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CHAPTER ONE 

X NTRODUCTION 

a i l a b i l i t y  a n d  u t i l i z a t i o n  of 

p h y s i c a l  t h i n g  t h a t  i n f l u e n c e s  o u r  l i v i n g  

e n e r q y  i s  t h ~  o n e  

s t y l e  mos t ,  s i n c e  

enerqy i s  t h e  k e y  to  i n d u s t r i a l  d e v e l o p m e n t ,  f o r  t h e  p r o m o t i o n  

of- e c o n o m i c  a n d  social w e l l - b e i n q  of t h e  p o p u l a c e ,  T h e  e n e r q y  

i n d u s t r y  i s  c h a r g e d  o f  c o n t r i v a n c e ,  w h i l e  i t  p r o f e s s e s  i n n o c e n c e  

a n d  t h e  b e w i l d e r e d  p u b l i c  i s  made t o  p a y  h i g h e r  a n d  h i l l h e r  

p r i c e s  f o r  e n e r g y  w i t h o u t  u n d e r s t a n d i n q  t h e  i n c r ~ d i b l y  complex 

energy p i c t u r e ,  T h i s  a p a r t ,  w e  a r p  faced w i t h  t h e  r e a l i t y  of 

a fast r u n n i n q  out energy r e s o u r c e s  and  t h e  h a n d l i n q  of t h e  

b y - p r o d u c t s ,  when e n e r g y  i s  g e n e r a t e d .  

W h e t h e r  or n o t  w e  h a v e  e n o u q h  e n e r q y  t o  o p e r a t e  ou r  

t e c h n o l o q i c a l  s o c i e t y  w i l l  i n v o l v e  i m p o r t a n t  d e c i s i o n s  a n d  

t r a d e - o f f s  b y  a l l  t h e  e l e m e n t s  of o u r  s o c i e t y .  

3.1 Why Solar E n e r q y : ?  

The r a t e  of e n e r g y  usage k e e p s  e s c a l a t i n q  d u e  t o  . w o r l d  

p o p u l a t i o n  g r o w t h  a n d  r i s i n q  m a t e r i a l  standard o f  l i v i n q .  T h a t  

o f  f o s s i l  f u e l s  i s  r e l a t i v e l y  a l a r n l i n q  s i n c e  t h e  t u r n  o f  t h e  

e e n k u r y , "  O n e  may a r g u e  t h a t  man h a s  t h e  r i o h t  to  develop and 

u s e  n a t u r a l  r e s o u r c e s ,  b u t  t h e  p r e s e n t  generation h a s  n o  r i g h t  

t o  use w a s t e f u l l y  t h e s e  r e s o u r c e s ,  C o n s e r v a t i o n  thersf ore is 

everybody's w a t c h w o r d ,  

Man's  s e a r c h  f o r  u l  t e r n a t i v e  sources to meet aver 



c o n s i d e r a t i o n  t h e  r a p i d  d e p l e t i o n  o f  f  o s s i l - f  u e l  r e s o u r c e s .  

T h e r e  a r e  many a1 t e r n a t i v e s ,  b u t  n u c l e a r  f u s i o n  and s o l a r  

e n e r g y  h a v e  t h e  b r i g h t e s t  l o n g  r a n g e  p r o m i s e s  t o  meet t h i s  

c o n t i n u a l  i n c r e a s i n g  demand.  2 

N u c l e a r  f u s s i o n  i n t a i l s  p u t t i n q  l i q h t  a t o m s  t o q e t h t . r  t o  

p r o d u c e  power ,  Here, p r o b l e m s  a s s o c i a t e d  w i t h  r a d i a t i o n  a r e  

m i n i m a l  a n d  t h e  ea r th  has a b u n d a n t  s u p p l y  of r e q u i r e d  major 

f u e l a ,  d e n t e r i u m  a n d  tr i  t i u m ,  H e n c e  n u c l e a r  f uss ian  c a n  be 

c o n s i d e r e d  the  u t i m a t e  t o  man's e n e r g y  p r o b l e m ,  U n f o r t ~ ~ n a t e l y ,  

before the t u r n  of t h e  next c e n t u r y  man may n o t  be a b l e  t o  

m o d i f y  the world e n e r g y  p i c t u r e  from t h i s  p e r s p e c t i v e  e v m  w i t h  

3 r e c e n t  progress i n  c o n t r o l l e d  f u s i o n  r e a c t i o n s .  H e n c e ,  man 

h a s  t u r n e d  t o  t h e  e l e m e n t s ,  AS f a r  as s o l a r  e n e r g y  c o n v e r s i o n  

i s  c o n c e r n e d ,  t h e  s o u r c e  i s  i n e x h a u s t a b l e ,  t h e  p r o c e s s  i s  

p o l l u s i o n  free a n d  t h e  t e c h n o l o q y  is a v a i l a b l e e 4  M a n  t h e n  i s  

faced w i t h  t h e  s i m p l e  p r o b l e m  o f  h a r n c s s i n q  a n d  s t o r i n q  this 

e n e r g y  e c o n o m i c a l l y  t o  make  I ts  usaqe w i d e s p r e a d ,  

1.2 P r o s p e c t s  O f  Solar E n e r q y :  

T h e  sun i s  a h o t  s p h e r e ,  i n e f f k c t ,  a n u c l w r  r e a c t o r  i n  

c o n t i n u o u s  f u s i o n ,  c o m b i n i n q  e v e r y  f o u r  h y d r o g d n  n u c l e i  t o  g i v e  

one helium n u c l e u s  a n d  c o n v e r t i n g  the u n b a l a n c e d  mass t o  q l v e  
- - - - ~  - - - ~  

e n e r g y  ( s o l e a r  ewrgy2. The o ! r t e r - I a y e r  of t F l e  s u n  - ( t h e  
- 

- - - - - -  
- - - - - - - - - - -  

p h o t o s p h e r e )  emits a c o n t i n u o u s  s p e c t r u m  of r a d i a t i o n ,  5 

I f  we c o n s i d e r  t h e  s u n  a s  a b l a c k b o d y  and a p e r f e c t  
I 

r a d i a t o r  a t  5762K,  t h e  r a d i a t i o n  e m i t t e d  b y  t h e  s u r f  a c e  of t h e  

s u n  ( E  ) Is e q u a l  t o  t h e  p r o d u c t  o f  t h e  s t e f a n - B o l t z m a n n  
S 



c o n e t a n t (  6 ) .  t h e  f o u r t h  pow.er of t h e  a b s o l u t e  s u r f  ace 

2 t e m p e r a t u r e  (rS4) a n d  t h e  s u r f  ace area ( dS). 

c o n s i d e r i n 3  t h a t  t h e  e 3 r t h  r e v o l v e s  around t h e  s u n  w i t h  ,? mean 

2 r a d i u s  R, t h e  surface area  of t h e  s p h e r e  n e g o t i a t e d  i s  4 K . 
The trradiance ( r a d i a t i o n  f l u x  o n  a u n i t  a r e a  of the s p h e r i c a l  

surface) i s  g i v e n  by,  

Measurements by National A e r n n a u t l c s  and space ndministration 
\ 

i ? a r t t l g s  surface. A s  t h e  s o l a r  s p e c t r u m  t r , ? v e l s  t h r o u ~ '  t h e  

e a r t t  a t m o s p h e r e ,  t h e  i o n s p h e r e  3 b s o r b s  s h o r t  w , ~ v c ? l v n ~ ~ C t ~ : ;  of 

t h e  r a n g e  of x - r a y s  a n d  gamma r a y s  a t  e x t r e m - l y  h i . r ~ h  a t t i t u d e .  

O z o n e  1 d y e r  a b s o r b s  w a v e s  nf  I o n q e r  w a v e l e n c ~ t h s  of \11 t r av i 01 e t  

r a n q e  a t  1 5  t o  40Km a b o v e  t h e  e a r t h ' s  g u r f a c e .  t3onc.l~ r , f  

i n f r a r e d  r a n g e  a r e  a b s o r b e d  by  water v , i p o u r  and ~ ~ ~ r b n n ~ ~ i o x i d e .  

S i n e  e x t r a t e r e s t i a l  r a d i a t i o n  Is l o w  w h i l e  wa t e r  and 

c a r b o n d i o ' g ' f B e  a b s o r p t i o n  is strong, l i t t l e  s o l a r  e n e r q y  r e a c h e s  

t h e  e c + r t h * s  s u r f a c e .  ~ e n c e ,  i r r a d i a t i o n  o n  t h e  e a r t h ' s  s u r f a c e  

is made u p  .of m a i n l y  e n e r g i e s  i n  t h e  w a v e l e n g t h  r a n g e  b e t w e e n  

0.29 and 2.5 m, F u r t h e r m o r e  a s  the  t r a n s m i t t e d  p o r t i o n  passes 

t h r o u g h  t h e  a t m o s p h e r e  i t  i s  i n t e r c e p t e d  and. s c a t b e r e d  i n  a l l  
, 

d i r e c t i o n s  b y  d r y  a i r ,  water v a p o u r  and d u s t  p a r t i c l e s .  The 

d e g r e e  of a t t e n u a t i o n  i s  s u b j e c t  t o  t h e  l e n q t h  of t h e  p a t h  and 



t h e  c h a r a c t e r i s t i c s  of the medl urn t r a v e r s e d ,  

T h l s  n o t  w i t h s t a n d i n r l ,  t h c  amount  o f  s o l a r  e n e r g y  

r e a c h i n 7  t h p  e a r t h ' s  s u r f a c e  i s  e v i d e n t  t h a t  i t  i s  b y  f a r  o u r  

most a v a i l a b l e  e n a r q y  s o u r c e .  I t  could nake a ma jo r -  i.irlpact 

on our e n e r g y  economy,  by p r o v i d i n g  s p i c e  h e a t i n g ,  sp;rce . . 
c o o l i n g ,  and h o t  water for  b u i l d i n q s ,  p r o d u c i n g  clcaa i u e l s  

n 

' and g e n e r a t i n g  e l e c t r i c i t y .  L e t  u s  take t h e  example o f  t h e  

United S t a t e s  of hmerica. I n  1976, 1flX of 74 x lo1' ~ t u  of 

energy used was f a r  h e a t i n g ,  I f  ?C% of t h i s  amount w a s  from 

the sun, a n  e q u i v a l e n t  of  720  m i l l i o n  b a r r e l s  of o i l  would  

have been r e a l i z e d .  That i s  a savings of o v e r  o n e  b i l l i o n  

d o l l a r s  w o l ~ l d  have been t e a l i z c d .  S i n c e  a b o u t  34 b i l l i o n -  

t r i l l i o n  B t u ,  O F  s o l a r  enprqy on A m e r i c a n  r o o f t n o s  

a n n u a l l y ,  t h e n  t h e  p r o s p e c t s  of s o l a r  e n e r g y  a r e  v e r y  much 

7 t h e r e .  Also, t h e  d e v e l o p m e n t s  i n  s o l a r  ce l l  t e c h n o l o g y  i s  a 

m i l e s t o n e  i n  s o l v i n g  m a n ' s  e n e r g y  crisis, 

S o l a r  cells h a v e  f o u n d  g r e a t e s t  a p p l i c a t i o n  i n  s r J a c e  

e x p l o r a t i o n  a c t i v i t i e s ,  w h e r e  r e l i a b i l i t y  and w e i q h t  to m a s s  

r a t i o  a re  a m a j o r  c r e k e r i a ,  On e a r t h ,  t h e r e  a r r  many  a l t e r n a -  

tlvea, h e n c e ,  cost  p e r  u n i t  e n e r g y '  r a t i o  i s  a . f a c t n r  t o  be 

c o n s i d e r e d  f o r  solar cel ls  t o  c o m p e t e  f * - v o u r a b l y  w i t h  o t h e r  

a1 t e r n a t i v e s ,  

h m o d e r n  p o w e r  s t a t i o n  i s  of 1000 M W  o u t p u ,  F o r  solar 

cells t o  g e n e r a t e  same, i t  r e q u i r e s  about 40km2 of ?el 1 s  w h i c h  

w i l l  c o v e r  s a y  8 0 k n 2  o f  l a n d .  Thounh t h e r e .  a r e  v a s t  l i lnd  

m'asaes n o t  i n  use t h a t  can be u s e f u l ,  the f a a s i h i l i ; l ,  of 

r e d u c i n g  cos t  c o u n t s  more. 8 



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

i n  cost: 

D e v e l o p i n g  m e t h o d s  of p r o d u c i n g  c h e a p e r  s o l a r  c e l l s ,  l i k e  

r e p l a c i n g  e x p e n s i v e  s t a g e s  i n  p r o d u c t i o h  w i t h  cheaper ones, 

l a p p i n g  and p o l i s h i n g  c a n  be r e p l a c e d  by s ~ l e c t i v e  e t c h i n q  i n  

sodium h y d r o x i d e  s o l u t i o n ,  s c r e e n  p r i n t i n q  c a n  r e p l a c e  pho to -  

e n g r a v i n g  f o r  d e f i n i n g  t h e  f r o n t  e l e c t r o d e .  C e l l s  a re  ernbeded 

i n  s i l i c o n e  e l a s t o m e r  b e h i n d  e i t h e r  g l a s s  o r  p o l  y c a r b o n a t e  

window. T h e  u s e  of ce l l s  i n  c o n j u n c t % o n  With c h e a p  o p t i c a l  

concentrators s u c h  as  f c e s n ~ l  l e n s e s ,  T h e  t h l n  f i l m  apnroach,  

\ Here, t h e  b a s i c  d e v i c e  c o n s i s t s  of a t h i n  f i l m  of d i r e c t  qap 

semiconductor ( a  few m i c r o n s )  d e p o s i t e d  o n t o  a c h e a p  s u b s t r a t e  

designed for support and  ohmic  c o n t n d t ,  Here w e  a v o i d  t h e  u s e  

of e x p e n s i v e  n e r g y  i n t e n s i v e  c r y s t a l  q r o w i n g  p r o c e s s e s  and 

r e q u i r e  o n l y  a s m a l l  amount  o f  s e m i c o n d u c t o r  l ~ a d f n q  t o  a n  

i n e x p e n s i v e  s o l a r  cell .' The  a v a i l a b i l i t y  of c h e a p  m a t e r i a l s ,  

e i t h e r  d i r e c t l y  t h r o u g h  t h e  u s e  of h i g h  m e t a l l u r g i c a l  g r a d e  

product s  or t h r o u g h  some improvemen t  o f  t h e  r i b b o n  t e c h n o 1  o g y  

may i n c r e a s e  t h e  costs of the d e v i c e  i t s e l f  . D e v i c e s  wl. t h  

b u i l t - i n  s.toraqe c a p a b i l i t y ,  i f  p r o v i d e d  a t  s t g n i f i c a n t l y  lower 

costs wou ld  o p e n  u p  new m a r k e t s  a n d  may become t h e  b a s i s  o f  

e x t e n s i v e  t e c h n o l o g y  d e v e l o p m e n t ,  10 

Some very e x t e n s i v e  s y s t . m s  do e x i s t  for the u t l l i k d t i o n  

of s o l a r  e n e r g y ,  T h e i r  d e v e l o p m e n t  a n d  e x p a n s i o n  r ~ ~ i r j ! ~  t p r o v i d e  

some af t h e  best ways o f  i n c r e t 3 s i n g  the c o n t r i b u t i o n  of s o l a r  

e n e r g y  t o  t h e  world e n e r q y  b a l < ) n c e .  F p r  example, h y d r o e l e c t r i c  



power, wh ich  d e r i v e s  u l t i m a t e l y  f r o m  s o l a r  e n e r g y  i s  much i n  

use, ~ l s o  n a t u r a l  or c u l t i v a t & l  p h o t o s y n t h e s i s  p r o v i d e s  t h e  

g r e a t  b u l k  o f  b i o m a s s  nn t h e  s u r f a c e  of t h e  e a r t h  which c a n  

be lncrec?sed i n  a p l a n n e d  way and  w o u l d  p rov i14e  ~ d e i t i o n a l  

e n e r g y  sources, 

1.3 P h o t o v o l t a i c s :  

A p h o t o v o l t a P c  cell, commonly c a l l e d  a solar c a l l  

converts e l e c t r a m a q n e t i c  ( s o l a r )  e n e r q y  d l r e c t l y  to  sl{?ctric?al 

c o e r g y .  No t u r b l n r s  t o  c o n t e n d  with and no  m o v i n q  p a r t s  of 

any k i n d ,  

+ k i t h  the discovery o f  selenium i n  1817 and  t h e  p r e p a r a t i o n  

of e l e m e n t a l  s i l i c o n  by ~erzelius, followed by ,  t h e  d i s c o v e r y  

of p h o t o c a n d u c t i v l t y  i n  s e l e n i u m  i n  1873 b y  W i l l o r q h b y  S m i t h ,  

this spawned a f l u r r y  of a c t i v i t i e s ,  These i n c l u d e d  t h e  

d i s c o v e r y  of s p e c t r a l  s e n s i  t i v l  t y  of s e l e n l u m  p h o t o c o n d u c t o r s  , 
t h e  o b s e r v a t i o n  of p h o t o v o l t a i c  effect i n  a solid-state 

s e l e n i u m  and la t te r  t h e  f i r s t  s e l e n i u m  p h o t a v o l t a i c  cell was 

d e s c r i b e d  by  F r l  tts, These d l s c o v e r i e s  I a i d  t h e  f o t ~ n d a t i o n  

f o r  f u r t h e r  d e v e l o p m e n t  of a p h o t o v o l  t a ic  device techno1 oqy. 

T h e  d e v e l o p m e n t  o f  t h e  s i l i c o n  t e c h n o l o q y - l c r l  to t h c  

p r e p a r a t i o n  of a s i n g l e - c r y s t a l  silicon photovol t n i c  t l c v i c e ,  

fabr i c _ a t i _ o n p r ~ c c s s e s  and f u r - t h e r  d e v c l . o p m s n t s  and  improvem&nt s  

l e d  t c  t h e i r  a d a p t a t i o n  f o r  better uc;e i n  s p a c e  system:; u n t i l  

1974 t h a t  t e r r e s t i a l  c o n s i d e r a t i o n s  c a m e  i n t o  p l  ly. 1 2  
1 .  

