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P h o t o v o l t a i c  p r o p e r t y  of t h i n  f i l m s  of CdTe d o p e d  w i t h  T e l l u r i u m  
and Cadmium i s  s t u d i e d .  T e - d o p e d  f i l m s  show h i g h e r  p h o t o v o l t a g e  
w h i l e  t h e  C d - d o p e d  f i l m s  show l o w e r  p h o t o v o l t a g e  t h a n  t h e  undoped  
f i l m s .  T e l l u r i u m  s e g r e g a t e s  in t h e  g r a i n  b o u n d a r i e s  fo rming  p-p* 
j u n c t i o n s  w i t h  h i g h e r  p o t e n t i a l  b a r r i e r  h e i g h t .  F r o n t  s u r f a c e  
p h o t o v o l t a g e  i s  a l w a y s  found to  b e  g r e a t e r  t h a n  t h a t  of t h e  b a c k  
s u r f a c e .  But when  CdTe i s  d e p o s i t e d  on s u b s t r a t e  h a v i n g  t h i n  l a y e r  
of Te i t  shows  i n c r e a s e  of b a c k  s u r f a c e  p h o t o v o l t a g e .  T h e s e  r e s u l t s  
a r e  e x p l a i n e d  w i t h  t h e  h e l p  of s u r f a c e  and  j unc t i on  p h o t o v o l t a g e .  

I n t r o d u c t i o n  : Many w o r k e r s  (1 -10)  h a v e  
o b s e r v e d  p h o t o v o l t a i c  e f f e c t  in a n g u l a r l y  
d e p o s i t e d  t h i n  f i l m s  of CdTe .  S e v e r a l  m o d e l s  
have been proposed ( I0 ) to explain the 
mechanism of photovoltaic effect. Out of them 
we find the p-n junction model and the model 
of surface photovoltage are appropriate. Here 
we briefly discuss them. 
The p-n junction model : Starkiewicz et al 
( 11 ) reporting work on Pbs anomolous 
photovoltaic films, concluded that the effect 
was due to distribution gradient of positive 
and negative impurity ions through the 
microcrystallites. This is equivalent to an 
array of p-n junctions and such a model 
has been developed for CdTe by Adriovich 
and Co-workers (12). But this model alone 
is not sufficient to explain all our 
observations. Hence we consider the Model 
of surface photovoltage : 
The Surface photovoltage model : 
According to this model photovoltage appears 
in inclined crystallite due to change of band 
bending near the surface under illumination. 
The  s u r f a c e  s p a c e  c h a r g e  ge t s  m o d i f i e d  
b e c a u s e  of g e n e r a t i o n  of e l e c t r o n - h o l e  p a i r s  
b y  h i g h l y  a b s o r b e d  r a d i a t i o n .  I f  t h e  o p t i c a l  
a b s o r p t i o n  d e p t h  in t h e  c r y s t a l l i t e  i s  l e s s  
t han  t h e  s p a c e  c h a r g e  d e p t h  t h e r e  w i l l  b e  
v a r i a t i o n  of s p a c e  c h a r g e  d e n s i t y  b e t w e e n  
the two surfaces of the inclined crystallites 
which would give rise to photovoltage. 
In the present paper we have observed how 
the photovoltalc effect in angularly deposited 
films of CdTe gets modified with doping 
of Te and Cd. The variation of photovoltage 
with intensity of light and temperature have 
been Investi~ted for the films doped with 
Te, Cd and the undoped film. 

