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SUMMARY

The p u r p o s e  o f  t h e  w o rk  r e p o r t e d  i n  t h i s  t h e s i s  

was t w o - f o l d .  The f i r s t  o b j e c t i v e  was t o  i n v e s t i g a t e  

t h e  i n c o r p o r a t i o n  b e h a v i o u r  o f  b o t h  z i n c  ( Z n )  and 

b e r y l l i u m  ( Be )  i n  m o l e c u l a r  beam e p i t a x y  (MBE) g r own  

i n d i u m  p h o s p h i d e  ( I n P )  w i t h  a v i e w  t o  g r o w i n g  d e v i c e  

q u a l i t y  p - t y p e  I nP  m a t e r i a l .  S e c o n d l y ,  a deep l e v e l  

t r a n s i e n t  s p e c t r o s c o p y  (DLTS)  s y s t e m  was d e s i g n e d  and 

c o n s t r u c t e d  i n  o r d e r  t o  d e t e c t  and p o s s i b l y  i d e n t i f y  

deep l e v e l  m a j o r i t y  c a r r i e r  t r a p p i n g  c e n t r e s  i n  MBE g r own  

I n P ,  t h e  a i m b e h i n d  t h i s  i n v e s t i g a t i o n  b e i n g  t o  p r o v i d e  

f e e d b a c k  i n f o r m a t i o n  i n  o r d e r  t o  i m p r o v e  t h e  q u a l i t y  o f  

I nP g r own  by MBE,

P r i o r  t o  c omme nc i ng  t h e  d o p i n g  s t u d y  an i n v e s t i g a t i o n  

was c a r r i e d  o u t  i n t o  t h e  g r o w t h  o f  u n i n t e n t i o n a l l y  doped 

I nP by MBE o n t o  F e - d o p e d  s e m i - i n s u l a t i n g  I nP  s u b s t r a t e s  

w h i c h  we re  a t o m i c a l l y  c l e a n e d  i n - v a c u o  by t h e  p r o c e s s  o f  

a r g o n  i o n  s p u t t e r i n g  f o l l o w e d  by a n n e a l i n g .  H a l l - e f f e c t  

and p l a s m a  r e f l e c t i v i t y  m e a s u r e m e n t s  made on u n i n t e n t i o n a l l y  

doped InP f i l m s  g r own  o n t o  s p u t t e r e d  and a n n e a l e d  

s u b s t r a t e s  y i e l d e d  s u b s t a n t i a l l y  d i f f e r e n t  r e s u l t s ;  H a l l -  

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

c o n c e n t r a t i o n s  N ^ - N ^  o f  ~ 3 x l 0 ^ ^ c m  ^ and e l e c t r o n  m o b i l i t i e s  

< 1000 cm^V s  ̂ a t  R . T .  w h i l e  h i g h e r  e l e c t r o n  m o b i l i t i e s ,
2__1 _-*i

t y p i c a l  p 3 , 0 0 0  cm V~ s~ , we re  o b t a i n e d  by t h e  p l as ma

17 —3r e f l e c t a n c e  t e c h n i q u e  w i t h  N ^ - N^  b e i n g  = 10 cm . T h i s  

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

i n t e r f a c e  r e g i o n  was s e r i o u s l y  i n f l u e n c i n g  e l e c t r i c a l



m e a s u r e m e n t s  on t h e  f i l m s  and an i n v e s t i g a t i o n  i n t o  t h e

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

on s u b s t r a t e  s u r f a c e s  was i n i t i a t e d  t o  v e r i f y  t h i s

h y p o t h e s i s .  H a l l - e f f e c t  and C-V p r o f i l i n g  t e c h n i q u e s

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

i s  c o n v e r t e d  t o  n - t y p e  w i t h  N ^ - N ^  i n  t h e  r a n g e  l O ^ ^ - l O ^ ^ c m  ^
o

t o  a d e p t h  o f  ^ 1 , 0 0 0 A  as a r e s u l t  o f  t h e  s p u t t e r i n g  and 

a n n e a l i n g  p r o c e s s .  Hence f i l m s  g rown  o n t o  s p u t t e r e d  and 

a n n e a l e d  s u b s t r a t e s  a r e  i n t e r f a c e d  b y ’ a c o n d u c t i n g  l a y e r .

Zn was f o u n d  t o  have  a n e a r  u n i t y  s t i c k i n g  c o e f f i c i e n t

on ( 1 0 0 )  I nP g r own  by MBE a t  s u b s t r a t e  t e m p e r a t u r e s

a r o u n d  360°C and Zn c o n c e n t r a t i o n s  up t o  ~ 4 x l 0 ^ ^ c m ~ ^  were

a c h i e v e d  i n  f i l m s  as me as u r e d  by a t o m i c  a b s o r p t i o n

s p e c t r o m e t r y  a n a l y s i s  w i t h  no a p p a r e n t  d e g r a d a t i o n  o f

e i t h e r  t h e  s u r f a c e  m o r p h o l o g y  o r  c r y s t a l  s t r u c t u r e .