P h o t o v o l  t a i c  s y s t e m s  ~ c n t  t o  provide 1 a r q s  amour) t s of 

e l e c t r i c a l  power  f o r  t e r r e s t i a l  c o n s i ~ r n p t i o n  are g r o u p e d  



f r e q u e n t l y  i n t o  t h r e e  c a t e g o r i e s :  

S m a l l - t o - m e d i u m - s i z e  s y s t e v s  d e d i c a t e d  to  i n d i v i d u a l  l o a d s ,  

o f t e n  w i t h  c o n v e r t e r s  a t t a c h e d  to  or i n c o p o r a t c c !  i n t o  a 

b u i l d i n g  s t r u c t u r e .  

Ground-based  c e n t r a l  s y s  t e n s  wi t h  1 a r q o  c o l l  ec t o r y  s e r v i n g  

e i t h e r  a d i s t r i b u t i o n  system or l a r q e  consumers. 

Space c e n t r a l  s y s t e m ,  w i t h  p o w e r  t r a n s m i s s i o n  t o  c ~ v t r a l  

13 g r o u n d  s t a t i o n s ,  

The D i f f e r e n c e  Between C o n d u c t o r s ,  S e m i c o n d u c t o r s  and 
I n s u l a t o r s ,  

E l e m e n t a l  s e m i c o n d u c t o r s  a r e  m a t e r i a l s  w i t h  r e l q t i v e l y  

amall e n e r g y  gaps b e t w e e n  t h e i r  v a l e n c e  a n d  c o n d u c t i o n  bands 

and w i t h  their F e r m i  1ftvel.s located somewhete i n  t h e  qap .  T h e  

e t e c t r i c a l  resistivit ies of s m i c o n d u c t o r ' m a t e r i a l s  lie b e t w e e n  

t h o s e  of m e t a l l i c  c o n d u c t o r s  and  g o o d  i n s u l a t o r s .  T h e  resisti- 

v l t y  of m e t a l l i c  c o n d u c t o r s  is o f  t h e  order of ~ O - ~ R H  w h e r e a s  

~ m ~ i c o n d u c t o r  r e s i s t i v i t y  u s u a l l y  l i e s  i n  t h e  r a n g e  o f  16* t o  

10' m. 

T h e  r e s i s t a n c e  of a s e m i c o n d u c t o r  u s u a l l y  decreases as t h e  

t e m p e r a t u r e  rises w h e r e a s  most m e t a ' l l i c  c o n d u c b o r s  w o u l d  show 

a n  i n c r e a s e  i n  r e s i s t a n c e .  S i l i c o n  i s  t h e  mast w i d e l y  used , 

s e m i c o n d u c t o r ,  l4 T h e  c r y s t a l l i n e  s t r u c t u r e  o f  s i l i c o n  l a t t i c e  

i s  s u c h  t h a t  e a c h  atom i s  s o r r o u n d e d  b y  four n e i g h b o u r s  a n d '  

each o f  t h e s e  atoms may be c o n s i d e r e d  t o . h a v e  f o u r  e l e c t r o n s  i n  

i t s  o u t t e r  o r b i t a l  a n d  t o  s h a r e  f o u r  more, one f r o m  earh of i t s  

n e i g h b o u r s ,  T h e s e  e i q h t  e l e c t r o n s  f o r m  c o v a l l s n t  b e n d s  between 



e a c h  p a i r  o f  e l e c t r o n s  appearlnq a s  f o u r  p a i r s  a r o u n d  t h e  

n u c l e u s .  A t  a t e m p e r a t u r e  of OOK a l l  t h e  e l e c t r o n s  are a t t a c h e d  

t o  t h e i r  r e s p e c t i v e  n u c l e i  3 r d  a re  riot f r e e  t o  take p a r t  i n  

t b r  c u n r ' u c t l o n  of c r l r r ~ n t ,  A t  r o w  t e m p e r a t u r e s ,  s o m ~  of  t h e  

electrons a r e  a b l e  t o  a c q u i r e  s u f f i c i n n t  clnercjv to  b e  free to 

Fawe i n  t h e  lattice, Free e l ~ c t r n n s  a r e  those t h a t  h ? v e  

acquired s u f f i c i e n t  e n e r g y  t o  be able t o  h a v e  a n e t  ~ o v e m e n t  

i n  t h e  l a t t i c e ,  When a n  e l e c t r o n  l e a v e s  i t s  p o s i t i o n  i n  t h e  

l a t t i c e ,  a v a l a n c y  e x i s t s  w h i c h  Is c a l l e d  a " h o l e " ,  

Each t i m a  a n  e l e c t - r o n  i s  f r e e d ,  a h o l e  i s  formed, T h i s  

\ process i s  c a l l e d  e l e c t t a n - h o l e  q e n e t a t i o n .  T h e  numb(-r of 

, e l e c t r o n - h o l e  g e n e r a t e d  i n  a p a r t i c l e  c r y s t a l  i s  a  f u n c t i o n  

of t e m p e r a t u r e  and  a t  every gl'vcn t e m p e r a t u r e  d e p e n d s  o n  t h e  

w i d t h  of t h e  band  gap, E l e c t r o n - h o l e  p a i r s  are n o t  v e r y  

d e s i r a b l e  i n  s e m i c o n d u c  t o t s ,  15 Hence ,  s e m i c o n d u c t o r s  w i t h  

$rne1krrhand qaps ,  p r o d u c e  more e l e c t r o n n h o l e s  a n d  are less 

d e s i r q b l e  t h a n  t h o s e  w i t h  l a r g e r  band  gaps ,  E l e c t r o n - h o l e  

p a i r s  are r e s p o n s i b l e  f a r  u n c o n t r o l l e d ,  t m p e r a t u r e . d e n e n d e n t  

c u r r e n t  f l o w  i n  d e v i c e s  made o f  s u c h  s e m i c o n d u c t o r s . .  

L e t  E, = h l q h e a t  P n a r q y  i n  t h e  v a l e n c e  .band; Ec I 1,owest 

e n e r g y  i n  t h e  c o n d u c t i o n  band ,  Then  the qap w i d t h  i s  g i v e n '  b y  

a n d  Ev F T  Ecl R y  _a r e l a t i v e l y  s m a l l  69,- - - E9 = E C ' E ~ , _ _ _ _  _ 

w h i c h  may be many t i m e s  l a r g e r  t h a n  KT, t h e  g a p  i s  s t i l l  s m a l l  

enouqh  t h a t  e l e c t r o n s  may be f o u n d  in c o n d u c t i o n  band  states 

w i t h  n o n z e r o  p r o b a b i l i t y .  16 
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C o n s i d e r i n g  F i g  1. I t  shows a n  e n e r q y  diagram f o r  a 

s m i c o n d u c t o r  with EF ( F e m i  energy) i n  the middle of t h e  qap 

a n ~ l  the o c c u p ~ t l o n  p r o b a b i l i t y  (PpD) a t  a f l n l  te temp ~ r e t u r e .  

T h e  t a i l  of P i s  sma l l  b u t  not  zero a t  e n e r g i e s  belaw Cv , FD 

I n  t h e  lob t e m p e r a t u r e  l i m i t ,  a l l  a l l o w e d  s t r 7 t . e ~  hclow 

E+ w u l d  b~ O C C U P ~ ( ? ~ ,  and those a b o v e  EF w o u l d  be enpty. I n  

e lemental  s e m i c o n d u c t o r s  Ep lies a l w a y s  a h a v ~  t h e  top  of t h e  

valence band but below the bottom of t h e  c o n d u c t i o n  band ,  

T h e  EF i n  i n s u l a t o r s  a l s o  l izs  i n  the gap; however, Eq for 

insul~tors is mvch la rqer  than for sernLcontlurLnrs.  T h e r e f o r e ,  

\ t h e  p r o b a b i l i t y  that an e l e c t r o n  would v a c k b e  tralqnrt- s t a t e  

o f  t h e  i n s u l a t o r  and occupy a conduction s t a t e  is remete. 17 

Diamond for example, has a band gap of 5 , 4 @ V , w h i l e  s i l i c o n  and 

Germanium, s e m i c o n d u c t o r s  w i t h  diamondlike c r y s t a l l i n e  

s t r u c t u r e  h a v e  g a p s  of 1.11 a n d  0.67eV r e s p e c t i v e 1 . y  a t  room 

t e m l e r a  t u r e .  ~t room t e m p e r a t u r e  e l e c t r o n s  i n  t h e  c o n d r ~ c t i o n  

and v a l e n c e  b a n d  of b o t h  s e m i c o n ~ u c t o r s  a n d  i n s u l a t o r s  c a n  

conc+uct e l e c t r i c i t y  s i n c e  these b 2 M s  a r e  r i  t h e r  p a r t i a l l y  

f i l l e d  o r  p a r t i a l l y  empty. 

The p r c b a b i l i t y  f o r  s e m i c o r ~ ~ u c t o r s  i s  c j r b a t e r ,  a n d  

e l e c t r o n s  o c c u p y  the c o n d u c t i o n  b ~ i n d ,  l m v l n q  v a c a n c i e s  in the 

valence  band, Csrrierdensit ies  i n  semiconductors depend o n  Eq 

a n d  a r e  sensitive t o  the t e r n p e r 3 t u r e  t h r o u q h  P F D  . I n  m e t a l s  

! a *  
c a r r i e r s .  T h e  range of typic41 v a l u e s .  of c o n d u c t i v i t y  i n  



m e t a l s ,  s e m i c o n d u c t o r s  and I n s ~ ~ l a t o r s  is d u e  p r i m a r i l y  to t h e  

ranqe of charge  densities I n  t h e  respective m a t e r i a l s ,  



1.5 S e l e c t i v e  Surf aces: 

I n  t h e  u t i l i z a t i o n  o f  g l a z i n g s  i n  p h o t o t h e r m a l  s y s t e m s  

consideration i s  g i v e n  t o  m a x i m i z i n g  e f f i c i e n c y .  Here, c a r e  

i s  taken t o  make sure t h a t  t h e  s u r f a c e  of the absorber  - 
conver t2r  has  a good a b s o r p t a n c e  i n  t h e  s o l ~ r  r e q i c n  and  l o w  

r e f l e c t a n c e  (paor e m i t t a n c e )  i n  t h e  t h e r m a l  r e g i o n ,  Such a 

g l a z i n g  Is s a i d  to b e  s e l e c t i v e .  T h i s  i m p l i e s  t h a t  i t.s 

optical p r o p e r t i e s  are w a v e l e n g t h  d e p e n d e n t ,  v a r y i n g  o v e r  a 

bro,3d s p e c t r u m  f r a m  0.3 - 20urn, 19 

illhen 'dl? t s l k  of  : , e l e c t i v e  surf aces, reference i s  b e i n g  

made t o  o b t a i n i n g  d e s i r e d  effects S y  t h e  use of the s e ~ e r a t i o n  

of incolnming s o l a r  r a d i a t i o n  f t o m  t h ?  t h e r m a l  i n f r a  r e d  

r a d i a t i o n ,  

e r a c t i c a l  s e l e c t i v e  surf aces rnent f o r  solr3r c o l l ~ c t o r s  

a r e  expected t o  p r o d u c e  c o m p o n e n t s  t h a t  minir r l ize  r e - r a d i a t i o n  

losses, t h e r e b y  increasing t h e r m a l  ef f i c i t n c y ,  Heat loss from 

a b s a r h e r - c o n v e r t e r s  and  g l a z i n q s  c a n  be obtained i f  t h e y  have 

t h e  f o l l o w i n g  o p t i c a l  c h a r a c t e r i s t i c s ;  s t a b i l i t y  p r ~ p c r t ~ e s ;  

end c n F r q y  c o n f  i g u r a t i o n z  : o p t i c a l  e n g i n e e r i n g  p r o p a r t i e s  

are; r e f l e c t a n c e ,  a b s o r p t a n c e ,  t . r a n s m i t t a n c e  and  e m i t t a n c e ,  

T h e y  - - - c h a r a c t e r i z e t h e  - - - - - i n t e r a c t i c m  a f - a - p a r f l . c u L a c  maLer4,d - - 

w i  t i  i n c i s d e n t  p h o t o n  cnerqy, 

n t  t h e  i n t e r f a c e  of  t w o ' m e d i a ,  r e f l e c t i o n  of some of t h e  

i n c i d e n t  e n c r q y  o c c u r s .  F r e s n c l  ' s f o rmu l ; ?  g i v e s  us t h e  r a t i o  

o f  t h e  i n t e n s i t y  of t h e  r e f l e c t e d  her~m t o  the i n c i d e n t ,  w h e r e  

t h e  r e f l n c t i v l  t y  i s  o b t a i n e d  for t h e  i n t e r f a c e  Lhl?t  i s  



p o l a r i z e d  w i t h  the electric field v e c t o r  p e r p e n c j i c ~ l ~ q r  a n d  

p a r a l l e l  t o  t h e  p l a n e  of t h e  i n c i d e n t  beam, 

T h e  u n r e f  l e c t e d  i n c i d e r i t  e n n r . l y  fit the i n t e r f a c e  t h a t  i s  

not  r e f l e c t e d  e n t e r s  t hc  q l , - z i v ~  res.1~1 t i q 7  I n t o  p ? r t i , ; l  

a b s o r p t i o n  as  i t  p e n c . t r 3 t c s  t . 9 ~  m e  l i n ,  T h i 5  a b s t ? r p t i o n  i s  

given b y  Bears  (Baugar's) l a w ,  

where 1 R beam i n t e n s i t y  

% = d i s t a n c e  m e a s u r e d  i n  t h e  i n t e n s i t y  of the R e a m  

k = - 1 b s o r p t 1 o n  c o e f l i c i e n t ,  30 

T h e  presence of small  a l ~ o u n t s  ol F O7 i s  p r i m a r i l y  
P? 

L 

r e s p o n s t b l c  for s o l c l r .  r c i d i a t i o n  absor  pl-ion, The ren lc , in inq  

f r a c t l o n  of unabsorbed ensrq y i s  t r a r ~ s m i  ttecl ( p a s s e s  C h r o u q h )  

to t h e  a b s o r b z r - c o n v e r t e r  plates of t h e  c o l l e c t o r  w h e r e  it may 

be absorbed, reflected or b o t h ,  b a c k ,  to tlre cover  p l a t e ,  

M a t e r i a l s  capable of t r a n s m i t t i n q  r a c i i a ; l t * e n e r q y  

( d i a t h e r m a n o u s )  t h e i r  t r . < ~ n a i s s i o n  c h a r a c t e r i s t i c s  depend on 

t h e  w,ivelenq t h  oi the incident r a t i , q  t i o n ,  Er.arnp1c.s o f  d i a t h e r -  

manou:; m a t e r i a l s  are qlass ' a n d  p l a s t . i c s ,  

Glass is m o s t l y  used a s .  w i r i ~ i c , w  :n ;ke t - i  4 1  s i l l  t ~ u i i t l i n q s  and 

cover n, ; l t ; . rL,-dls  i n  so l  Ir. c u 1 i ~ c t o r . s .  . . i in i lob  qldss o f  t h e  

sodalime-silica type  ~ s u , ~ l  l y  h , ~ s  O , 1 5 X  V e 2 U 3 o  f 17 t h e  



l n f r a  r e d  s p e c t r u m  a low % p e r c e n t a g e  o f  F 0 (0.03-0.0%) 
c 2  3 

is r e q u i r e d  f o r  h i g h e r  t r a n s m i t t a n c e ,  ~t low t r a n s m i t t a n c e  

b e t w e e n  0.03 - 0.05% t r a n s m i t t a n c e  is more t h a n  90% i n  t h e  

near u l t r a  v i o l e t  r e g i o n ,  It r e m a i n s  h i q h  and u n i f o r m  i n  

t h e  visible region and  i n t o  the infra r e d  r e q i o n .  ~t 2.7 m 

i t  d r o p s  s h a r p l y  and i s  o p a q u e  a t  a b o u t  4,8 urn, T h o s e  t h a t  

c o n t a i n  about 0.50% PgZ03 and  are  h e a t  a b s n r b i n y  ( q r e e n l s h  

i n  the side) i n  the visible and  near i n f r a r e d  r e q i o n s  d e c r e a s e  

s h a r p l y .  Transrn i  ttance d i m i n i s h e s  e s p e c i a l l y  i n  the  i n f r a  

red r e g i o n s  w i t h  i n c r e a s e  t h i c k n e s s ,  If t h e  iron c o n t e n t  i s  

i n c r e a s e d  so is t h e  e f f e c t  of t i c k n e s s .  

The s e l e c t i v i t y  m f i g u r e ~  of c f - ~ t i n g s  a t  the t e m p e r a t u r e s  

a t  w h i c h  t h e y  are used are measu red  d u e  to  t e m p e r a t u r e  

d e p e n d e n c e  of o p t i c a l  p r o p e r t i e s  of  s e l e c t i v e  s u r f  aces, 

T u n p t l k t u r e  d e p e n d e n c e  r e s u l  ts from two main  f a c t o r s ,  T h e  

s c a t k a r i n q  of e l e c t r o n s  Jue  t o  t h e r m a l l y  induced d i s o r d e r  

( O p t i c a l  a b s o r p t i o n  w i t h  phonon c r e a t i o n  and  a b s o r p t i o n )  and  

c h a n g e s  i n  e n e r g y  lsvels caused by d i s o r d e r .  C o n s i d e r a  t i o n  

i s  a l s o  g i v e n  t o  p u p u l a t i o n  chanqc l  i n  conduction and  v , l l e n c a  

bands with t e m p e r a t u r e  i n  s e m i c o n d u c t o r s ,  
I 

Selective s u r f  a c e s  should have s t n b l o  o p t i  cal and  

p h y s i c a l   ropert ties under 1 o n 3  t e r m  o p r * r c l t l o n  a t  h i j h  t m p ? r a -  

t u r e s ,  r e p e a t e d  t h e r m a l  c y c l i n g ,  s h o r t  term o v e r h s a t i n q  

r e s u l t i n g  t o  f a i l u r e  t o  e x t r a c t  en -rgy f rnm. t h e  c o l l e c t o r ,  

e n v i r o n m e n t a l  c o r r o s i o n  mechan i sms ,  u l  t - ra  v i  nl e t  d e g r 3 t i o n  

etc. Unlike glass, t r a n s p a r e n t  p l a s t i c s ,  d u e  t o  t h e i r  compa- 



rat ive  thoughness, f I e x i  b i l i  ty . ,  ~ O G J  cost, t y p e  a v a i l  a b i l i t y ,  

h i g n  t r a n s m i t t a n c e ,  are u s u a l l y  preferec! a s  cover materials, 

Though t h e y  have r e l a t l v e l  y low resf s tance to s c r a t c h i n c j  ,rind 

a b r e s s i o n ,  easy w e a t h e r i : ? q ,  r-anrist w\ t h s  tar:r l  hi tpnp \r3tures, 

~k s h o r t  term, glass looks t h s  most d u r a l l ~ >  l o w  cost  material 

for solar  collector covers, its perf ormfince experiences the 

greatest t o l l  i n  t h e  l o n g  r u n .  Speculartky and t r q n s v i t t a n c e  

are important t o  solar applications, They show m t  n o r  ch~rnqes 

whareaa surf  ace m r p h o l  ogy, cilernl cal compnsj tion of the  

\ eurfdce, surfdco index of refraction and the spectral 

absorptance are modf f irzd by exposure t o  s u n l l q l ~  t <and moisture. 

