rea tment  was reduced t o  10-12 hours ,  t h e  open-c i rcu i t  v o l t a g e  was 

u s u a l l y  above 0.45V.,"and t h e  s h o r l - c i r c u i t  c u r r e n t  densj..ty and f i l l  . 



f a c t o r  were i n  t h e  ranges of 10-14 m ~ / c m ~  and 50-60%, r e s p e c t i v e l y .  These 

s o l a r  c e l l s  have a l s o  been found t o  be uns t ab le ;  t h e  o p e n - c i r c u i t . v o l t a g e  

increased  w i t h  t ime, whi le  t h e  s h o r t - c i r c u i t  c u r r e n t  d e n s i t y  and f i l l  fac-  

t o r  remain unchanged. It i s  p o s s i b l e  t h a t  t h e  oxide  formed by water  vapor 

t rea tment  is hydrated and t h a t  t h e  excess  water vapor cont inues  t o  d i f f u s e  

t o  t h e  gal l ium a r sen ide lox ide  i n t e r f a c e ,  gene ra t ing  more oxide.  

The t h i n  f i l m  ga l l ium a r s e n i d e  s o l a r  c e l l s  f a b r i c a t e d  i n  t h i s  work i s  

u s u a l l y  of 9  cm2 i n  a r e a .  A t  p r e s e n t ,  t h e  b e s t  c e l l  without  a n t i r e f l e c -  

t i o n  coa t ings  has a conversion e f f i c i e n c y  of about 3.9% under A l l  condi- 

t i o n s ,  and t i t an ium d iox ide  coated c e l l s  have AM1 e f f i c i e n c i e s  of h igher  

than  6%. F igure  7  shows t h e  da rk  cur ren t -vol tage  c h a r a c t e r i s t i c s  of a  

t y p i c a l  . so l a r  c e l l  be fo re  and a f t e r  t h e  a p p l i c a t i o n  of t i t a n i u m  d i o x i d e  

coa t ings .  I n  t h e  forward d i r e c t i o n ,  t h e  diode f a c t o r  "n" i s  about 1 .4 ,  

and t h e  a p p l i c a t i o n  of M coa t ing  has  reduced t h e  s a t u r a t i o n  c u r r e n t  con- 

s i d e r a b l y .  Also, no apprec i ab le  s e r i e s  r e s i s t a n c e  is  apparent  a t  v o l t a g e s  

of up t o  0.5 V .  The r e v e r s e  c u r r e n t  is  a l s o  reasonable ,  about 1 0 - ~ ~ / c m  2 

a t  0 .5  V a f t e r  AR coat ing .  F igure  8  shows t h e  c h a r a c t e r i s t i c s  of t h e  

above c e l l  under i l l uu i ina t ion  equiva len t  t o  A M 1  condi t ions .  P r i o r  t o  t h e  

a p p l i c a t i o n  of t i t an ium dioxide  coa t ing ,  t h e  open-c i rcu i t  v o l t a g e ,  sho r t -  

c i r c u i t  cu r r en t  d e n s i t y ,  and f i l l  f a c t o r  were 450 mV , 12.8 m ~ / c m ~  , and 

69%, r e s p e c t i v e l y ,  corresponding t o  a  conversion e f f i c i e n c y  of 3.9%. 

Af t e r  t h e  d e p o s i t i o n  o f ' t h e  a n t i r e f l e c t i o n  coa t ing ,  t h e  open-c i rcu i t  vol-  

t a g e ,  s h o r t - c i r c u i t  c u r r e n t  d e n s i t y ,  and t h e  f i l l  f a c t o r  were 470mV, 

2  
20.2mA/cm , and 67%, r e s p e c t i v e l y ,  corresponding t o  an AM1 e f f i c i e n c y  



VOI_TAGE, VOLTS 
Figure 7 Dark current-voltage characteristics of a Au/oxide/ 

n-Ga~s/n+-Ga~s/~/gra~hite solar cell of 9 cm2 at 
room temperature before (solid line) and after 
(dotted line) antiref lection coating. 



VOLTAGE, VOLTS 
Figlire 8 Curren t -vo l tage  c h a r a c t e r i s t i c s  of t h e  s o l a r  c e l l  shown 

i n  .F igu re  7 under i l l u m i n a t i o n  w i t h  EEH quar tz-halogen 
lamps a t  A M 1  c o n d i t i o n s  b e f o r e  (curve  A) and a f t e r  
(curve  B) a n t i r e f l e c t i o n  coa t i ng .  



of 6.3%. The d e p o s i t i o n  of t i t an ium di0xid.e coa t ing  d i d  no t  r e s u l t  i n  

any i n s t a b i l i t y  of t h e  s o l a r  c e l l  c h a r a c t e r i s t i c s .  