Experimental details :- Films of CdTe are 
prepared by evaporation of specpure CdTe 
powder from a quartz crucible in a tungsten 
coil in a vacuum of the order of 10 "# pa 
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on p r o p e r l y  c l e aned  g l a s s  s u b s t r a t e s  w i t h  
a Hind Hivac Vacuum Coat ing  un i t  (mode l  
12-A4).  F i lms  a r e  d e p o s i t e d  on to  s u b s t r a t e s  
w h i c h  a r e  h e l d  a t  a cons t an t  ang le  of 30" 
w i th  r e s p e c t  to  t h e  i n c i d e n t  v a p o u r  
d i r e c t i o n .  The  s u b s t r a t e  t e m p e r a t u r e  i s  
m a i n t a i n e d  a t  230 ° C d u r i n g  d e p o s i t i o n  of 
CdTe.  Doping w i t h  In and  Cd h a v e  been  
c a r r i e d  on t h i s  f i l m .  A f i x e d  amount  of t h e  
dopan t  i s  d e p o s i t e d  on t h e  s u r f a c e  of t h e  
CdTe f i l m .  The  f i l m s  a r e  t hen  s u b s e q u e n t l y  
a n n e a l e d  in vacuum fo r  2 h o u r s  a t  a 
t e m p e r a t u r e  of 100 e C for  d i f f u s i o n  of 
i m p u r i t i e s  we l l  in t h e  c r y s t a l l i t e s .  A 
tungs t en  f i l a m e n t  l amp  is  used  as  t h e  s o u r c e  
of l i g h t  and  t h e  i n t e n s i t y  of l i g h t  f a l l i n g  
on t h e  s a m p l e  i s  d e t e r m i n e d  w i t h  t h e  h e l p  
of an E p p l e y  t h e r m o p i l e .  Open c i r c u i t  
p h o t o v o l t a g e  and  s h o r t c i r c u i t  p h o t o c u r r e n t  
a r e  m e a s u r e d  w i t h  a K e i t h l e y  E l e c t r o m e t e r  
(610C) .  The  f i l m s  d e p o s i t e d  in vacuum and 
e x p o s e d  to  t h e  a t m o s p h e r e  a f t e r  d e p o s i t i o n  
a r e  found  to p t y p e  as  d e t e r m i n e d  by  
t h e r m o e l e c t r i c  m e a s u r e m e n t s .  
Resu l t s  and  d i s c u s s i o n s : -  We h a v e  r e p o r t e d  
(13) t h a t  t h e  f i lm d e p o s i t e d  a t  an ang le  
30 ~ and  230 ~ C ' s u b s t r a t e  t e m p e r a t u r e  shows  
maximum p h o t o v o l t a i c  e f f e c t .  From the  
v a r i a t i o n  of p h o t o v o l t a g e  w i t h  i n t e n s i t y  
( F i g . l )  i t  i s  found t h a t  p h o t o v o l t a g e  fo r  
a Te d o p e d  f i lm i n c r e a s e s  w h i l e  i t  d e c r e a s e s  
fo r  a Cd d o p e d  f i lm in c o m p a r i s i o n  w i th  
t h e  u n d o p e d  f i l m .  T e m p e r a t u r e  v a r i a t i o n  of 
p h o t o v o l t a g e  ( F i g . 2 )  f o r  a l l  t h e s e  f i l m s  show 
that the photovoltage increases from low 
temperature and tends to saturate near the 
room t e m p e r a t u r e .  
From X - r a y  d i f f r a c t i o n  a n a l y s i s  p a r t i c l e  s i z e  
h a s  been  c a l c u l a t e d  us ing  S c h e r r e r  fo rmoula  
( 13 ) and  i s  found to b e  a b o u t  530nm. 
T h e r e f o r e  t h e  a v e r a g e  n u m b e r  of g r a in  
b o u n d a r i e s  p e r  cm of t h e  f i lm can be  t a k e n  
to  b e  2 x 10 ~ . I f  we c o n s i d e r  t h i s  
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Fig .  1. P lo t  of Pho tovo l t age  wi th  I n t e n s i t y  
of l i g h t  

A - Tel lur ium doped  f i lm 
• - Undoped f i lm 
• - Cadmium d o p e d  f i lm 
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grainboundary to be some type of junction 
i.e. p-p# or p-n then there will be. on the 
average same number of junction per Cm" 
length of the film. Photovoltage observed 
for the undoped film at room temperature 
and with 3000 W/m l intensity of illumination 
i s  21 Volt .  Hence the  vo l tage  d r o p  p e r  
junct ion wi l l  be  of t h e  o r d e r  of 10"" Volt .  
The cu r r en t  vo l t age  c h a r a c t e r e s t i c s  of an 
i l l umina ted  p h o t o v o l t a i c  junct ion is  given 

bYI = I (e qv /KT - l )  - I  . . . . . . . . . . . .  (1) 

When °e measure t~e o ~en p circuit 
photovoltage, I is to be zero. It is quite 
r e a s o n a b l e  h e r e  to ,assume 

qV 
z~<< I 

Therefore the pHb~ovoltage per junction can 
be expressed as 

KT IL 
V ........... .(2), where 

q I ..... 
o 

ISC = IL = Illuminated Short Circuit 
Current 

I = Reverse saturation current, K=Boltzman's 
~onstant, q = Charge of an electron. 
Now the total photovoltage per cm length 

of t h e  f i lm can be w r i t t en  a s ,  

KT IL 
V T = n .... q " .... I ..... (3), where n is the 

O 

number  of junct ion p e r  cm length  of t he  f i l m .  
With i l l u m i n a t i o n ( F i g . 3 )  i t  i s  o b s e r v e d  t h a t  I /n 
r emains  cons tant  fo r  a l l  t h e s e  f i l m s .  T~is  
i n d i c a t e s  t h a t  bo th  n & I r emains  cons t an t .  With 

o i l luminat ion  wi th in  t he  range of o b s e r v a t i o n  i t  
i s  a l so  o b s e r v e d  t h a t  i f  s ample  is  doped  wi th  
Te t h e  va lue  of I /n i s  l e s s  compared  to undoped 
f i l m .  This  indica tOs t h a t  I d e c r e a s e s  wi th  such 
doping  wh ich  i s  p o s s i b l e  o~ly wi th  t h e  i n c r e a s e  
of junct ion b a r r i c e r  h e i g h t .  E x ces s  Tel lurium 
which  ac t s  as an a c c e p t o r  i mp u r i t y  s e g r e g a t e s  
in t h e  gra in  boundary  and causes  t h e  format ion 
of p - p *  junct ion wi th  h i g h e r  p o t e n t i a l  b a r r i e r  
h e i g h t .  I t  i s  e x p e c t e d  t h a t  t h e  h i g h e r  p o t e n t i a l  
b a r r i e r  wi l l  c o n t r i b u t e  more to t he  p h o t o v o l t a g e .  