Hence, commercially produced s o d = i - l i n e - s i l  i c a  qlasses are 

suitable for solar a p r > l i c a t i o n ,  P l a s t i c s  are affected more 

by outdoor e l e m e n t s  than o t h e r  m a t e r i a l s ,  e s p e c i a l l y  the ultra 

v i o l e t  p o r t i o n  of t h e  solar spectrum. Some howover, h ~ v ~  

good r e s i s t a n c e  to wed t h e r i n a .  F o r  erarnolc? h e a t  ( t h e r m o s e t i n g  ) 

p l a s t i c s ,  

Uqder i d e a l  c o n d i t i o n s ,  t h e  phnton encrgy whl ch creates 

e l e c t r o n - h o l e  p a i r  does rtot u s e  up al.1 t.his t n  do ideal 

work, T h i s  p h o t o n  energy ( : % w  ) 1 3  qre,.iter. th;.tn V h r *  !h.*r-lc.J ?yap' 

of t h e  m a t e r i a l  i n  q u e s t i o n ,  The f r a c t i o n  t h a t  is q , r e ~ t ~ r  

than t h e  b?nd gap L Y  lost n s . h e a t  I r r e t r i v e h l y ,  Hence t h e  

maximum ei fici e r ~ c y  for  an o p t i m u m  b a r ~ c l  cjap rn,? ter1.a; is  

spectrum, ?l 



U s l n q  ideal selective s u r f a c e s  t h e  sqlqr spectrl~m can be 

transformed t o  a n a r r o w  w a v e l e n g t h  distribution thereby 

m h a n c i n g  the number of  e l e c t r o n - h a l e r  p a i r s  a t  the band r;ap 

energy of t h e  g i v e n  m a t e r i a l ,  T h i s  can be ef Fectixi by the 

use of two s e l e c t i v e  sur faces  attached t o  a t h l n  m e t a l  s h e e t  

and p l a c e d  a b o v e  a p h o t o c e l l  i n  a vacuum, Here e n e r j y  i s  

t r a n s m i t t e d  o n l y  by r a d i < i t i o n  t o  anti from t h e  s h e e t  , 22  

S e l e c t i v e  surfaces f i n d  3 p p l i c a t i o n  rnnln1.y i n  nn?.ar 

C O ~ ~ ~ ? C ~ W S  ( a c t i v e  and p a s s i v e )  , a n d  L n  bllj l d i n c j  (11 c ~ : : i n c l s ,  

\ 
Sol 3r col ?ec toro  are made up  of a rnc- tal lic ah! ;o r l l~ r -con .~r~r t . e r  

(opaque) a04 r?l t r a n s p q r e n t  w i n d o w  ( q l , ~ z i r i q ) ,  T h e  m e t 3 1  lfc 

a b s o r b e r - c o n v e r t e r  i s  made up of e i t h e r  metallic o r  m ~ t a l l i z e d  

glass, which  absorbs m a x i m u m  r a d i a t i o n  e m i t t i n g  mtnimiun 

t h e r m a l  r a d i a t i o n ,  A h i g h l y  s e l e c t i v e  surface is  o n e  w i t h  

the  trighs?st p o s s i b l e  a b s o r p t i o n  a n d  lowest emittarice (by 

Kirctrof f ' s 1 a w l  , 23 A qooc; ex(3mplc i:i t h c  labour s e l e c t i v e  

black, made up of a thin f i l r r t  of n i c k c l  black on a p .o l i shed  

metal s u b s t r a t e ,  Ljhcreas a s e l e c t i v e  w i n d o w  i s  a r n ' ~ t e r i~1  

t h a t  i s  t r a n s p a r e n t  k o  s u n l i g h t  with t r a n s m i  tance and r e f l e c -  

tance l y i n q  b e t w e e n  1-5 t o  3.0 Pm. Glas:: a n d ' p 1 c t ~ t i c : s  a r e  

good e x a m p l e s .  Such s u b s t a n c e s  a l l o w  s u n l l g h  t i n t o  a c o l l e c t o r  

a t  t h e  same t i m e  p r e v e n t i n q  the loss  r:f t h ~ r m r i l  r a d i - ~ t f o n  

( i n f r a  r e d )  from the a b s o r b e r .  Anothqt t y p e  of sc lcct ive  

w i n d o w  i s  t h e  non-reflectin 3 s u r  Face. !;er.:- t.he r , : ~ l r _ . r , t i v i t y  
P *  

is i n  t h e  wrong direction and is used on t p l r  w i n c l w  of 

c o l l e c t o r s  t o  a v o i d  r e f l e c t i v : :  1 Q S S P S  in i n c o m i ~ ~ i n g  sunlight, 



24. S e l ~ c t i v e  surfaces f o r  b u i l t l l n q  r j l 3 z i n n s  arc? O F  t w o  types  a 

t h o s e  w l t h  s t a t i c  p r o p e r t i e s ,  and those w l t h  dyn. imic  n r o p e r t i e s ,  

In cold c l i m a t e s  surfaces w i t h  low therrn?l ernittanccz ,ire used 

to m a i n t a i n  a w a r m  environment  i n  huildinqs and i n  w a r m  

climates, through r a d i o a c t i v e  cool l n y ,  i n  buf l d i n q s  ~ ~ ~ r i a c e s  

for solar c o n t r o l  are used. Salr:c:t.j ve surf ace:: t.h 

dynamic properties are used as " m a r t "  w i n d n w s .  They are 

c a p a b l e  of a d j u s t i n g ,  based o n  the c h a n g i n j  d e ~ a n d s  of the 

a loads i n  a d a y o r  s e a s o n  (co~linj, h e . - k i n g o r  l i q h t l n q ) .  

\ 
There are t9ree types o f  smart windows. Thone whose properties 

c h a n l e  w i t h  temperature ( t h e c m o c h r o m i c ) ,  those t h a t  d e p e n d  on 

i r r a d i a t i o n  ( p h o t o c h r - m i c )  a n d * t h o s e  t h a t  change t5. \s ir  

p r o p e r t i e s  as a r e s u l t  o f  a p ~ l i e d  v c l t a g e  an  e l ec tr ic  f i e l d  

( e l e c t r a c h r o m i c ) .  The  u s e  o f  c h r a m o g e n i c  wfndows depends on  

the f ,znvironment,  r e l a t i v e  cost and t h e  n e e d ,  H u i l d i n q s  w i t h  

s p p m p r i a t e  v e n t i l a t i o n  c o n t r o l  s y s t m s  of window g l a z l n . - l s  

t h a t  are d e s i g n e d  f o r  e i t h e r  cold or warm c l . i m - ~ t o s  - c a ~  

the s o l a r  and thermal  envirorrrncnt c o n t r o l f ? d ,  

For c o l d  climates, bindo~d gl. A x i n j s  absor), racl.f .I t i o n  l n t o  

the  b u i l d i n g s  raising t h e  temperature,  l i o l a r  O t r a n s a i s s i s ; n  
I 

(heat  g a i n )  d u r i n g  t h e  day i s  ernproved 2nd t h e r m a l  r a d i r r t l . c n ,  

(hea't c o s c )  is rcducetlj d u r i n g  w i n t e r .  1'l.rJ.c cont ro l '  c a n  be. 

affected by t h e  use of energy ef f i c l c l n t  mc3te r i a l s .  'l'hrse are 

m a t e r i a l s  used f o r  w a t i n q  ~~113s:;es 311.0!;,11-1.q s t t . : 3 r . ~ s ~ i ! f ~ n ~ y  for, 

wavelengths b e t w e e n  0.3 - 3.0 &IT. ,3n? o p a q w  far wqvrl.'li.ncllih~~-nqf:hs 

between 3.C - 100.0 urn, Here, i .nrid:c?nt r a r j l % q t i o n  i s  rna~~lrnumly 



absorbed w h i l e  thcrmal  r a d i a t i c n  is m i n i m i z e d ,  25 

Free e l e c t r o n  ( n o b l e )  m e t a l s  a r e  v e r y  effective f c~ r  use 

as w a t i n g s  which are t r a n s p a r e n t  i r t  short w a v e l e n g t h s  and 

r e f l e c t i n g  a t  l o n g  wavel tat iyths.  For  example ,  Ctr ,  ~ q ,  A I I .  

Most other metals show prnnnuncm! avd rrndesirr-hlr.  in ter t . ,anr j  

a b s o r p t i o n  wikhln thr? s o l - ~ r  r a n g e .  ' r h i - ,  is  driu tf: t h e  f a c t  

t h a t  spectral s e l e c t i v i t y  i s  a f a c t o r  of the free c l c c r t r o n  

p r o p e r t i e s  governincj  o p t i c a l  properties  in t h e  main spectral 

rsnqe. Oxides of solve hcbavil y dopecl oxide sem5 c c n d u c t n r s  are 

a l s o  used, T h e y  h ~ v e  h i g h  l ! ~ m i n o u s  t r p n s r r j  t - t a n r e ,  hJ?h j n f  ra 

red reflectance and good e l e c t r i c a l  c o n d u c t i v i  t-y. Iicrc 

consideration i s  q i v e n  s u c h  t h a t  the! band Gap be  l a r q ~  t h o u q h  

to allow t r a n s m i s s i o n  up to 0 .3  Mrn and bhr! doped c r y s t a l  must 

be guch t h a t  c a n  b e  allowed t o  a lctvel w h ~ r e  the w n t l n q s  

e x h i b i t  tree e l e c t r o n - l i k e  behc\vio\1r heyond a plasma wnve- 

l e n g t h  and t h e  ancrqy qap s h o u l d  n o t  s h i f t - t o w a r d s  the! l ~ i s i b l e  

r a n q e  d u e  to doping, Examples o f  somp of t h e  m e t a l s  dopod 

are Zn, Ca ,  I n ,  Sn 3rd some comhSni i t iona ,  

I n  our e n v i c o n m m t  t h e  need  ,for con1 i n n  k u i  l ili rigs c a n n o t  

t h e  thrnuqh-put of s o l  a r  e n e r q y  whl 1. P rnaq n t . a i n i n q  'the I rninous 

t r ~ n s m i t t a n c e .  Mi t h  t h e  1l::e o f  PP! p ~ 3 t . i ~ ~  w a t t n o : : ,  t r a n s p a r e n t  

b e t w e e n  0.4 and 0 . 7  ri>f 1 r - c  t- j n 7  tlntwe-?cn 0.7 (:r~;! 3.0 m, 

s u c h  t h a t  the j n f r x r d  part of thr. s n l  a r  r a d i a t i o n  i s  excluded. 

The ur.p of radf a t i v e  c o n l i n g  m a t e r i a l  s i:; r 7 1 ~ o  po:;.;i!>le, 



These a r e  m a t e r i a l s  t h a t  obey t h e  r a d i a t i v e  pheromcnon. ,q 

exposed body at n i g h t  to the c lear  s k y  r e a c h e s  a temperature 

(equ11ibrium) just below that of the ambient a i r .  T h i s  r e s u l t s  

from the exchange of i n f r a  red r a d i 3 t l c n  betheen body and 

atmospheric c o l d ,  This f t t h c x  sarni: way the e a r  t 1)  con? '; i t s m l  f , 26 

throuqh h i g h  t r a n s m i s s i o n  "windows i n  t h +  atmosphere to the 

cold  trosposphere, A s i g n i f  ?cant  a t n o s p h ~ ? r i c  wfndow lies 

betweer1 f3 3nd 13 un. 27 

\ 
w a t i n q s  are  s t a t i c ,  t h e y  lack the p 3 3 9 i b i l . i t y  of a d j u s t i n g  to 

t h e  c h a n q i n q  demands of buildfnqs, t o  tc3k? care of h e a t i n g ,  

cooling, and l i q h t l n g .  llrnce wati,nljs w i t h  wore d y n m i z  

praperti~s are more a d a p t a b l e ,  "Heatr' and "cold" mirrors, 

green house g l a s s e s ,  thick E l l r n n ,  mctal  films a n d  m u 1  kilayer 

meta l  films a r e  good examples, a s  they  c h a n q e  b a s c d  on environ- 

mental. changes, even thou? ' \  their l e v e l  of dynamism i s  hi\~hly 

l i m l  tad ,  Due to t h i s  l i r n i t - a t i o n ,  surfcicc:; with o p t i c d l  

switchinq properties  c a l l  e3 wsmar t l l  w i n d o w s  tt-at c a n  I,,. 

be autom,?tic o r  user operated. 

radl-tlon. Hence for ef f icirnt oper~3t. i  on t h i g h  temperdtures 



t h i s  r~twdiatlon mu6;t bt* a v o i r l ~ ( 1 .  Sol  l r  aL~sorhinq :;uf f a c e s  

far w a r m  climates mu!it have l o w  reflectance a t X $  3 urn and 

high reflectance a t X &  3 urn, To create spectral s e l e c t i v i t y  

(solar-absorbing and solar t ransmi  t t l n g  or ref l e c t i r q )  

surfaces, c e r t a i n  p h y s i c a l  nechsnlsm can he c x p l o i  t cd .  

Material  s w i t h  i n t r i n s i c  o p t i c a l  properties. t h a t  s h o w  the 

desired s p e c t r a l  selectivity ( s y n t h e f  ic m a t e r i a l s )  cdn be 

used, T h e r e  are intrinsic w l a r  materials t h a t  have the 

d e s i r e d  s e l e c t i v i t y  n . i t i r r a l  I y and no n 4 4  of other m;lterLals 

'\ 

to augment their wavelength behaviour.  T h e y  are cf v a r i o u s  

types: intrinsic m%t%l l i c  conductors, intrinsic metallic 

8emiconductars, intrinsic compounds, i n t r i n s i c  t r a n s p . ~ r e n t  

windows.  Synthetic ~ 3 t e r i a l s  114 , .  t h e  name errrpli-Y a r e  

modif  i e c l  to o b t a i n  d e s i r e d  t'?f f& ts .  F o r  the r e a s o n  t h a t  

natural i n t r i n s i c  m a t e r i . 3 1  s dre n o t  easy  k o  f i n b ,  practical 

8alect.ive s u r f  aces hcive t;, be s y n t h ~ ? ~ i r . , e c l .  This c a n  be 

achJ.eved by the  use of " k , r v e l e n g t l ~  discriminationv and "dave- 

f r n n t  d e s c r i m i n a t l o n "  s u t s  tances. 

* * W a v t l ~ n q t h  d i ~ c r i r n i r r i ~ t i o n ~  surfaces are . h i g h l y  polished 

aurf aces tusually m e t a l  or m e t a l  l izr4 q l a s s  or* p l a s t i c )  t h a t  

can bc o b t a i n ~ d  through d o ~ ~ ~ i n g  and scattering centres ,  t h e  

aurf ace preparations etc. 

t o  o b t a i n  d i f f ~ r e n t  e f f e c t s  .in the visible and i n f r i ;  red 



s p e c t r a l  regions, This i s  o b t n i n w l  i n  aa t . r r f  a1 .; 5 y  r l?f l l~ct5 .ve  

1.6 The  physic^ Of Photovo l ta i c s :  

I f  w e  l o o k  a t  a p h o t o v o l  taic cell as  $-I t'bl.ack b o x t t ,  t h a n  

i t  ahauld be able  t o  absorb p h o t o n s  and crcnte  mohi le  c9-~rqe 

carriers t h a t  can be induced t o  f l o w  a n d  generate current i n  

an external l o a d .  

S e m i c o n d u c t o r s ,  w h i c h  are the m a i n  m a t e r i a l s  used i n  

photovoltaic cells have t h e  p r o p e r t y  t o  a b s o r b  p h o t o n s  w h o s e  

energy i s  q r e a t e r  t h a n  their band q,*s, t h e r e b y  p r o m o t . i n ~  a n  

e l e c t r o n  from t h e  valence  band to t h e  c o n d u c t i o n  hand and 

c r c a t i n q  a hole i n  the v a l e n c e , b a n d ,  28 

C ~ n s i d e r i n q  the fact t h a t  p h o t o v a l t a i c s  a r r  rnnnt to t a p  

t h e  e n e r q y  of t h e  e l e c t r o n ,  r a t h e r  t h a n  allow t h e  e n e r q y  t o  be 

lost t h r o u q h  e m i s s i o n  of r a d i a t i o n  o r  d i s s i p a t i o n ,  t h e  c e l l  can  , 

be c o n n e c t e d  to an e x t e r n a l  c i r cu i t ,  u s i n g  a s e m i c o n d u c t o r  

r e c t i f y i n g  d e v i c e  l i k e  a p /n  h o m o j u n c t i o n ,  h e t e r n j u n c t i o n  or 

s c h o t t k y  b a r r i e r  d i o d e .  T h e  p o t e n t i a l  b a r r i e r  I n  t h e  dioda 

s e r v e s  as  a m e c h a n i s m  by wh ich  t h 6  e l e c t r o n  a,nc h ~ l e  are  

When e l e c t r o m a g n e t i c  r a d i a t i o n  w i t h  p h o t o n  c n e r q i e s  h V  

Sg ('Energy gap) strikes a p l n  j u n c t i o n ,  S a e c t r o n s  in t h e  . 

v a l e n c e  band acquire e n o u q h  enerqy t o  B n t e r  the c o n d u c t i o n  

band, p r a d u c i n q  e l e c t r o n - h o l e  p a l  rs, T h e  el e c t r o n s  pass  down 

the  p o t e n t i a l  h i l l  c r e a t e d  i n t o  t h e  n-side,  whereas  holes go 



the n-slde Is c h a r g e d  u p  rclstive t - \  t h e  p-side v..hlch results 

' in a r e d u c t i o n  of t h e  h e i q h t  of the: potc:nt l a 1  h i 1  1, t h v r a h y  

establishing a new equilibrium c o n r i i  t i o n  wl I-bi a rmt.t.t.~t.i al. 

difference appearinq called the open c i~ .cu i t .  vol t.-qe ( V o c ) .  

i'he voc i s  a f u n c t i o n  of tbe i n c i d e n t :  radi3tinn. 