The s p e c t r a l  response of t h e  s o l a r  c e l l  w i th  t i t an ium d iox ide  coa t ing  

shown i n  F igure  7  was measured a t  28°C by us ing  a s i n g l e  c r y s t a l l i n e  s i l i-  

con s o l a r  c e l l  wi th  known s p e c t r a l  response a s  a  r e f e rence .  One 300 W GE 

ELH quartz-halogen lamp and i n t e r f e r e n c e  f i l t e r s  f o r  wavelengths 0.4,  0.45, 

0.5, 0.6, 0 .7,  0.75, 0.8, 0.85, 0.9 and 0.95 um were used as t h e  l i g h t  

source.  The s h o r t  c i r c u i t  c u r r e n t s  of t h e  t e s t  c e l l  and t h e  r e f e r e n c e  

c e l l  were measured s imultaneously a t  each wavelength. The s p e c t r a l  r e s -  

ponse of t h e  t e s t  c e l l ,  i n  t e r m s  of t h e  s h o r t - c i r c u i t  c u r r e n t  per  u n i t  

of monochromatic i npu t  power i n c i d e n t  on a  u n i t  a r e a  of t h e  c e l l ,  was 

then  c a l c u l a t e d .  The r e s u l t s  a r e  shown i n  F igure  9. The response  peaks 

a t  0.6-0.7 pm, wi th  an  e x t e r n a l  quantum e f f i c i e n c y  of 60-70%. The 

s p e c t r a l  response of t h i s  s o l a r  c e l l  was a l s o  used f o r  t h e  de te rmina t ion  

of minor i ty  c a r r i e r  d i f f u s i o n  l eng th  i n  ga l l ium a r sen ide  f i lms .  The 
0 

r a t i o  of t h e  measured responses a t  two wavelengths,  7000 and 7500A f o r  

example, was compared wi th  t h e  r a t i o s  c a l c u l a t e d  a s  a  func t ion  of d i f f u -  

s ion  l eng th  f o r  m a t e r i a l s  of t h e  same dopant concenrraciuu,  and t h e  

e f f e c t i v e  d i f f u s i o n  l eng th  i n  ga l l ium a r s e n i d e  f i l m s  was found t o  be  

0.5-0.6' pm. 

Tlls b a r r i c r  height i n  Lhe .above s o l a r  c e l l  was measured by t h e  photo- 

i e spsnse  technique iising t h e  s u r f a c e  photovoltage appa ra tus  f o r  s i l i c o n  

s o l a r  c e l l s .  The photoresponse of t h e  c e l l  was measured i n  t h e  range of 
0 

10,000 and 11,50OA, and a  p l o t  of t h e  square  r o o t  of photoresponse 

v e r s ~ s  photon energy r e l a t i o n  i s  shown i n  F igure  10. The b a r r i e r  he igh t  

i n  t h i s  c e l l  ob ta ined  from t h e  l e a s t  squares  f i t  method is  about 0.96 eV. 

-22- 
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WAVELENGTH, MI CROMETERS 
F i g u r e  9 The s p e c t r a l  r e s p o n s e  of t h e  s o l a r  c e l l  shown i n  F i g u r e  7 

a f t e r  t i t a n i u m  d i o x i d e  c o a t i n g  i n  comparison w i t h  a 
. . s t a n d a r d  s i l i c o n  s o l a r  c e l l .  



PHOTON ENERGY, eV 

~ i g u r e  10  The photoresponse 'of  t h e  s o l a r  c e l l  shown i n  F i g u r e  7 as a 
f u n c t i o n  of photon energy. 
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V I .  Conclusions 

1. Gallium a r s e n i d e  f i l m s  depos i ted  on t u n g s t e n l g r a p h i t e  s u b s t r a t e s  by 

t h e  a r s e n i c  process  a r e  s i m i l a r  t o  t hose  by t h e  a r s i n e  process  i n  

e l e c t r i c a l  and s t r u c t u r a l  p r o p e r t i e s .  

2. Titanium d iox ide  f i l m s  a r e  s u i t a b l e  a s  a n t i r e f l e c t i o n  coa t ings  f o r  

t h i n  f i l m  ga l l ium a r sen ide  s o l a r  c e l l s ,  and Ti02 coated c e l l s  e x h i b i t  

no e l e c t r i c a l  i n j t a b i l i t i e s .  

3.  The i n i t i a l  s t a g e  of t h e  depos i t i on  of ga l l ium a r s e n i d e  on tungs t en /  

g r a p h i t e  s u b s t r a t e s  c o n s i s t s  of t h e  formation of a h igh  concen t r a t ion  

of ve ry  sma l l  c r y s t a l l i t e s ,  and t h e  f i l m  i s  e s s e n t i a l l y  cont inuous 

a f t e r  1 minute of depos i t i on .  

2  4 .  Sola r  c e l l s  of 9 cm a rea  of t h e  con f igu ra t ion  Ti02/~u/Oxide /n-GAS/  

+ 
n  -GaAs/W/graphite wi th  MI1 e f f i c i e n c i e s  of h ighe r  t han  6% can be  

prepared. 



VII. Plan for the Next Period 

1. Further investigation of the initial stage of deposition of gallium 

arsenide films on tungstenlgraphite and graphite substrates. 

2 .  Further optimization and characteristics of Ti~~/Au/Oxide/n-GaAs/ 

+ 
n -GaAs/W/graphite solar cells. 

+ 
3 .  Investigation of thermal stability of Ti02/Au/Oxide/n-~aAs/n -GaAs/W/ 

graphite. solar cells. 

4. Preparation and characterization of thin film gallium arsenide solar 

cells using silver as the barrier metal. 
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1. "Gallium Arsenide Solar Cells on Tungsten/Graphite Substrates," an 
extended abstract submitted for presentation at the 153rd National 
Meeting of the Electrochemical Society. 

2. "Thin Film Collium Arsenide Solar Cells on Tungsten/Graphite Sub- 
strates," Applied Physics Letters, accepted for publication. 