In genera l  i t  i s  o b s e r v e d  t h a t  when the  
u p p e r  s u r f ace  of t h e  f i lm is  e x p o s e d  to l i g h t  
the  magni tude  of p h o t o v o l t a g e  o b s e r v e d  i s  a lways  
g r e a t e r  than t h e  l o w e r  s u r f ace  when back  su r face  
i s  i l l u m i n a t e d .  As t h e  f i lm is  e x p o s e d  to a i r  
t h e  u p p e r  s u r f ace  i s  e x p e c t e d  to form an 
accumlat ion l a y e r  due to a b s o r p t i o n  of oxygen .  
Hence i t  seems t h a t  t h e  o b s e r v e d  p h o t o v o l t a g e  
would be an a lgebr£c  sum of junct ion and su r f ace  
p h o t o v o l t a g e .  The lower  su r f ace  wh ich  i s  in 
con tac t  wi th  t h e  s u b s t r a t e  seems to be of 
d i f f e r e n t  n a t u r e .  It may be t h a t  at  t he  s u b s t r a t e  
f i lm i n t e r f a c e  d e p l e t i o n  l a y e r  have  been f o r m e d .  
So the  r e su l t an t  p h o t o v o l t a g e  wi th  l o w e r  su r f ace  
i s  r e d u c e d  because  of l e s s  con t r ibu t ion  from the  
su r face  p h o t o v o l t a g e .  
If t e l lu r ium i s  d e p o s i t e d  on t h e  u p p e r  su r f ace  
i t  wi l l  form more accumlat ion  l a y e r  wi th  more 
su r face  p o t e n t i a l .  The o b s e r v e d  l a r g e r  
p h o t o v o l t a g e  on t h e  fo rn t  s u r f ace  than  t h e  back  
su r f ace  may be due to s i g n i f i c a n t l y  l a rge  
con t r ibu t ion  to t h e  p h o t o v o l t a g e  from bo th  su r face  
and gra in  b o u n d a r i e s .  It i s  a l so  o b s e r v e d  i f  Te 
i s  d e p o s i t e d  on the  g l a s s  s u b s t r a t e  and then  CdTe 
i s  d e p o s i t e d  on i t  t h e  p h o t o v o l t a g e  on t h e  back  
su r face  i s  g r e a t e r  than  t h e  f ron t  s u r f a c e .  This  
c l e a r l y  shows  Te i s  forming an e f f i c i e n t  
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accumlat ion l a y e r  wi th  CdTe f i lm su r f ace  as  f a r  
as p h o t o v o l t a i c  e f f e c t  is  c o n c e r n e d .  
If  cadmium is  d o p e d  t h e  va lue  of I Vn i s  h i g h e r  
compared  %o t h e  undoped  f i l m .  T~is  i n d i c a t e s  
t h a t  I i n c r e a s e s  wi th  such dop ing  w h i c h  i s  
p o s s i b l  ° only wi th  t h e  d e c r e a s e  of t h e  

jpnct ion b a r r i e r  h e i g h t .  Cadmium ac t s  as 
a donor  i m p u r i t y  and r e d u c e s  t h e  b a r r i e r  
h e i g h t .  As a r e s u l t  we o b s e r v e  t h e  magni tude  
of t he  p h o t o v o l t a g e  i s  l e s s  compared  to t he  
undoped f i l m .  
With i n c r e a s e  of t e m p e r a t u r e  (Fig .2) 
p h o t o v o l t a g e  f o r  a l l  t h e  f i l m s  a re  found to 
i n c r e a s e  w h i c h  i s  in a c c o r d a n c e  wi th  
equat ion (3 ) .  Hence t h e  number  of junct ion 
e i t h e r  i n c r e a s e s  or  r ema ins  cons tan t  w i th  t he  
i n c r e a s e  of t e m p e r a t u r e .  But in any case  t h e  

F ig .  4. P lo t  of I /n wi th  Tempera tu r e  
A - Te ~ o p e d  
• - Undoped 
• -  Cd doped  

i n c r e a s e  of n wi th  t e m p e r a t u r e  is  l e s s  
p r o b a b l e  so n can be  taken to remain cons tan t  
th roughou t  t h e  range of t e m p e r a t u r e  s t u d i e d .  
I t  i s  a l s o ( F i g . 4 )  o b s e r v e d  t h a t  I /n i n c r e a s e s  

O 
s lowly  wi th  t h e  i n c r e a s e  of t e m p e r a t u r e  fo r  
undoped and T e - d o p e d  f i lm w h i l e  i n c r e a s e s  
sharp~,y fo r  C d - d o p e d  f i l m .  Hence wi th  t h e  
i n c r e a s e  of t e m p e r a t u r e  I ° i n c r e a s e s  wh i l e  
n a lmost  r ema ins  cons t an t .  
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