Where  t h e r e  i s  an external circuit , (:he elerl-t:r.crrtr, 74re 

l e a d  f r o m  the n - s i d e  t h r o u - j h  t h ~  e x t c x r ~ i ~ l  circuit tsn tin t lseFu1 

difference w i t h  a n  e n e r g y  e q u i v a l a c c e  of eV i s  o ' ? t ~ i ~ , - r ?  by a 

d i f f e r e n c e  i n  F e m i  levels on b o t h s i d e : ;  of the jurct ion,  The 

potential h i l l  is r e d u c e d  to ( A € - : V ) ,  w h r % r i ~  A!; I s  the s h o r t -  

c i r c u l t  full p o t e n t i a l  h i l l .  *' : ; lnc.,  thc  p o t c n t l a l  h i l l  has 

been r e d u c e d ,  the  j u n c t i o n  :.i~:.:: not  ssper+t_f? e f f ~ c t  iv.71 y t h e  

solar-qenerated e l e c t r o n - h o l e  p c i i r s  3 5  I n the s h o r - t . - c i r  c u i  t 

case. Hence, some of t h e  c h a r q e  5:lrrters r n 7 n ~ l q ~  tc crrjss the 

lenkl?ge at ths j u n c t i o n  d r ~ d  t h e  1n;lrt i = u r r ? n t  is r i ~ l ~ ~ ~ t a ~ l ,  



n -  t y p e  t-i 

,-- -- - - - - - - - - -  Photons 

C l  n - type 

Fig. 2. Energy band diagmm of p - n junction (30) 

( 0 )  isolated point n - type rrmiconductor 
( b) p- n junction in .equilibrium 
( c ) operation of phot~voltaic junction 

( Energy band diagmm 

= Energy 
QOC' 



The performance of a photnvnlt~ic rjc.11 4.5 cha r3c t? r I zed  

by t h e  onen c i r c u i t  voltage, s h o r t  .?ircr~it c u r r r - : , t  de~sity and 

t h e  fill f . ic tor  (FF), T h u s ,  t h ~  power conver: : inn e f f i c i m c y  

(n )  i s  c l n f i n e d  as 

The f i l l  factor i s  a m e a s u r e  of the degree t o  which the current- 

coltage c u r v e  i s  r e c t a n g u l a r  and i s  ideal when i t  is u n i t y ,  

C a r r i e r s  m o m  pparallcl to the junction p l a n e  a t  the s ~ ~ r f x e ,  

\ ?or narrow junct ! .ons  this c o u l d  i~ 8 s i g n i f i c a n t  snlrrce of 

series resistance. Sarica resistance can a l s o  r c s u l t  r rosn  

m e t a l ~ s e m i c o n d u c t o r  contacts and transpart i n  the 3ulk  semicon- 

d u c t o r  of k h ~  base .  Solar i l l u m i n a t i o n  i n t e n s i t y  ( p i , )  c a l l e d  

' f iWoLatfon, depends on atmospheric c o n d i t i o n s  and t h e  dist3nce 

t h e  s u n ' s  r a y s  t r a v e l  through t h e  e a r t h ' s  a t n o s p h e r c ,  O n  a 

clear, bright sunny day w t t h  t h e  slln at t h e  z e n i t h ,  a rwisr 

d e n s i t y  of 1 0 0  mwcn? l r r a d l n t e s  t h e  e a r t h ' s  surf ace.  his 1s  

31 d e s c r i b e d  as a i r  mass o n e  ( n m l )  i l l r ~ r n l n a t l o ~ :  conrli t! ons. 

The a i r  mass number i n # j i c a t e s  thc d i s t a n c e  tr'.lvcraed b~ tbm 

sun's r a y s  t h r o u g h  t h e  a t m o s p h e r e  re1 # a t i v o  t o  l 5 a t  of n l , r -n~~ l ,  

From equat ion  (1-6) we s,ee t h a t  when w e  qener7t~ 1 <irqo 

la values of Voc and Jsc, we o b t a i n  h i q h  e f f i c i e n c y ,  Ilnfnrtuna- 

I tely, t h e s e  two r e q u i l r m e n t s  are n o t  e n t i  re1 y ccmp jt! '-1. >. 'The 

voc cannot e x c e e d  t h r  band gap of t h e  Semiconductor .  



T h i s  t h e n  i m p l i e s  t h z t  f o r  3 l a r r j e  Voc w e  r e q u i r e  a semicon- 

ductor w i t h  l s3rge band qap. Sirice t h e  p h o t o c u r r e n t  i q  closely 

related t o  t h e  number of p h o t o n s  available f o r  ahsorptlon 

which d e c r e a s e s  k i t h  i n c r e n s i n r j  q2p.  For !.he rrr lant L t v  Voc, 

w h i c h  peaks  a t  ahou t 1.5eV. Representinq a thenc i  t i c a l  

efficiency of about 23%, f o r  r , m l  c-ondf t inns. Another i m p ~ r t a n t  

optical parameter is a b s o r p t i o n  coei  f i c . 9  ( .rl  t o~ ( X 1. The 

\ 
rec ip t -nca1 g i v e s  an i n d i c ; : t j o n  ot the thickness of r n a t ~ r  l a 1  

over which p h o t o n s  of a aiven wave1 e r~q th  ( ) ares a b s o r k d .  

O ( (  A )  is d e f i n e d  t 9 ro t1qh  the e c l u q t i o n  

I ( x )  - X o  e x p ( - o c n )  - 2.2 

ldhere T ( x )  I i n t e n s i t y  of u n i b s o r b ~ r !  nhntons at ,  a d e p t h  x Jn 

-1 t h e  smnlconcluctor, V a l u e s  of ( ) ~qu.31 to p!lot.on cnerqies 

j ~ l s t  clre2tcrr t h a n  the b3nd clan q i v ~  a rneasrlre of t h e  thickness 

of aeml conductor required for c ? f  f ectival y compl ote a b s o r p t i o n  

of a l l  t h e  usable photons i n  tht-• s p ~ c t r i l r n .  T h i s  1 3  d l ~ c  to t h e  

fact t h a t  t h e  h i q h e r  e n e r g y  p%otons  2re rno rq ' r~a r ! i l . y  ab3nrb&d 

end the dens i t y  of p h o t q 9 s  is q r e a t e r  f o r  Innqer w 8 v c l n n ~ t h b .  

F o r  a material l i k e  511 icon that.. has a n  i n d i r e c t  hand . ; ap ,  so 
p p p p p p p p p p p p p p p p - - - - - - - - -  - - - - -  

that phonons are n e e d e d  t q . r n e d i a t e  t h e  ; i b s o r p t i o n  nrocess'  and 

c o n s e q c e n t l  y t h e  3 b s r ) r p t l o n  coe f f  ic i  r n t  i n c r e a s e s  cornc%Tratively 

slowly w i t h  e n e r g y ,  w i t h  vn1ur.s  of t h . ~  aria-c of 10~rn-' for 



phnt.clva1 taic crllls does no t  i n v o l  vc. t h ~ r r n ~ ~ l  enercly, 5 1. t h e r e -  

fort- byp,asses t h e  carnot. limi t a  t i o n  on ef f ici cbncy of heat 

p o r t i o n  of the w a v c l c n q t h d  av,ril ,~ble i n  t h e  s o l  7r spc!ctrwn.  

S i n c e  p h o t o n s  of wav3lenqths g r e a t e r  t b s n  c given w a v ~ + l e n g t h  

for a given m a k e r i a l  do not have s u f f i c i e n t  enerqy to create 

@l?ct . r3~-hc le  p ~ i r ,  t h e  energy on1 y serves to h e a t  tt,ermally 

t h o  c,mlcont?uctor .  T h i s  c f f ec t  c n  tht: l a t t i c e  v i b r a t . l o n s  

encotraqes c z r r i c r s  to surniount t t , ?  p o t e n t i a l  h i l l  i.nd cross 

the  j t , nc t io r?  the wrccq UZ)' t h c r ~ b y  a d d i n q  to t h ~  d e t r i m e n t a l  

inf l~rc.!ncr!  nn the  cor~vc?rsJcr!  r-.f f i c i r . v c \ i . .  Tc a v o i d  r a i s i n q  t h e  

temperature of t h e  serniconductnr, the unur\ntcd pr,r t i&  of t h e  

as reflectors or r e f r a c t o r s .  rlul tiple c e l l s  c'rri he IJS& to 

i m p r o v e  t h n  convern.l.on ef f iciencv, PI. t h ? r  hv ~ u t t i n q  d i f f e r e n t  



2 - 7  Deve lopmen t s  Of solar '  C e l l s :  

T h e  a d v e n t  of s p a c e  programmes came a l o n g  w i t h  t h e  need  

f o r  p h o t o v o l t a i c  power  s o u r c e s ,  The  a v a i l a b l e  t e c h n o l o q y  and  

f a v o u r a b l e  e n e r g y  g a p  made s i l i c o n  t h e  ' n a t u r a l  c h o i c e .  33 

T h e  f i r s t  s i l i c o n  cell had a c o n v e r s i o n  e f f i c i e n c y  of 

6%- S o l a r  cells f o r  s p a c e  a p p l i c a t i o n s  h a v e  need  t o  w i t h s t a n d  

. micrometeorites and  i o n i z i n g  r a d i a t i o n ,  Also c h o i c e  of n + / p  

r a t h e r  t h a n  a p+/n c o n f i g u r a t i o n  w a s  n e c e s s i t a t e d  by s u p e r i o r  

r a d i a t i o n  r e s f  s t a n c e .  Wi th  a s m a l l  q u a n t i t y  of l i t h i u m  

d i f f u s e d  i n t o  t h e  wafer, more r a d i a t i o n  r e s i s t a n c e  was 

c o n f e r r e d  o n t o  t h e  ce l l ,  F u r t h e r  p r o t e c t i o n  was g i v e n  by t h e  

use of g l a s s  c o v e r a b i p ,  f a s t e n e d  w i t h  a d h e s i v e  t o  t h e  f r o n t  

s u r f  ace .  M a t e r i a l s  s u c h  as SiO, o r  T 1 0 2  were u s e d  a s  q u a r t e r -  

wave a n t i r e f l e c t i v e  w a t i n g  t o  e n h a n c e  cell  o u t p u t .  S i n c e  

h i g h  p o w e r / w e i g h t  r a t i o  is n e x t  to  r e l i a b i l i t y ,  e x p e r i m e n t s  

were c a r r i e d  o u t  u s i n g  t h i  n n c r  wafers, R e c o m b i n a t i o n  of 

m i n o r i t y  carriers a t  t h e  rear c o n t a c t  and  i n c o m p l e t e  a b s o r p t i o n  

o f  r a d i a t i o n  c a u s e s  cell p h o t o c u r r e n t  t o  f a l l  when there is 

a d e c r e a s e  of w a f e r  t h i c k n e s s ,  A t  t h e  e n d ,  t r a d e - o f f  be tween  
U 

e f f i c i e n c y ,  w e i g h t  and s t r e n g t h  d e t e r m i n e s  t h e  t h i c k n e s s  o f  

w a f e r s ,  

p a r a m e t e r s  and  b l u e  r e s p o n s e  of t h e  ~ e l . 1 , ~ ~  f o u n d  o u t  t h a t  

a v e r y  l o w  c a r r i e r  k i f e t i m e  r e s u l t e d  when t h e  p h o s p h o r u s  
I .  

26 - 3  s u r f a c e  c o n c e n t r a t i o n  e x c e e d e d  2 x 1 0  m , R a d i a t i o n  a b s o r b e d  

by t h i s  l a y e r  d i d  n o t  c o n t r i b u t e  te t h e  p h o t o c u r r ~ n t ,  h ~ t  



when t h e  j u n c t i o n  d e p t h  i s  r e d u c e d  from 0.4 um t o  0.15 urn, t h e  

p h o t o c u r r e n t  i n c r e a s e d  by  a b o u t  15%. Also, t h e  f  01 l o w i n g  

c h a n g e s  had t o  be made, T h e  a n t i r e f l e c t i v e  w a t i n q  o f  S iOx 

waa c h a n g e d  t o  a more t r a n s p a r e n t  Ta 0 P h o t o e n g r a v e d  

c l o s e d - s p a c e d  f r o n t  electrode g r i d  was u s e d  r e d u c e  series 

\,. r e s i s t a n c e ,  

"2 Using  a q u a r t e r - w a v e  a n t i  ref l e c t i n n  w a t i n g ,  s u r f  ace 

r e f l e c t i o n  loss a t  a s i n g l e  w a v e l e n q t h  c a n  b e  r e d u c e d  t o  a 

lower v a l u e ,  Wi th  t h e  p r o v i s i o n  o f  a t e x t u r e d  f r n n t  f a c e d  

t h i s  l o s s  i s  r e d u c e d  f u r t h e r  i n  t h e  w N o n - r e f l e c t i v e  cel ln ,  
\ 
\ 

When a (100) s i l i c o n  s u r f a c e  i s  s e l e c t i v e l y  e t c h e d  i n  

h y d r a z i n e  s o l u t i a n ,  i t  assumes t h e  form of a n  a r r a y  of s q u a r e  

pyramids',  s u c h  t h a t ,  when r a d i a t i o n  h i t s  t h e  s u r f  ace twice it 

i r  a l m o s t  c o m p l e t e l y  a b s o r b e d ,  The  s u r f a c e  t e x t u r e  c a u s e s  

r a d i a t i o n  t o  t r a v e r s e  t h e  cell o b l i q u e l y ,  t h e r e b y  i n c r e a s i n g  

a b s o r p t l o n  e s p e c i a l l y  i n  t h e  case of t h i n  cells. By r e f l e c t i n g  

m i n o r i t y  carriers away from t h e  c o n t a c t ,  t h e  d i f f u s e d  r e g i o n  

i m p r o v e s  b o t h  Jsc and  Vw and a l s o  r e d u c e s  series r e s i s t a n c e ,  

It i s  now g e n e r a l l y  a g r e e d  t h a t  a l l  a s p e c t s  of cell p e r f o r m a n c e  

e x c e p t  V.OC a r e  s a t i s f a c t o r y .  35 

I t  i s  t h e o l e i t i c a l l y '  p r e d i c t e d  t h a t ,  t h e r e  Is  a con t inuour r  

i n ~ k e a s e  i n  cel l  v o l t a g e  as t h e  r e s i s t i v i t y  o f  t h e , w a f e r  

r e d u c e s ,  b u t  i n  p r a c t i c e  r e d u c i n q  t h e  r e s i s t i v i t y  below 

4 3  10 A m  r e s u l t s  i n  no  further i n c r e a s e  i n  ce l l  vo l taqe .  I f  

same m o d i f i c a t i o n s  a r e  made, t h e  a b o v e  d e s c r i b e d  cel ls  a r e  

suitable f o r  s p a c e  and  t e r r e s t r i a l  u s e ,  The  s c h o t t k y  h a r r i e r  



cell c a n  be p r e p a r e d  o n  f i n e l y  p o l y c r y s t a l l i n e  s i l i c o n  whe re  

g r a i n  b o u n d a r i e s  m i q h t  i n t e r f e r e  w i t h  t h e  u s u a l  d i f f u s i o n  

p r o c e s s .  The  i n t e r d i q i  t a t e d  and  v e r t i c a l  mu1 t i  j u n c t i o n  cell  

h a v e  l o w  i n t e r v a l  series r e s i s t a n c e  and  a r e  s u i t a b l e  w i t h  

o p t i c a l  c o n c e n t r a t o r s ,  

D e s p i t e  t h e  p r o g r e s s  a l r e a d y  made, s i l i c o n  slice t e c h n o l o g y  

p r o d u c e d  cel ls  a r e  u n l i k e l y  to meet EmR,D,Am cost goals u n l e s s  

r a d i c a l  c h a n g e s  are made i n  m a t e r i a l  a n d  d e v i c e  m a n u f a c t u r e  

, l n ' t h e  a r e a s  of t h e  p r e s e n t  s i l i c o n  p u r i f i c a t i o n  process, 

c r y s t a l  g r o w t h ,  c u t t i n g ,  l a p p i n g ,  p o l i s h i n g  and  b a t c h  
\ 

p r o c e s s i n g  of cells. 

A t t e m p t s  to  make s i l i c o n  i n  s h e e t  form so as t o  o m f t  

s u h a e q u e n t  c u t t i n g ,  l a p p i n q  and  p o l i s h i n g  s t a g e s  a r e  i n  

p r o g r e s s ,  36 A p a r t  from s i l i c o n ,  q a l l i u r n  arsenide w i t h  n 

band  gap of 1,43eV i s  w e l l  ma t ched  t o  t h e  s o l a r  s p e c t r u m ,  

Though much more costl ier  t h a n  s i l i c o n ,  i t  p e r f o r m s  better 

t h a n  s i l i c o n  a t  h i q h e r  t e m p e r a t u r e s  and i n t e n s i t i e s  d u ~  t o  

i t s  l a r q e r  band-gap. 



CHAPTER TWQ 

THIN FILM M A T E R I U  

* *A t h i n  m a t e r i a l  c r e a t e d  a b - i n l t i a ,  by a n  a t o m / m o l e c u l e /  

i a n / c l u s t e r  of species-by-atom/molecu1e/ion/cluster of species 

c o n d e n s a t i o n  p r o c e s s w .  37 

T h e  a b o v e  d e f i n i t i o n  of a t h i n  f i l m ,  does n o t  a r i s e  from 

t h e  t h i c k n e s s  o f  t h e  f i l m  b u t  f rom the mode of f a b r i c a t i o n ,  

how I t  a f f e c t s  the m i c r o s t r u c t u r e  a n d  i t s  p r o p e r t i e s .  

T h i n  f i l m  q r o w t h  t a k e s  p l a c e  by  o n e  of t h e  f o l l o w i n q  

3e modes:  l a y e r - b y - l a y e r ;  S t r a n s k i - k a i  t c h e r  and  3 - d e l m e n s i o n a l  

\ g r o w t h  o f  d i s c r e t e  n u c l e i ,  L a y e r - b y - l a y e r  mode, t a k e s  p l a c e  

when e i t h e r  t h e  ad-atoms have l i t t l e  m o b i l i t y  ( a s  i n  amorphous  

d e p o s i t s )  o r  u n d e r  e x t r e m e  c o n d i t i o n s  o f  v e r y  low s u p e r s a t u r a -  

t l o n ,  s i n g l e  c r y s t a l  s t r u c t u r e ,  or  u l t r a h i g h  vacuum d e p o s i t i o n ,  

When t h e  f i l m  a f t e r  g r o w i n g  l i k e  t h e  l a y e r - b y - l a y e r  mode 

. changes  t o  t h r e e  d i m e n s i o n a l  n u c l e i ,  w e  h a v e  t h e  s t r a n s k i -  

k a i t c h e r  mode, T h e  t h r e e  d i m e n s i o n a l  g r o w t h  of discrete < 

n u c l e i  Is  most common f o r  o r i e n t e d  t h i n  f i l m s ,  

Growth  t a k e s  places a t  n u c l e a t i o n  si tes i n  t h e  p l a n e  of 

t h e  film and p e r p e n d i c u l a r  to  t h e  f i l m ,  

I 

2.1 T h i n  F i l m  ~ e w o s i t i d n  Techn1ques . r  
- - - - - -  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

- - - - - - - - - - - - - -  

' I n  t h e  d e v e l o p m e n t  of l a r g e - a r e a  t h i n  f i l m  s o l a r  ce l ls ,  

e m p h a s i s  i s  l a i d  n o t  o n l y  to p e r f o r m a n c e  c r i t e r i a  b u t  a l s o  t o  

t h e i r  e c o n o m i c a l  v i a b i l i t y  f o r  terrest La1 . a p p l i c a t i o n s .  Thus ,  

t h e  need  t o  e x p l o i t  t h i n  and t h i c k  f i l m  t e c h n i q u e s  a r i s e s ,  



such t h a t  t h e y  s a t i s f y  s i m p l i c i t y ,  cost  e f f e c t i v e n e s s ,  larqe-  

area, u n i f o r m  a n d  c o n t r o l l e d  d e p o s i t i o n  t o  y i e l d  w e 1  1-def i n e d  

s t r u c t u r a l  metal 1 u r g i c a l  and  e l e c t r o - o p t i c a l  p r o p e r t l  es, 

T h r e e  s t e p s  are  i n v o l v e d  i n  t h i n - f i l m  d e p o s i t i o n :  

c - r e a t i o n  of  a t o m i c / m o l e c u l a r / i o n i c  species;  transport:^ t i o n  of 

species t h r o u g h  medium and  c o n d e n s a t i o n  of species o n  s u b s t r a t e ,  

W h i l e  t h i n  f i l m  deposition t e c h n i q u e s  c a n  he classified u n d e r  

the f o l l o w i n g  h e a d i n g s t  P h y s i c a l  o a p o u r  deposi t i a n  ( P V D ) ;  

c h e m i c a l  v a p o u r  deposition (CVD) ;  electroless or s o l u t i o n  

\ g r o w t h  and  e l e c t r o c h e m i c a l  d e p o s i t i o n  (ECDI; P V D  and CVA - 

t e c h n i q u e s  h a v e  b e e n  combined.  39 

2.2 phvsical Vapour D e p o s i t i o n :  

When a m a t e r i a l  i s  h e a t e d  to a s u f f i c i e n t l y  h i g h  t empe ra -  

t u r e ,  i t  p r o d u c e s  a d e s i r e d  v a p o u r  p r e s s u r e  n e c e s s a r y  f o r  t h e  

v a p o u r  a t o m s  t o  move across t h e  medium and  c o n d e n s e  o n  a 

s u b s t r a t e  t o  f o r m  a t h i n  f i l m ,  The  r a t e  of d e p o s i t i o n /  

c o n d e n s a t i o n  i s  s u b j e c t  t o  t h e  g e o m e t r y  of t he  s o u r c e  s u b s t r a t e  

and c o n d e n s a t i o n  c m e f f i c i e n t s  o n  t h e  s u r f a c e ,  When t h e  v a p a u r  

a t o m s  c o l l i d e  w i t h  t h e  r i s i d u a l  g a s  a t o m s  i n  t h e  vacullm, t h e y  

are m a t t e r e d ,  T h e  r a t e ' a t  which  t h e  gas m a l e c u l e s  i m p i n g e  ' 

on t h e  s u b s t r a t e  s u r f a c e  i s  g i v e n  by t h e  langmuir-D'ushman 

where T I t e m p e r a t u r e ,  M r m o l e c u l a r  w b l  q h t  of v a p o u r  sr)r>cies, 

P ~ J  I e q u i l i b r i u m  v a p o u r  p r e s s u r e  ( i n  t o r r )  of t h e  e v a p o u r a n t  



u n d e r  s a t u r a t e d - v a p o u r  c o n ' d i t l o n ,  

To a v o i d  f i l m  c o n t a m i n ~ t l o n  b y  gas, f i l m  d e p o s i t i o v  is 

p r e f e r a b l e  i n  a vacuum, when t h e  d e p o s i t i o n  t a k e s  p l a c e  qt 

no rma l  rates between 7 t o  1 0 ~ ~ ' .  The st5 c k i n "  c a r f f  i c l c n t  of 

6 gas atoms a t  h i g h  t e m p e r a t u r e s  makes p r e s s u r e  of 10 t o r r  good 

enough f o r  d e p o s i t i o n  of clean f i l m s  a p a r t  from those t -hat  

a r e  r e a d i l y  o x i d l a a b l e ,  h e n c e  n e c d i n q  b e t t e r  vacuum condi t i n n s ,  

Apart from S, Se, T,, Ri, Sb, P and A s  t h a t  vapour ize  i n  

t h e  f o r m  of p o l y a t m i c  c l u s t e r s  d e p e n d l n q  on  v a p o u r i  zation 

temperature  a l l  o t h e r  e l e m e n t s  s u b l i m e .  ~ l l o y s  v a p o r u z e  

accompanied by d i s s o c i a t i o n  or a s s o c i a t i o n  o r  both. The rma l  

d e c o m p o s i t i o n  t a k e s  p l a c e  when the v a r i o u s  c o n s t i t u e n t - s  h a v e  

d u f e r e n t  v o l a t i l i t i e s .  I f  t h e y  are e q u a l l y  v o l a t i l e ,  

c o n g r u e n t  e v a p o u r a t i o n  t a k e s  p l a c e ,  D i s s o c i a t i o n  t e n d s  to be 

g r e a t e r  a t  h i g h e r  e v a p o u r a t i o n  t e m p e r a t u r e s  and  lower p r e s s u r e s ,  

B i n a r y - O x i d e s  f o r  e x a m p l e ,  a t  h i g h  t e m p e r a t u r e s  e v a p o u r a t e  by 

d i s s o c i a t i o n ,  

Based o n  t h e  n a t u r e  of t h e  d e p o s i t i o n  procerys ( h i q h  

s u p e r s a t u r a t i o n ,  c o n d e n s a t i o n  k i n e t i c s  and  r a p i d  qu -nch inq  of 

a b s o r b e d  a t o m s )  t h i n  f i l m s  a r e  n a t u r a l l y  t h e r ~ o d y n a r n i c a l l y  

n o n e c q u i l i b r i u m  s t r u c t u r e s ,  They  are f i n e - g r a i n e d  and  h a v e  a 

h i g h  c o n c e n t r a t i o n  of f = o z e n - I n  s t r u c t u r a l  clef sets.-, - Wkcre - - - - 

- - -  
- - -  

s i n g l e  c r y s t a l  f ilrns a r e  not p o s s i b l e ,  sol. a r  cell P a p p l . i c a t l  o n s  

need  l a r g e  o r i e n t e d  g r a i n s  or m o s a i c  m o n o c r y s t a l s o  Mosaic 
I. 

c r y s t a l s  a r e  e p i t a x i a l l y  qrown i n  s i w s  up  t o  t e n s  of 

m i c r o m e t e r s  and  h a v e  s m a l l - a n g l e  q r a i n  b o u n d a r i e s .  



I n v e s t i q a t i o n s  o f  e p i t a x i a l l y  g rown s o l a r  ce l l  f i l m s  h a v e  been 
t.- 

restricted by e c o n o m i c  d e s i r a b i l i t y  o f '  d e v e l o p i n g  l a r q e - a r e a ,  
11' 

h i g h - e f f i c i e n c y  s o l a r  cells by a c h e a p e r  p r o c e s s .  

I n  t h e  Hotwall e p i t a x y  t e c h n i q u e ,  6 n e  o r  two a t i n \ ~ f  a r  

v a p o u r  s o u r c e s  a r e  used .  A c y l i n d r i c a l  e n c l o s u r e  i:: h e l d  *t: a 

h t g h e r  t e m p e r a t u r e  t h a n  t h e  s u b s t r a t e  and the vapours are 

t r a n s p o r t e d  t h r o u q h  them. Hence  hornoq,enized a n d  e q u i l .  i b r a t e d  

r n u l t i c s m p s n e n t  v a p o u r s  are d e p o s i t e d  o n  t h e  s u b s t r a t e .  

When a l o w - d e n s i t y  v a p o u r  beam o b t a i n e d  f rom a h i q h -  

v a p o u r - p r e s s u r e  i n  an u l t r a h i g h - v a c u u m  (UHV) i s  c o n d e n s e d  o n t o  

a s i n g l e  c r y s t a l  s u b s t r a t e  w e  h a v e  t h e  m o l e c u l a r  beam e p i t a x y .  

One c a n  d e t i v e  i t s  best a d v a n t a g e s  by  mak ing  u s e  of t h e  UHV 

a n a l y t i c a l  t e c h n i q u e  t o  o b t a i n  i n f o r m a t i o n  on  t h e  s t r u c t u r e ,  

t o p o q r a p h y  a n d  c a m p o s i t i o n  and  i t s  d e p t h  p r o f i l e  and t h e  

c h e m l c a l  s ta te  of t h e  s u r f a c e  o f  t h e  f i l m  d u r i n g  i t s  growth.  

A t  l o w  s u b s t r a t e  t e m p e r a t u r e s  e x p i t a x i a l  g r o w t h  of h i q h  

p e r f e c t i o n  c a n  h e  a c h i e v e d  by  k e e p i n q  d e p o s i t i o n  r a t e s  l ow  

( 4 IAOS-') o n t o  u l t r a c l e a n  s u b s t r a t e s .  I lu l  t i l a y e r  s t r ~ ~ t u r e s  

are o b t a i n a b l e  w i t h  t h e  u s e  o f  v e r y  s l o w  d e p o s i t i o n  rates. 

MBE i s  a v e r y  s o p h i s t i c a t e d  and e x p e n s i v e  s e t - u p .  

When f i l m s  are vapour:  d e p o s i t e d  o n  amorphous  s u b s t r a t e s ,  

t h e y  a r e  g e n e r a l l y  p o l y c r y s t a l l i n e .  T h u s ,  u n d e r  t h e  r i q h t  

c o n d i t i o n s ,  p a r t i a l l y  t e x t u r e d  or o r i e n t e d  f i l m s  h a v e  b e e n  

made. S m i t h  and Co. d e p o s i t e d  t e x t u r e d  f i l m s  
3 

o f  S i  o n  a n  amorphous  s u b s t r a t e  ( S i 0 2 )  t h a t  h a s  a r e l i e f  

p a t t e r n  of g r a t i n g  l i n e s  w i t h  t h e  r i g h t  ~ e r i o r j i c i t y  and p r o f i l e  



l a t t e r  c r y s t a l i z e d  i t  w i t h  a l a s s e r  ( 6 w )  i n  a r e p e a t e d  a n d  

ras ter p a t t e r n  a n d  g o t  a c o m p l e t e  o r i e n t a t i o n  o f  t h e  f i l m 3  

' o v e r  t h e  g r a t i n g  r e l i e f  a l o n g  t h e  g r a t i n g  d i r e c t i o n .  Here, 

the g r a t i n g  s p a c i n g  h a s  t o  be less th ' ln t h e  c h a r a c t e r i s t i c  

g r a i n  s i z e  o f  t h e  f i l m  a b o u t  t o  be d e p o s i t e d .  T h i b  g r a p h o e p i -  

b x y  t e c h n i q u e  is  s t i l l  a n  a c a d e m i c  c u r i o u s i t y ,  

When k i n e t i c  e j e c t i o n  i s  u s e d  by. bombarding w i t h  e n e r g e t i c  

and n o n r e a c t i v e  i o n s  v a p o u r  s p a c i e s  a r e  c r e a t e d .  T h i s  p r o c e s s  

c a l l e d  s p u t t e r i n g  r e s u l t s  from the t r , > n s f e r  o f  mornr?ntm b e t w e e n  

i m p r i n g i n g  i o n s  and  t h e  atoms of t h e  t a r g e t  s u r f a c e ,  T h e  

p r o c e s s  p r o v i d e s  a v e r y  simple and precise c o n t r o l  o n  the r a t e  

of  f i l m  d e p o s i t i o n  since t h e  number of s p u t t e r e d  a t o m s  i s  

p r o p o r t i o n a l  t o  t h e  number af ions. ~t h i g h  d e p o s i t i o n  rates 

t h e  p r o c e s s  becomes i n e f f i c i e n t  f rom the e n e r g y  p o i n t  of v i e w ,  

as most o f  t h e  e n e r g y  i s  c o n v e r t e d  t o  h e a t ,  h e n c e  a l i m i t a t i o n ,  

S p u t t e r i n g  p r o c e s s e s  a r e  best s u i t e d  f o r  d e p o s i t i n g  a d h e r e n t  

f i l m s  o f  r n u l t i c o m p o n e n t  m a t e r i a l s ,  e v e n  t h o u q h  t h e y  are e n e r g y  

i n t e n s i v e .  

- 
2.3 C h e m i c a l  D e p o s i t i o n  T e c h n i q u e :  

Under  t h e  c h e m i c a l  d e p o s i t i o n  t e c h n i q u e  w e  h a v e  s p r a y  

p y r o l y s i s  p r o c e s s ,  s o l u t i o n  g r o w t h  p r o c e s s ,  s c r e e n  p r i n t i n g ,  

chcamical v a p o u r  d e p o s i t i o n ,  e x c h a n q e  r e a c t i o n ,  e l e c t r o d e p o s i t i o n ,  

a n o d i z e t i o n ,  e l e c t r o p h o r e s i s .  

! T h e  s p r a y  p y r o l  ys1 .s  p r o c e s s  i n  t a i l s  sp;-ayinq a n  aqr leous  

s o l u t i o n  t h a t  c o n t a i n s  sol u b l ~  s a l t s  of  t h e  q i v e n  a t o m s  of a 



d e s i r e d  campaund o n  a s u b s t r a t e  t h a t  i s  k e p t  a t  h i q h  t empe ra -  

t u r e ,  When t h e  d r o p l e t s  r e a c h  t h e  s u b s t r a t e  s u r f a c e  they 

u n d e r g o  p y r n l y t i c  d e c o m p o s i t i o n ,  f nrrninq a s i n g l e  o r  c l u s t e r  

o f  c r y s t a l l i t e s ,  T h e  r e a c t i o n  i s  e n d o t h e r m i c ,  The e n c r q y  f o r  

t h e r m a l  d e c o m p o s i t i o n  and s u b s e q u e n t  r e c o m b i n a t i o n  nf t h e  

c o n s t i t u e n t  s p e c i e s  i s  p r o v i d e d ,  b y  t h e  s u b s t r a t e ,  S p r a y  

d e p o s i t e d  f i l m s  a r e  s t r o n g l y  a d h e r e n t ,  hdrd m e c h a n i c a l l y ,  

p i n h o l e f r e e  and  s t a b l e  with t i m e  and t e m p e r c 3 t u r e  up  t o  t h e  
I 

temperature of the s p r a y .  T h e  r o u g h  t o p o q r a p h y  of t h o  f i l m s  

depend  o n  t h e  s p r a y  c o n d i t i o n s  and  t e m p e r a t u r e  of t h e  

substrate. The d i a p l e t  m o b i l i t i e s  and  c h e m i c a l  r e a c t i v i t l e s  

of the var ious  c o n s t i  tusn t s  d e t e r m i n e s  t h e  microstruc t t~ re  

r a n g e  f r o m  amorphous t o  r n i c r o p o l y c r y s t a l l  i n e ,  Some p r e f e r e n t i a l  

o r i e n t a t i o n  may be p r o d u c e d  r e s u l t i n q  f r o m  i n c r e a s e  i n  q r a i n  

size by r e c r y s t a l l i z a t l o n  a t  t h e  t e m p e r a t u r e  a b o v e  t h e  s p r a y  

t e m p e r a t u r e  o r  under some r e a c t i v e  m e 1  ieu,  

The s o l u t i o n  g r o w t h  process,  i s  g o v e r n e d  b y  t h e    solubility 

p r o d u c t  p r i n c i p l e ,  w h i c h  can be s t a t e d  t h u s :  I n  a s a t u r a t e d  

s o l u t i o n  of a w e a k l y  s o l u b l e  compound, t h e  p r o d u c t  of t h e  molar 

c o n c e n t r a t i o n s  of i t s  i o n  ( i o n i c  p r o d u c t )  i s  a c o n s t a n t  a t  a 
I I 

g i v e n  t e m p e r a t u r e .  p r e c i p i t a t i o n  takes p l a c e  when t h e  i o n i c  

t h e  case, t h e  s o l i d  p h a s e  d i s s o l v e s  u n t i l  t h e  i o n i c  p r n d u c t  

becomes c o n s t a n t ,  



I n  s c r e e n  p r i n t i n g  a p r o a c h ,  a p a s t e  of t h e  r e q u i r e d  

m a t e r i a l  i s  " p r i n t e d i 1  o n t o  t h e  s u b s t r a t e  t o  d e f i n e  c o n d u c t o r ,  

resistor and  d e v i c e  p a t t e r n s ,  T h e  s u b s t r a t e  i s  fired u n d e r  

t h e  r e q u i r e d  t i m e  a n d  t e m p e r a t u r e ,  y i e l d i n g  r u g g e d  c o m p o n e n t s  

b o n d e d  t o  t h e  s u b s t r a t e ,  T h i s  o f f e r s  a f l e x i b l e  i n e x p e n s i v e  

a n s w e r  t o  t h e  problems o f  g r i d  p a t t e r n  d e l i n e a t i o n  o n  s o l a r  

cells, c o n n e c t i o n  o f  array, a n d  p r e p w a t i o n  of a c t i v e  

s e m i c o n d u c t o r  l a y e r s  a n d  d e v i c e s ,  T h e  d e v i c e  a n d  c t r c u i t  may 

be m a t e d  f o r  g e n e r a l  p r o t e c t i o n .  

\ Xn c h e m i c a l  vapour d e p o s i t i o n ,  t h e  s u b s t r a t e  i s  e x p o s e d  

t o  vapourized c o m p o u n d s  o r  r e a g e n t  g a s e s  w h l c h  c o n t a i n  

c o n s t l t u e n  ts of t h e  d e s i r e d  deposi ted s u b s t a n c e ,  t h e r e b y  

i n i t i a t i n g  a c h e m i c a l  r e a c t i o n  close t o  o r  a t  t h e  s u b s t r a t e  

s u r f  ace, T h e  r e q u i r e d  mater ia l  is t h u s  p r o d u c e d  a s  a s o l i d  

p h a s e  r e a c t i o n  p r o d u c t  w h i c h  c o n d e n s e s  o n  t h e  s u b s t r a t e ,  T h e  

c h e m i c a l  r e a c t l n n  c a n  be i n f l u e n c e d  by  t h e  u s e  of h e a t ,  l i g h t ,  

x - r a y s ,  a n  electkic arc . ,  a g l o w  d i s c h a r g e ,  e l ~ c t r o n  bombardment  
I 

or c a t a l y t i c  a r t i o n  of the s u b s t r a t e  s u r f a c e ,  T h e  m o r p h o l o g y  

of t h e  d e p o s i t e d  l a y e r  i s  r i g h t l y  i n f l u e n c e d  ' b y  t h e  n a t u r e  of 

the c h e m i c a l  r e a c t i o n  a n d  a c t i v a t i o n  m e c h a n i s m ,  When t h e  

r e a c t i o n  t a k e s  p l a c e  i n  t h e  qas  p h a s e  ( h o m o g e n o u s  r e a c t i o n ) ,  

p o w d e r y  deposits a r e  f o r m e d ,  h e n c e  i t  i s  a d v i s a b l e  t o  a t t s i n  

d e p o s i t i o n  c o n d i t i o n s  w h k h  w o u l d  n a k e ' i t  p o s s i b l e  f o r  the 

r e a c t i o n  to t a k e  p l a c e  n e a r  o r  o n  t h e .  s u b s t r a t e  s u r f  ace 

( h e t e r o q e n o u s  r e a c t i o n ) .  



Exchange  r e a c t i o n s ,  u s u a l 1  y  c a l l e d  d i p n i n q  o r  c h e m i p l a t i n g  

i n v o l v e s  t h e  d i s p l a c i n g  of a Cd i o n  by 2 Cu i o n s  of t h c  form. 

CdY + 2 CuX Cu2Y + CdX2 

w h e r e  X i s  a h a l o g e n  (C1, R r ,  o r  I) and Y a c h a l o q e n  

( S ,  Se, or Te). The  r e a c t i o n  u s u a l l y  i s  performed i n  aclueot~s 

s o l u t i o n  a t  t e m p e r a t u r e s  between 90 and 100%. T o  i n c r n a s e  

t h e  s o l u b i l i t y  of CuX,  s a l t s  llke NaCl and  NH4C1 are  added, 

T h e  number o f  Cu i o n s  i n  t h e  s o l u t i o n  i n f l  u e n c e  strqn.71 \r t h e  

r a t e  of t h e  react ion,  ? 

When e l e c t r i c i t y  i s  passed t h r o u g h  a n  e l e c t r o l y t e  i t  

r e s u l t s  i n  c h m i c a l  c h a n q e s  termed e l r c t r o l y s l s .  Substances 

d e p o s i t e d  as a r e s u l t  of the passage of e l e c t r i c i t y  o n  an 

eXoctrczdo ass cal led e l e c t r o d e p o s i t s ,  T h i s  phenomenon is  

g o v e r n e d  b y  t h e  f o l l o w i n g  t w o  l a w s ,  The amount  of c h e m i c a l  

c h a n q e  t h a t  t a k e s  p l a c e  when e l e c t r i c i t y  i s  passed i n  a n  

e l e c t r o l y t e  Is p r o p o r t i o n a l  t o  t h e  amount  of e l e c t r i c i t y  vassed. 

T h e  two l a w s  c a n  be comblned  t o  r e a d  M - 1 E t t F  . Where M a mass 

( i n  g r a m s )  of s u b s t a n c e  d e p o s i t e d ;  X - c u r r e n t  ~ ~ s s e d  ( i n  

amperes); E r c h e m i c a l  e q u i v a l e n t '  w e i g h t  ( i n ,  q r a m s ) ;  t u 

r e a c t i o n  t i m e  ( i n  s e c o n d s ) ;  F = F a r a d a y ,  equa l '  t o  96500C 
3 

( c h a r q e  r e q u i r e d  t o  d e p o s i t  o n e  equiv, : l .ent  of any i o n  from a 
~-~ ~ ~ ~ ~ ~ 

s o l ' u t i o n ) .  Many m e t a l s  c a n  be e l e c t r o p l a t e d  for e'lectricsl 

c o n t a c t s  i n  s o l a r  ce l l s .  For e x a m p l e , . C u ,  ~ g ,  AU, ~h and Ph. 

A q  i s  t h c  best, i n  v i e w  of i t s  o u t s t a n d i n g .  e l c c k r i c a l  
4 '  

c o n d u c t i v i t y ,  



~ n o d i z a t i o n ,  a f i e l d  assist~d form of t h e r m a l .  growth w h e r e  

o x y g e n  c o n t a i n i n g  elec t r c l y t -  which ~ 3 y  be  aqtleous, n a n a q u e o u s  

c u r r e n t ,  T h e  pH of t h e  e l e c t r o l y t e  i n f  l u m c e s  t h e  cot, - r -nce 

OF' t h e  f i l m  o b t a i n e d ,  I f  e l e c t r o l y t e  i n  q u ~ s t i o n  i s  seir-'ic 

o r  too a l k a l i n e ,  t h e  film d i s s o l v e s  d u r i n ?  growt-h, r ~ ? n r I r r i n n  

i t  p o r o u s .  I n  s e m i c o n d u c t o r s ,  a n o d i z a t i o n  p l a y s  a n  i m p o r t a n t  

r o l e  i n  t h e  p r o d u c t i o n  of d e v i c e s  e s p e c i a l l y  i n  e l e c t r n s h a p i n g ,  

l o c s t i o n  of p / n  j u n c t i o n s ,  p r e p a r a t i o n  oE s t a t ~ l e  q ~ ~ r f a c e s  for 

s e r n i c c n d u c  tor d e v i c e s .  

E l e c t r o p h o r e s i s  i n v o l v e s  the d e p o s i t i o n  o n  an e l n c t m d e  

of a suspension of e l e c t r i c a l l y  charged p a r t i c l e s  i n  a l i q u i d  

medium, The  e l e c t r o d e s  a r e  t h e n  t r e a t e d  by p r e s s u r i z e d  

c o m p a c t i o n  and h e a t  t r e a t m e n t  t o  d r y  out tr8ces of t h e  s u s p e n s i o n  

m e d i u m  and s i n t e r  t h e  p a r t i c l e s  w i t h i n  the f i l m ,  T h e  a d v a n t a g e s  

of e l e c t r o p h o r e s i s  are t h a t ,  a n y  powder  m a t e r i a l  c a n  h e  

d e p o s i t e d  o n  a n y  c o n d u c t i n g  s u b s t r ( 3 t e ;  u n i f o r m  t h i c k n e s s  c a n  

be o b t a i n e d  e v e n  o n  c o m p l i c a t e d  shapes; t h i c k  c ; c . a t i n g s  a r e  

p o s s i b l e  and t h i c k n e s s  c a n  be p r e c i s e l y  c o n t r o l l e d ;  c o d e p o s i t s  

of v a r l o u s  m a t e r i a l s  are p o s s i b l e  ~ n d  i n  d e s i r e d  p r o p o r t i o n ;  

p e r i o d  of d e p o s i t i o n  i s  p r e c i s e  a n d  there  i s  n o  waste. 

2.4 L i q u i d  D e p o s i t i o n  T e c h n i q u e s  

T h i s  t e c h n i q u e  i s  n o t  a " t h i n  f i l m u  d e p o s i t i o n  t e c h n i q u e  

bdt is of great p r o m i s e  i n  rnakincl l a r q c ? - a r e a  t h i n  l a y e r  m a t e r i a l s  



f o r  so l ;+r  cells u s e ,  I t  i s  dt?vidt?c.l into L i q u i d  Phc7:;c E p i t a x y  

and melt s p i n i n q  T e c h n i q u e .  I n  L i q u l d  p h a s e  c p i t a x y ,  m a t e r i a l  

from a c o o l i n g  s o l u t i o n  is p r e c i p i t a t e r l  o n t o  an u n d e r l y i n g  

s i n g l e  c r y s t a l  s u b s t r d t e ,  K e e p i n q  t h e  solrltion and s u b s t r a t e  

a p a r t ,  c o n t a c t  i s  made by " t a p p i n g w  the f u r n a a e  w i t h  

s o l u t i o n ,  o r  by d i p p i n g  t h e  substrate into t h e  solution i n  a 

v e r t i c a l  furnace, S a t u r a t i n g  t h e  s o l u t i o n  w i t h  q r w t h  

material a t  the required g r o w t h  t e m p e r a t u r e ,  i t  i s  allowed 

to cool i n  c o n t a c t  w i t h  s u b s t r a t e  s u r f a c e .  Melt spininq is  

used to produce r a p i d l y  q u e n c h e d  r i b b o n s  a t  h i g h  s p e e d s ,  

2.5 T h i n  Film Characterizations 

T h e  o p t i c a l  a n d  e l e c t r o n i c  propert'lrs of t h i n  films are 

h i q h l y  s e n s i t i v e  t o  t h e i r  c p y s t a l l o g r ~ p h i c  and m i r r o s t r u c t u r a l  

c h a r a c t e r i s t i c s .  So a l s o  does t h e  strl~ctural f e3 t~1rt.s of t h e  

i n t e r f a c e  a t  t h e  j u n c t i o n  a f f e c t  the e l ~ ~ c f T . r o n i c  i x % , ? v i o u r  of 

the p h o t o v o l  taic j u n c t i o n .  41 The on& s e t b , 3 c k  i n  t?,e :.?any 

d e v e l o p e d  technf ques t o  stud;, c r y s  ::;jl. s i s  t h e  Fact  t h a t  each 

i n c r e a s e  i n  r e s o l u t i o n -  is  a t  the expense of the! t o t a l  area or  

vol*m 2 o f  t h e  examined m a t e r i a l ,  

Some of t h e s e  t e c h n i q u e s  a re  u s e d  to n i c ~ n i  k o r  tht? f o l l o p d n g :  

In t h e  : : tudy ol c r y r , t . ~ l  s t r u c k r ~ r . ~ ,  x - r a y  d i f  f ract-inn h a s  

the singular a d v a n t a g e  of not d i s t r o y i n q  t h e  (j<irll[llt? ,2n(! no 



d i f f i c u l t  p r e p a r a t i o n s  a r e  required. S a m p l e  p r e p a r a t i n n s  

c a n  be t r i c k y  for the use  of e l e c t r o n  diffraction, t h o u g h  f i l m s  

up t o  about 1 0 0 0 f  t h i c k  c a n  h e  studied. R e f l e c t i o n  hirlh- 

e n e r g y  e l e c t r o n  d i f f r a c t i o n  (HHEED) c A n  he used f o r  the study 

of t h i c k e r  f i l m s ,  A 1  so, t h e  scanning e l c c t r o n  m i c r o s c o p e  

(SEMI i,s a r e l a t i v e l y  recent crystal :jtructt~re-sarn.cit?ve 

technique. f t has A t ? ~ p q t i a 1  res3111t i t~n  ~f n h r m ) :  1 urn. 

Diffraction i n f o r m a t l . o n  c a n  be  ob ta ined  from r c q 1 ~ n . j  oF 5 0  t o  

100B us inq  t h e  s c n n n i n q  t r a n s n l s n i o n  e l e c t r o n  r n i c r 6 s c o p c  

( STKM ) . 
The s t u d y  of t h e  morpholoqy  and t h e  s t r u c t u r r t  of photovol- 

talc8 I s  p a s s i b l ?  w i t h  t b n  u s e ,  of v a r i o u s  i n t e r f c r e n c ~  and 

p h a s e  cons t s n t  techniques, For cxampl s , .  o p t i c 3 1  srmt s c a n n i n g ,  

for  t h e  d i r e c t  s t u d y  of a c t u a l  encrqy conversion of t1.1;~ ce l l ,  

thoc :gh  s p a t i a l  resolution 1:; l i ~ i t c d  to n f w  t e n t h  of a 

micr~rneter. T h e  SF;M a l l o w s  for extens:ior? of t he  res~lvtion, 

Its v e r s a t i 1  i t y  r e s ~ ~ l  t s  f rorn t h e  lon; work ing  d i s  t c . r ! ~ =  betwben 

t h e  f i n a l  lens and t h e  .samI,lc. s u r f a c x ,  als6frr:lm j t ~ .  si: l i l i ty 

to study practically alnost <?ny su: T:!ce. Pot- r ~ ? s r l l  ut i t > n s  t h a t  

are n o t  'even possible wi t.h the SElbi, t h e  t r ~ ~ n s r n i r ; r , i n n  e l e c t r o n  

microscope ( I'EM) c a n  1,e u s e d ,  Due t.s t-hr? t r  i { : k  y (78 l : \ ~ r  L.! of ihe 
~~-~~~ ~~~~~~ ~ ~ 

, 
pr_e_~arakion - o f  simpl-es - in : : u c f \  a 1 1 r ( I f w i c : ~ ,  t o n c e  



t o  SEH f o r  s u r f a c e  s t u d i e s ,  I t  also h a s  t h e  c a p a b i l i t y  o f  

p e r f o r m i n g  s m a l l - a r e a  (50-100R) d i f  f r k t i o n  am!  c h e r n i z a l  

' a n a l y s i s ,  

C o m p o s i t i o n a l  a n a l y s i s  h a s  been d i r e c t e d  t o w a r d s  p h y s i c a l  

t h a n  c h e m i c a l  t e c h n i q u e s .  Many t c c h n i q u c s  a r c  13:-1~ed on t h e  

i e t e c t i o n  of c h a r a c t e r i s t i c  x-ray  l i n e s ,  Shor  t-witvel e n q t h  

x-ray  e x c i t e  t h e  l i n e s  i n  x - r a y  $ l u o r e s c e n c e .  Hete,  l a t e r a l  

r e s o l u t i o n  i s  p o o r  and l a t e r a l  a n d  d e p t h  r e s o l u t i o n  cit-c be 

p r o v i d e d  by t h e  u s e  of e l e c t r o n  probe r n i c r o a n a l y z t a r  ( C P M A ) ,  

\ 
SEk or  STEM, Solid state d e t e c t o r s  a r e  u s e d  t h a t  h q v c  l a r g e r  

accep tance  a n g l e s  and much h i q h e r  r e s o l u t i o n  of EDRY f o r  t h e  

e n e r g y  d i s p e r s i o n  a n a l y s i s  of e m i t t e d  x - r a y s  ( E D A X ) ,  T h e  

e f f e c t s  of e l a s t i c a l l y  s c a t t e r e d  electrons and s e c o n d a r y  

f l u o r e s c e n c e  l i m i t s  r e s o l u t i o n  to  a b o u t  1 pm,  w h e r e a s  f o r  t h i n  

s a m p l e s  s p a t i a l  r e s o l u t i o n s  o f  l ess  t h a n  50R are  p o s s i b l e .  

Auger- e l e c t r o n  s p e c t r o s c o p y  ( A E S )  i s  a v a i l a b l e  i n  t h e  s c a n n i n g  

mode and y i e l d s  l a t e r a l  r e s o l u t i o n  e q u a l  t o  beam s i z e  a n d  

d e p t h  r e s o l u t i o n  o f  from 10 - 302,  P o i n t - t o - p o i n t  c h ~ m i c a l  

m a p p i n q  o f  e l e m e n t a l  c o n c e n t r t t i o p  i s  p o s s i b l ~  i~ t h e  s c a n n i n g  

mode, AES h a s  the advantage o f  h i g h  s e n s i t i v i t y  t o  h i   her 

e l e m e n t s .  Y e  h a v e  t h c  s e c o n d a r y  i o n .  m a s s  s p e c t r o s c o p y  (SIMS 

which a n a l y s i s  i o n s  e m i t t e d  d u r i n g  i o n  m i l l i n g  f r o m  a m a t e r i a l ,  

SIMS i s  a d e p t h - p r o f  i l i n q  t e c h n i q u e ,  A l s o ,  t h e  e l e c t r o n  

s p e c t r o s c o p y  f o r  c h e m i c a l  a n h l y s i s  ( E S C A )  w h i c h  i s  n d t  i n  

g e n e r a l  s p a t i a l l y  r e s o l v i n g  g i v e s  d e p t h  r e s o l u t i o n  of 10 - 308 , 

AES, ESCA, a n d  SIMS i n v o l v e  u l t r a h i q h - v a c u u m  c o n d i t i o n s  and  



are d e s t r u c t i v e  i n  d e p t h  p r o f i l ' l n g  rncrde, Rllt.herfot-d hack- 

s c a t t e r i n g  (RBS) i s  n o n d e s t r u c t i v e ,  b u t  r e q u i r e s  a n  a c r e l e r a t o r  

to p r o v i d e  t h e  p r o b i n g  beam, C a s t c l  d w l  V e d e l  dcvclopnrl an 

e l e c t r c r c h e m i c a l  a n a l y s i s  of semiccrnductar rnaterj a1 s b;l .r ,~d on 

voltametric endpoint d e t e c t i o n  y i c h l d i n q  o x i d n  l c , ~ . c r  thfckness, 

s t o i c h i m e t r y  and e q u i v a l e n t  thickness of the s e m i c o n d u c t o r  

Among t h e  v a r i e t y  of t e c h n i q u e s  t o  d e t e r m i n e  t h e  o p t l c a l  

c o n s t a n t s  ( n  and R ) ,  t he  most commonly used envolves s e p a r a t e  

d e t e r m i n a t i o n  of n and K from r e f l e c t a n c e  and transmittance 

inearu&hents. If m u l t i p l e  ref l e c t l ons  art. supprcssnd, t h e  

t r a n s m i t t a n c e  (TI of a f i l m  of i n d e x  nq-iki  and t h i c k n e s s  ( t )  

i s  g i v e n  by t h e  r e l a t i o n :  

of q I n  z i t h e r  e q u . : k i o n s  ?.I or 2.2 below. 



to  determine t h e  nature ( d i r e c t  or i n d i r ~ c t )  of c p t i c a l  

4 2  t r a n s i t i o n  and t h e  o p t i c a l  g a p  (Eg), . 
.( 

T h e  e l e c t r o n i c  characterization ef sc?rnicondrlctnrs 

c o + f f l c i c n t  (51, m i n o r i t y  carrier diffusion l c n q t h  (L nr L,), 
I' 

rn4nbri ty  carrier I i fr t t lrnns  (en or zp) and t h e i r  t e m p e r a t u r e  

depcndnnce ,  The  methods of m e a s ~ ~ r e m e n t  include f"'swo-point 

\ m t t h ~ d  for r e s i s t i v i t y ,  lincar Four-point  probe method for 

resistivity, . spr+ading  resist,?nce rnethod for r e s i s t i v i t y ,  

noncol  l i n e a r  f o u r - p o i n t  \jrob& rhethod f o r  r e s i s t i v i t y ,  vander 

P a m  t e c h n i . ! u e  for t ~ s l  s t i  v i t  y ,  I4;!11 c o ~ f f i ~ i t ' n k  - 3 r d  i l a l l  

mobility, b a l l  e f fec t  1~cas~x-i3nieiit.; and H d y 1 7 e s s - ~ I : ~ c : k l ~ = y  

meth?d for m o b i l i t y .  



CHAPTER THREE 

LXPLRIMEN'l'A4 

3 .1  ~ e s c r i p t i o n  of D e p o s i t i o n  'Technicaue Used: 

T h e  c h e m i c a l  d e p o s i t i o n  of CdS i s  based  o n  t h e  r e l e a s e  of 

and s2- i o n s  from their compounds i n  an aqueous s o l u t i o n  

and their c o n d e n s a t i o n  on a substrate (in this tsse q l a s s )  a t  

a pH 10, placed v e r t i c a l l y  i n  a bath, 

The release of c a d i n i u m  i o n s  takes place  a s  shown In the 

f o l l o w i n g  d i s s o c i a t i o n  e q u i l i b r i u m  e q u a t i a n .  

~ C ~ V T E A ~  2+ ~ - 2  cd2+ + TEA. 

While t h i o u r e a  ( s C N H ~ ) ~  dissociates in altalln- 

s m o n l a c a l  medium g i v i n q  s - ~  ion a s  f o l l o w s ,  

S C ( N H ~ ) ~  +o/I .--JcH, + H ~ O  + SH - 3.2 
L 

Hence. t h o  cd2' and s2- i o n s  c o n d e n s e  to  q l v a  CdS nheylnq 

t h ~  s o l u b i l i t y  product  r e q u i r e m e n t ,  The o v e r a l l  reactior! i s  
43  

g i v e n  t t ~ u s ,  

Ec~('I'EA~ 22' + S C ( P I H 2 I 2  + ~CH----+C~S + TE4 + C O ( N H ~ ) ~  

+ F I O  . 3 - 304 

45 a l r e a d y  rcent ioned ,  t h e  s o l u t i o n  g r 0 w t . h  p rocpss  i s  
I 

g o v e r n e d  by t h e  s o l u b i l i t y  p r o d u c t  p r i n c i p l e .  Each cnnrentrh -  

tion kerfit. 1 3  r a i s e d  to a power e q u a l  t o - t h e  ~cumbet .of inns as 
- - - - - - - - - - - - - - -  - - - - - - - - - - - - - - - - - - - - - - - - - -  

shown by the formula for  the ,compound. . C o n s i d e r 3  no Cd( OHIZ 

i n  s o l u t J . o n ,  i t  w i l l  h y d r o l y z e  a s  follows:. 



w h f l e  t h e  i o n i c  product i s  g i v e n  by 

Ed'+] x ~ K J  - c o n s t a n t .  

For 1p SP, p r e c i p i t a t i o n  o c c u r s .  I f  SP) I P ,  t h e  sol i d  

phase w i l l  d i s s o l v e  to e s t a b l i s h  a c o n s t a n t  (equilibriumA. 

A fairly s t a b l e  complex of t h e  metal i o n s  which provides a 

c o n t r o l l e d  number of the free ions c a n  be used t n  e l i m i n a t e  

spantaneous  p r e c i p i t a t i o n ,  t h u s  making i t  easy to form a t h i n  

f i l m  by a c o n t r o l l e d  i o n - t o - i o n  reaction of t h e  form, 

M ( A ) * + ~  w ~ +  + A - 3.7 

A t  any g i v e n  t c m p e r a t u r ~  the c o n c e n t r a t j  o n  of the free m e t a l  

where K I t h e  I n s t a b i l i t y  constr?nt  of t h e  c a m p l ? ~  ion,  Also, 

t h e  r - o n c ~ n t r r k l o n  nf t h e  m e t a l  l o n  c q n  he cont.ro3 l ~ d  w f  t h  

t h e  rrse of an a p p r o p r i a t e  complexinq a q c n t  and t h e  temperature  

of the s o l u t j  on, 44 
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The s o l u t i o n  w a s  s tirrnd ' c o n t i n e c i u s l  y to  k e e p  t h e  

t w p c l r a t v r e  ~ r n i f o r m  w h i l e  m o n i t o r J  r-q t h e  thermometer, 

A n  i n c u b a t i o n  p e r i o d  i s  necdctl foe the formation of 

cr i t i ca l  n u c l ~ i  from the sys ter r  t o  the c l e a n  SUJ-face.  Growth 

r ' a t c  t h e n  rises r a p i d l y  t i l l  when If? =SF. If t h e  substrate 

is p r e s e n h l t i z e d ,  there w i l l  be no incuhntinn p e r i o d  since 

n u c l e a t i o n  sites already e x i s t  on t h e  substrat t* ,  The s o l u t i o n  

ltself a c t u a l l y  p r o v i d e s  n u c e a t i o n  si tes.  This c a n  h r b  n o t i c e d  

when the s t l h s t r a t e  are suspcnr ied  i n  t h e  so lu t i on  b ~ f n r e  

forminq t h e  cmplex ,  The number o f  n u c l e a t i n n  c e n t r e s ,  

s u p e r ~ a t u r a t . i ~ ) n  of the snlut jon ( r a t i o  of IP to  SP), and st 

atf r%nq d ~ t c r m i n e  the rate of depositiqn, While ionic 

c o n c e n t r a t i o n ,  vc?locitics, n u c l e a k l o n ,  and q r o w t h  prncesses on 

t h e  s ~ ~ b n t r a t e s ,  detrrrnlnr q r o w t h  t i n ~ t i r s .  r4rt.l i o n  (p12* )  

concentration decreases w f t h  i n c r e a s i q q  c o n c e n t r a t i o n  of 

complc?xl.nq ions, thereby r-r lucinq rate of r e ~ c t i ~ n  and 

p r e c i p i t a t i o n .  T h e  complex ir; more s t a b l e  when pH i n ( - r e a s e s .  

?, .2 Liqsnds: 

more o r  less s t , q b l  e c h a r g e d  3qrjr+g.3te (:a11&1 c o m p l e x  i n n  is 
* ' 



t o  t h e  cen t ra l  ion  or  a c c e p t o r  i n  a f i r s t  c o o r d i n a t j o n  t o  t h e  

c e n t r a l  i o n  or  a c c e p t o r  i n  a f i r s t  c o o r d i n a t i o n  s p h e r e .  For 

w h o s e  c n o r d i n . ~ t i o n  nuvber ( o f  the i o n )  is the number of l i q a n d  

atoms a r r a n q e d  i n  d e f i n i t e  g e o m e t r y  ,~nrf' bonded d i r ~ ~ c t l y  ta  t h e  

centr.31 i o n  (46 ,  47, 48, 49, SO) 

Even thou7h p a r t 1  a l  d i s s o c i a t i o n  v3y t a k e  p l a c e ,  camplex 

i o n s  or  n e u t r a l  complexe~  t h a t  make up a complex  conpound mast 

of t e n  retain t h e i r  i d e n t i t y  i n  s o l u t i o n .  Complexes may e x c h a n g e  

l i g a n d s  s l o w l y  o r  r a p i d l y  w h e r e  t h e  former are c a l l  c?d n o n l a b i l e  

o r  i n e r t  a n d  t h 1  l a t t e r  arc c a l l e d  l a b i l e  c r x n p l e x e s .  Here, n o t e  
I 

s h o u l i  be mzdc : l e tween  t .hcrmodynamic s t a b i l i t y  and k i n e t i c  

3+ s3me avcr33e enerqy p e r  b o n d ,  b u t  C r ( H 2 0 I 6  axch,qnrres water 

r n ~ 1 e c : u I ~ r :  w i t h  t h e  s o l v e n t  water a t  a s low m ~ a s u r a b l e  r a t e  whereas 
>$ 

C a ( H  0) 3* e x c b , d n g e s  ex lrea?l y r a p i d l y .  2 6 T h e  c h e m i s t r y  o f  

c o o r d i n a t i o n  c ~ m p o r i n c l s  i s  d e t e r m i n e d  b y  t h e  e l e c t r o n i c  c o n f i g u r a -  

t i o n  of the c e n t r a l  i o n ,  the donor and a c c e p t o r  p r o p e r t i e s  of t h e  

l i q a n d s  and t h c  n i t t u r ~  of t h e  linkaqc between l i c i a n d  a n d  c e n t r a l  

i o n ,  T h i s  can h e  s e e n  f r o m  bJerner;s t h e o r y  w h i c h  s t a t e s :  

E v e n  when,  t o  judrre b y  the v a l e n c e  dumber  
the  c o m b i n i n g  p o w ~ r  n f  c e r t a i n  a t o m s  i s  I 

e x h a u s t e d ,  t h e y  still possess i n  most 
cases t h e  p o w e r  ot p , ~ r t , i c i p a t i n q  f u r t h e r  
i n  tho c o n s t r u c t i o n  of cor,ipltlx molccales . 

' w i t h  t h e  f o r m a t i o n  o f  v e r y  d e f i n i t e  
a t o m i c  l i n k a q e s .  The p a s q i b i l i t y  o f  t h i s  
a c t i o n  i s  t o  be t r a ' c e d  back t:o t h e  fact 
t h a t ,  b e s i d e s  t h e  a f f i n i t y  b o n d s  d e s i q n a t c d  
a s  p r i n c i p a l  v a l e n c i e s ,  ~c t i  11 o t h ' p r  bonds 
o n  t h e  atoms, c a l l e d  a u x i l i -  y v a l e n c i c s  
may be c a l l e d  into d c t i o n W ,  $5 



3.3 Reasons  F o r  T e c h n i a u e  U s e d :  

Though t h e  a r t  of g rowing  c r y s t a l s  mus t  rest e s s e n t i a l l y  

o n  clarpir ic ism and  e x t e n s i v e  f i r s t h a n d  e x p e r i e n c e ,  t h e  c h o i c e  

of a p a r t i c u l a r  method and r e f i r e m e n t ,  to meet d e s i r e d  

s p e c i f i c a t i o n s  mus t  be b a s e d  on  scientific p r i n c i p l e s ,  

thermodynamics  and  k i n e t i c s ,  C r y s t a l  g r o w t h  me thods  are 

c l a s s i f i e d  i n t o  t h e  f o l l o w i n g  g r o u p s ;  g r o w t h  from t h e  m e l t ,  

g rowth  from s o l u t i o n  a n d  g rowth  f rom v a p o u r  p h a s e ,  53 

The c h o i c e  of a p a r t i c u l a r  method is g o v e r n r n d  by c e r t a i n  

l i m i t a t i o n s ;  those by n a t u r e ,  and  t h o s e  set by p r o p e r t i e s  of  

the material. F o r  example ,  y t t r i u m  i o n  g a r n e t  ( Y I G )  does n o t  

ma1 t c o n g r u e n t 1  y, CaC03, ( a t  a q t m o s p h e r i c  p r e s s u r e )  s ic  

&uompose~ b e f o r e  m e 1  t i n g ,  S102 u n d e r g o e s  s o l i d  s t a t e  t r a n s f o r -  

m a t i o n  before me1 t i n g  p o i n t  a t  room temperahfuts. Hence none  

c a n  form c r y s t a l s  f r o m  t h e  m d l  t, 

S o l u t i o n  g r o w t h  is s i m p l e  and  i n e x p e n s i v e ,  I t  o n l y  

becomes complex  when r e q u i r e m e n t s  o f  i n s t r u m e n t a t i o n '  a r e  

imposed d u e  to  s p e c i f i c a t i o n s  on p u r i t y ,  s i z e ,  p r o p e r t i e s  of  

s o l v e n t  come i n t o  p l a y ,  Compared t o  g r o w t h  f rom t h e  m e l t ,  

lower t e m p e r a t u r e s  are r e q u i r e d  and c a n  l e a d  -to lower d e n s i t y  
I 

of l a t t i c e  defects, When a c r y s t a l  o f  h i q h  q u a l i t y  i s  

desire& -thee, -m-deckdes-on  growth-  f rom s o l u t i o n  5 a s e d  on 

t h e  a v a i l a b i l i t y  of h i q h  p u r i t y  s o l v e n , t ,  which  i s  i n s o l u b l e  

1. 
i n  t h e  c r y s t a l ,  I m p u r ' i t i e s  i n  t h e  i n l t i a l '  c h e m i c a l s  c a n  be 

made i n e f f e c t i v e  by  t h e  u s e  of c o n p l e x i n q  a g e n t s .  S i n c e  f i l m  

f o r m a t i o n  h a s  i o n s  a s  b u i l d i n g  b locks  ( a s  opposed  t o  atoms i n  



o t h e r  d e p o s i  t i a n  t e c h n i q u e s  1 , t h e y  are n e a r l y  s t o i c h i o m e t r i c .  

F i l m s  c a n  a l s o  be d e p o s i t e d  on  a 1 1  k i n d s . o f  h y d r o p h i l i c  

n , u b s t r a t e a ,  ( 5 4 ,  5 5 )  

3.4 D e m s i t i o n  Of CdS T h i n  P i lm:  

CdS f i l m s  were d e p o s i t e d  by r e a c t i n g  cadmium a c e t a t e  and  

t h i o u r e a  i n  a b a s i c  medium, Ammonia s o l u t i o n  was used  t o  

c r e a t e  t h e  r e q u i r e d  b a s i c  medium and  t r i e t h a n o l a m i n e  (TEA) a s  

camp1 ex1 nq a g e n t .  

l P l  n o l u t l o n  of cadmium acetate Cd  (C2H3COO)2 Cd.2H20 

\ 
was p r e p a r e d  by d i s s o l v i n q  26,652gm of  t h e  s a l t  i n  loom1 

f l a s k  of s o l u t i o n .  lM s o l u t i o n  Of t h i o u r e a  was a l s o  prepared 

by d l 8 s a l v i n g  7;612 q m  of  t h e  s a l t  i n  1001111 f l a s k  of 

thl of W cadmium a c e t a t e  s a X u t i o n  was p u t  i n  a 1 O O m l  

b e a k e r  and 1 O m l  of 7,45M TEA w a s  added  and  s t i r r e d ,  l O m l  

17,OSW ammonia s o l u t i o n  was added  and t h e  m i x t u r e  was stirred 

f o r  a few s e c o n d s ,  1 O m l  of iH t h i o u r e a  s o l u t i o n  was added 

and  s t i r r e d  t o  g i v e  a homogenous s o l u t i o n ,  D i s t i l l e d  w a t e r  

was added  t o  g i v e  1 O O m l  and  was s t i r r e d  f o r  a few s e c o n d s  . a 

and  c l e a n e d  g l a s s  slides were c lamped v i r t i c a l l y  i n  t h e  b a t h s , ,  

The  clear s o l u t i o n  g r a d u a l l ' y  t u r n e d  ye l low.  T h e  s l ides  were 

l a t t e r .  t a k e n  o u t  and  washed w i t h  d i s t i l l e d  w a t e r  and a l l o w e d  

I. The  growth  of  t h e  f i l m s  was s t u d i e d  as a. f u n c t i o n  of 

d e p o s i t i o n  t i m e ,  TEA c o n c e n t r a t i o n ,  ammonia s o l u t i o n  concen-  

t r a t i o n ,  t h i o u r e a  c o n c e n t r a t i o n  a s  p.rametersm 



> 

5 1 

3,s Band Gap D e t e r m i n a t i o n  ( O v t i c a l  Method):  , 

When a n  i n c i d e n t  beam s t r i k e s  a s e m i c o n d u c t o r ,  e l e c t r o n s  

absorb p h o t o n s  w i t h  e n e r g y  g r e a t e r  or equal t o  t h e  e n e r q y  

gap o f  t h e  s e m i c o n d u c t i n g  matet ia l  t h e r e b y  m i g r a t i n g  f rom t h e  

v a l e n c e  band  t o  the c o n d u c t i o n  band. Thin can be written as 

hV> Eg 58 - 3 .9  

A t  t h e  a b s o r p t i o n  e d g e ,  e q u a t i o n  (3,9) becomes 

where C - velocity of r a d i a t i o n ,  = minimum w a v e l e n g t h  a t  

a b a , o r p t l o n  edge, h - P l a n k ' s  c o n s t a n t  and V I t r a n s i t i o n  

frequency. 

U s i n g  e q u a t i o n  (2.1) a n d  (2.21, t h e  n a t u r e  (direct or  

i n d i r e c t )  o f  o p t i c a l  t r a n s i t i o n  a n d  t h e  o p t i c a l  g a p  ( E g l  c a n  

be d e t e r m i n e d ,  Here, v a l u e s  of t h e  a p e c t r a l  v a r i a t i o n  o f  t h e  

a b s o r p t i o n  c o e f f i c i e n t (  o( 1  c a n  be s u b s t i t u t e d  i n  t h e  e q u a t i o n s .  

10 -1 t a k i n g  h = 4.144 1 0 - ~ ~ e ~ s  ; C'!- 3.0 * 1 0  m s  

3,6 Q u a l i t a t i v e  ~ n a l y s i s  Of D e p o s i t e d  T h i n  F i l m :  
I 

U s i n g  a k _ n l f _ e ,  some o f  t h e  a e p n s i  t e d  f llm idas id scraped 
- - - - - - 

i n t o  a b e a k e r ,  Ammonia s o l r r t i o n  was a d d e d  t o  i t  d r o p w i s e .  

A w h i t e  p r e c i p i t a t e  was fo rmed ,  On a d d i n g o m o r e  ammonia 

s o l u t i o n  t h e  p r e c i p i t a t e  d i s s o l v e d .  T h i s  c o n f i r m e d  t h e  

c a t i o n  t es t  f o r  cd2+ .  



W'h 
. 1 , ' 1 3  

. -  j 
-. About 50mq of t h e  deposited f i l m  was p u t  i n  a b e a k e r  

and  ¶ m l  o f  d i l u t e  h y d r o c h l o r i c  a c i d  was added  and  t h e  m i x t u r e  

warmed g e n t l y .  An o f f e n s i v e  o d o u r  emana ted  f rom t h e  m i x t u r e ,  

When t e s t e d  w i t h  l e a d  a c e t a t e  p a p e r ,  t h e  p a p e r  t u r n e d  b l a c k ,  

3- 60 T h i s  a l s o  c o n f i r m e d  t h e  a n i o n  test f o r  s u l p h i d e  ( 3  I .  

Hence,  t h e  f i l m  d e p o s i t e d  i s  CdS, 

3.7. Measurement  Of P i l m  T h i c k n e s s t  

P i l m  thickness was measu red  by t h e  q r a v i m e t r i c  method, 

The l e n g t h ,  b r e a t h  and w i d t h  of t h e  f i l m  were measured  u s i n g  
\ 

v a t n i e r  c a l i p e r a  and  micrometer screw gange. T h e  mass of t h e  

film d e p o s i t  war m e a s u r e d ' b y  w e i g h i n g  t h e  s u b s t r a t e  b e f o r e  

and  a f t e r  d e p o s i t i o n  w i t h  ~ u q u s t  S a u t e r  KG, D-7470 e l e c t r o n i c  

balance. 

T h e  t h i c k n e s s  o f  t h e  d e p o s i t e d  f i l m  i s  g i v e n  by t h e  

re1 a t i o n s h i p .  

mass  of f i l m  thickness Of d e n s i t y  o f  f i l m  A r e a  of F i l m  

s i n c e  mass  of f i l m  i s  g i v e n  by t h e  p r o d u c t  of d e n s i t y  and  

volume o f  f i l m ,  

The' c h a n g e s  o f  f i l m  t h i c k n e s s  a g a i n s t  t i m e  were s t u d i e d  

f d r  v a r i o u s  p a r a m e t e r s :  for two volumes of TEA; t w o  vol\rmesl  

of  Mj ; .and t w o  vo lumes  of  SC(NH2) Z. 



3 8  Measurement of Absorbance Of Film: 

Using t h e  Pye - Unicarn Sp-6 spec t rophotometer  t h e  

o p t i c a l  a b s o r p t i o n  was measured far d i f f e r e n t  r e a c t i o n  ba ths ,  

t o  de te rmine  wavelengths a t  wh ich  a b s o r p t i o n  is maximum, A 

blank g l a s s  slide was f i r s t  scanned through a r ange  of 

wavelengths and one w i t h  d e p o s i t e d  E l l n i  through t h e  same 

wavelength a f t e r  z e r r o i n q  t h e  spec t rophotometer ,  

Graphs of absorbance v e r s u s  wavelengths  were p l o t t e d  

f o r  each sample, The a b s o r p t i o n  edge was e x t r a p o l a t e d  from 

the a b s o r p t i o n  s p e c t r u n  and t h e  v a l u e  of wavelength used t o  

c a l c u l a t e  t h e  band gap by s u b s t i t u l t i n q  same i n  equa t ion  

(3-11)- 



CHAPTER FOUR 

RESIJLTS &ND PISCUSSIONS 

4.1 Stmmary of Resul t s :  

Thickness (m) for 20ml 
of 7.4SM TEA 

1 - 7 3  16' 

3.77 . 1 6 ~  

r h i c k n e s s  (m) for Sml 
3f qrdSM TEA 

Changes i n  CdS Fil Thickness And Deposition Time For 
2 Vol. of TEq, 

Time ( h r s )  Thickness (m) for l O m 1  
of 17.05M NH, 

T h i c k n e s s  ( m )  f a r  when 
no N H 3  was used 

1.09 

Table 2: 

Changes in CdS F i l m  T t i i c k n e s s  nnd D e p o s i t i o n  T i m e  - 
For 2 Vol.  of NH3. 



T a b l e  3 :  

Time ( h r s )  

2 

3 

4 

5 

Chanqes in CdS Film Thickness ~ n d  Deuositton T i m e  For 
2 V o l .  of Sc(NH212.  

4.1.t s l m  Thickness Versus  ---  tin?^: 

Thickness (rn) for 10ml 
of IM ( M H ~ ) ~  

1 - 7 3  lr7 
3.77 16' 

4 . 6 3  lr7 
7 . g ~  * 16 

7 

T h e  deposition of CdS was observrd to take p t  ace first 

r a p i d l y  inc! slows down latter. ( C h o p , - i  and D~T.)" hold that 

growth k i n e t i c s  of a t -h ln  f i l m  i:: ( l ~ t ~ r m i n e d  by i o n - b y - i o n  

d e p o s i  t l n n  of t h e  c h a l < s o q ~ n _ i d ~  on nur.1 p a t ' o n  s j  t o s  nn the 

substrate surface. Sincc 3n incubation p4r101 is r e q u i r e d  

f irst ,  qrcwth is slow and when t h e s ~  s i tes  are established 

T h i c k n e s s  (m9 for 
Z O ~ I  of IM S C ( N H ~ ) ~  

6.09 ? r 7  

7 . 9 7  - 7 c 7  

9 .72  1 c 7  

12-2 * 1r7 

6 I 8.71 lr7 

I 

i o n i c  p r o d ~ t c t  (TP 1 e q ~ ~ a l  s s o l u b i . 1  i t y  product. ,  T h e  pc'riod of 

10.9 qr7 



4.1.2 T h i c k n e s s  V e r s u s  Volume Of T B q t  

T h e  c h a n g e s  i n  thickness .for 2 v o l u m e s  of TEA were 

r t u d i e d  and t h i s  i s  r e p r e s e n t e d  i n  Pig. 4, T h e  ra te  of 

d e p o s i t i o n  is seen to b e  more when  t h e ' v a l u m e  of TEA i s  

s m a l l e r ,  T h i s  goes t o  c o n f i r m  t h e  fact t h a t  co rnp l ex ing  

agents turn to r e g u l a t e  the r a t e  of c o m b i n a t i o n  of cations 

a n d  a n i o n s  i n  a c h e m i c a l  b a t h ,  

4.1.3 T h i c k n e s s  Versus Volume of NHpr 

~ m m o n i a  s o l u t i o n  was u s e d  p r i m a r i l y  t o  r e g u l a t e  and  

pravldo t h e  d e s l r e d  pH f o r  t h e  growth of CdS t h i n  film. T h e  

study was f o r  ( a )  1 O m l  1 7 . 0 5 ~  N H 3  and (b) n o  NHp u s e d ,  a s  

r e p r e s e n t e d  i n  F i g  5. I t  i s  observed t h a t  t h e  r a te  of g r o w t h  

was much pronounced when the pH was higher. I n  ( a )  t h e  pH 

was 11 w h i l e  t h e  pH o f  (bl was 8, H e n c e  o n e  c a n  c o n c l u d e  t h a t  

CdS t h i n  f i l m  g r o w s  b e t t e r  i n  b a s i c  media, 

4.1.4 T h i c k n e s s  Versus Volume Of T h i o u r e a r  

T h e  c h a n g e s  i n  t h i c k n e s s  for two v o l u m ~ s  of W t h i o u r e a  

s o l u t i o n  was s t u d i e d  f o r  ( a )  lorn1 and ( b )  20ml as shown i n  

F i g ,  6. . I t  was observed t h a t  t h e  r a t e  of &wth of CdS t h i n  

f i l m  is  i n f l u e n c e d  by t h e  p o p u l a t i o n  of a n i o n s  i n  t h e  path. 
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Rg .4  Changes in Cds films thickness ond deposition time for 2 volumes 
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Fig. 6 Changes in Cds films thickness and deposition time for 2 volumes 
of 9 C  ( N H 2 ) 2  : (a) 10 rnl of ( N h 2 I 2  ; (b) 2 0  ml of SC(NH2)2 



Fig. 7 Absorbance vs wavelength of the same concentrotion 
o b w v e d  over different hours 



( n m )  m. 8 Abwbonce v r  wavelength of the r a m  concentmtion observed 
aver ditfenro) hours 
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Ag* 9 Abwrbance vs wavelength of the same concentration observed 

over different times 



m. 10 Absorbance vs wavelength of the some concentration observed 
aver different times 



( n m )  . 

fig. I1 Absorbance vs wavelength observed over 2 hours 



Fig. 12 Abrorbance vs wavelength observed over 4 hours 



4.3 hbsorbance  Versus waveleny th:  

Wevelenqth ~bsorbance (oO 
Lnabi t r a r y  
~rll ts 

l o  70  

1-74 

1.82 

1-04 

1-76 

2-52 

1 s  30  

0.93 

0-59 

0- 37 

wave1 cnqth 
(nm). 

absorbance(  o( ) 
i n  a b i t r a r y  
u n i t s  

0.25 

0-16 

00 12 

0.00 

0.04 

0-02 

0.02 

0.03 

0.06 

Table 4: 



Wavelength 
(mn) 

absorilat~ce( ) 
Ln a b i t r a r y  

u n i t s  

Absorbance ( ) 
i n  a b i t r a r y  

u n i t  

1.12 

0.92 

0.74 

0.55 

0.40 

0.39 

0.40 

Om42 

Om46 

0.52 

T a b l e  53 

The v a l u e  got by e x t r a p b l a t i o n  from the a b s o r p t i o n  

s p c t r a  as  shown i n  Figs. 11 and 1 2  was used  to c a l c u l ' a t e  the 

band gap, 

The va lue  gf the band gap g o t  bas  2.43 2 0.01 cV. This 

value compared f avourably with the c h m a c t e c i s t I c  band qap 

for CdS 2.420aY a t  2 9 0 C . ~ ~  
1 



Fig, 7 shows c u r v e s  of absorbance versus wavelenoth far 
. " 

the same concentratlon of 1hl l i x l  ( ~ ~ 3 ~ 0 0 )  2 ~ d , 2 ~ 2 0 ,  10ml 

7.45M TEA, lorn1 17.0SM NH3, 1 O m l  l M  SC(NH212 observed over 

a period of 2 to 6 hours. 

Fiq, R shows curves of absorbance versus wavelsnqth far 

the same concentration of 1hl W (CHjC00)2Cd,ZH20, l O m l  

7 . 4 5 ~  TEA, 1Onl M Sc(WH212 and no Nff3 observed over a 

period of 2 to 6 hours .  

Fig. 9 shows curves of absorbance versus w a v ~ l ~ n q t h  for  

the stme concentratlon of lhl UI (CHJCOO)2 Cd.2H20, lorn1 

7 . 4 5 ~  TEA, lhl 17 .05~  NH3 and 2 h l  1M SC(NH2l2 o b s e r v e d  

aver a period of 2 to 6 hours. 

Fig. 10 shaws curves of absorbance versus wavelength 

for t h e  same concentration of 10ml (CH3C00) *Cd.2H2), 5ml 

7.4511 TEA, 101111 17.05~1 NH3, 2 O m l  in Sc(NH2I2  observed over 

a period of 2 to 6 hours, 

Pig 11 and 12 are of t h e  same concentration a s  Fig, 7, 

observed over 2 and 4 hours respectively, 

The ourves in all cases showqd the same patter, but for 
8 .  

t h e  case where NU3 was n o t  used,  The  maximum absorbance for 
I 

P i g  8 is between 700-(300nm while t h a t  of t h e  others f a l l  

between 250-3S0nme This is the ultraviolet region, 
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4 - 3  CONCLUSION 

Cadmium s u l p h l d e  (Cd?)  i s  a c r y s t s l l i n ~  s u b s t a n c e  i n  two 

' s o l i d  phases; o(-CdS and @.-C~S. Both  m o d i f i c a t i o n s  are  

ohnerved a t  a l l  t e m p e r a t u r e s  a n d  t h e i r  c d a x i ~ t a n c e  i s  a 

, f u n c t i o n  of s u b s t r a t e  t e m p e r a t u r e  and  t h i n  f i l m  thickness. 

T h e  admixtures of O( and ,d i n  d i f f e r e n t  p r o p o r t i o n s  a c c o u n t  

f a r  t h e  c a l o u r  v a r l a t i o n . 3 ,  Nben i n  tufts of h a i r - l i k e  

n e e d l e s  c r y s t a l s  arc y e l l o w ,  w h e r e a s  l a r q e r  crystals are 

b rown i sh -ye l l ow ,  T h i s  i s  d u e  t o  t h e  r e l a t i v e  amnunt- of liqht 

t h a t  is transmi ttcd and reflected, ( 6 3 ,  64) 

', 
The deposition of n-type t h i n  f i l m  of CdS on q l a s s  s u b s t r a t e  

ha4 been succassful .  The band gap o f  2.43 A 0 , O l s V  a t  30% 

compares favourably w i t h  t h e  c h a r a c t e r i s t i c  b a n d g a p  of 2.42eV 

Prom o a u a t i o n  (1.6) which  states t h u s z  

n  - Voc Jsc FP 
P i n  

w e  see t h a t  l a r g e  v a l u e s  o f  Voc and  Jsc if g e n e r a t e d ,  y i e l d  

h i g h e r  e f f i c i e n c y ,  ~ r a c t ' i c a l l ~  t h i s  i s  n o t  t h e  case a s ' V o c  

c a n n o t  e x c e e d  t h e  band  g a p  o f  t h e  s emiconduc to f ' ,  65 H e n c e  
\ 

m a t e r i a l s  w i t h  l a r g e r  band  qaps g e n e r a t e  larqer v a l u e s  of VoC 

and  are more e f f i c i e n t ,  CdS t h i s  h a s  t h e  a d v a n t a g e  of a 

large band  hap and  p e r f o r m a n c e  better e v e n  a t  h i g h  t e n p e r a t l i r a s  

a n d  i n t e n s i t i e s ,  s i n c e  s e m i c o n d u c t o r s  w i t h  l a r g e r  band  q a p s  
1 * 

g e n e r a t e  lesser c l e c t r o n ~ h o l e  pa i r s .  € l . e c t r & n - h o l e  p a i r s  a rc  

r e s p o n s i b l e  f o r  u n c o n t r o l l e d  t e m p e r a t u r e  d e p e n d e n t  c u r r e n t  



f l o w ,  The  bdrld qdp of L^dS makes i t  a p o t e n t i a l  m a t e r i a l  f o r  

solar  cells, 

We have also s e e n  t h a t  s o l u t i o n  growth t e c h n i q u e  d e p o s i t s  

t h i n  films t h a t  c o m p a r e  f a v o u r a b l y  with those produced by o t h e r  

me thods .  I t  h a s  t h e  a d v a n t a g e  of l o w  cos t  a s  i t  does not 

r e q u i r e  s o f f i s t i c a t e d  e .qu ipments ,  

TEA has also been Shown t o  be a good complexing a g e n t  

f o r  CaS t h i n  f i l m  g r o w t h .  

Suqqeation For F u r t h e r  Studyx 

Due to t h e  inability to m e a s u r e  o t h e r  m a t e r i a l  properties 

1 L k e ;  r e s i s t i v i t y ,  m i n o r i t y  carrier, l i f e - t i m e ,  c a r r i e r  

recombination v e l o c i t y ,  qra3.n s i ze  etc, a complete assessment 

of t h e  f i l m  ha8 n o t  been p o s s i b l e ,  With i m p r o v e d  f a c i l i t i e s ,  

t h e s e  p r o p e r t i e s  c o r ~ l d  he  assesed, A l s o ,  the v a r i a t i o n  of 

f i l m  t h i c k n e s s  a q a i  n s  t g r o w t h  t i m e  f o r  o t h e r  t e m p e r a t u r e s  

c o u l d  be s t u d l e d ,  

By c a r r y i n g  o n  f u r t h e r  s t u d y ,  t h e  e x a c t  a m o u n t s  of t h e  

substances u s e d  c o u l d  be d e t e r m i n e d  and  a c e r t a i n e c l  to  yield 

maximum , t h l . c k n e s s ,  
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