P l asma r e f l e c t i v i t y  m e a s u r e m e n t s  on Zn doped  f i l m s  y i e l d e d

17 -3n e t t  d o n o r  c o n c e n t r a t i o n s  o f  = 10 cm”  and e l e c t r o n  

m o b i l i t i e s  i n  t h e  r a n g e  2 , 5 0 0 - 3 , 0 0 0  cm^V ^ s ” ^ ,  i e  t h e  

e l e c t r i c a l  p r o p e r t i e s  o f  Zn doped f i l m s  we re  a l m o s t  

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

i n d i c a t i n g  t h e  Zn c o n t e n t  i n  MBE g rown  I nP t o  be e l e c t r i c a l l y  

i n - a c t i v e .  Be was a l s o  shown t o  have a u n i t y  s t i c k i n g

c o e f f i c i e n t  on ( 1 0 0 )  I nP g r own  by MBE a t  s u b s t r a t e

t e m p e r a t u r e s  a r o u n d  360°C and Be c o n c e n t r a t i o n s  i n  f i l m s  

r a n g i n g  f r o m  5 x l 0 ^ ^ c m  ^ t o  2 x l 0 ^ ^ c m ” ^ we re  a c h i e v e d  as 

m e a su r ed  by a t o m i c  a b s o r p t i o n  s p e c t r o m e t r y  a n a l y s i s .

The Be c o n t e n t  i n  MBE g rown  InP f i l m s  was shown t o  be 

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



i n c o r p o r a t i o n ;  Be doped f i l m s  we re  f o u n d  t o  be h i g h l y

c o m p e n s a t e d  n - t y p e .

U n i n t e n t i o n a l l y  doped InP g rown  by MBE was shown t o

c o n t a i n  a d o m i n a n t  deep l e v e l  e l e c t r o n  t r a p  by deep l e v e l

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

a c t i v a t i o n  e n e r g y  t o  t h e  c o n d u c t i o n  band o f  0 . 5 9 e V  and a

- 1 2  2c a p t u r e  c r o s s - s e c t i o n  o f  1 . 8 x 1 0 ”  cm . The c o n c e n t r a t i o n  

o f  t h e  deep l e v e l  t r a p  was f o u n d  t o  be d e p e n d e n t  on t h e  

s u b s t r a t e  t e m p e r a t u r e  d u r i n g  g r o w t h ;  t h e  t r a p  

c o n c e n t r a t i o n  i n c r e a s e d  f r o m  B x l O ^ ^ c m ” ^ t o  3 x l 0 ^ ^ c m ” ^ 

as t h e  s u b s t r a t e  t e m p e r a t u r e  was l o w e r e d  f r o m  360°C t o  30G°C.
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CHAPTER 1 

INTRODUCTION

1 . 1  I n t r o d u c t i o n

M o l e c u l a r  beam e p i t a x y  (MBE) i s  a h i g h  vacuum

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

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

a t oms  o r  m o l e c u l e s  i m p i n g i n g  on a s i n g l e  -  c r y s t a l

s u b s t r a t e   ̂^ ^ \  MBE has been d e v e l o p e d  o v e r  t h e  p a s t

dec ade  o r  so and i s  now n o t  o n l y  an i m p o r t a n t  t e c h n o l o g y

f o r  t h e  f a b r i c a t i o n  o f  m i c r o w a v e  and e l e c t r o - o p t i c

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

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

( 1 2 )i n s u l a t o r s  ( s e e ,  f o r  e x a m p l e ,  Cho ' ) .  The MBE

t e c h n i q u e  i s  s u p e r i o r  t o  o t h e r  e p i t a x i a l  g r o w t h

t e c h n i q u e s  s uc h  as l i q u i d  pha se  e p i t a x y  (LPE)  and v a p o u r

pha se  e p i t a x y  (VPE)  i n  t h a t  u l t r a  t h i n  l a y e r s  o f  e x t r e m e

s m o o t h n e s s  can be r e p r o d u c i b l y  g rown  w i t h  t a i l o r e d  d o p i n g

p r o f i l e s  a n d / o r  c o m p o s i t i o n  on an a t o m i c  s c a l e  n o r m a l  t o

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

(1 3 )a f f o r d e d  by MBE was f i r s t  d e m o n s t r a t e d  by Chang e t  a l

f o r  MBE g r o w t h  o f  GaAs /  A l ^  Ga^ ^As s u p e r l a t t i c e s

c o n s i s t i n g  o f  s e v e r a l  a l t e r n a t e  l a y e r s  o f  GaAs and
0

A l ^ G a ^ _ ^ A s  w i t h  l a y e r  t h i c k n e s s  as l o w  as 5GA. More

r e c e n t l y ,  P l o o g  e t  a l  have  r e p o r t e d  t h e  g r o w t h  by

MBE o f  a n o v e l  s u p e r l a t t i c e  s t r u c t u r e ,  known as t h e  " n i p i "

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

(200A -► 150QA) p -  and n —t y p e  GaAs l a y e r s  s e p a r a t e d  by



i n t r i n s i c  ( i - )  l a y e r s .  Such a s t r u c t u r e ,  w h i c h  p r i o r  

t o  t h e  d e v e l o p m e n t  o f  MBE was o n l y  c o n s i d e r e d  on a 

t h e o r e t i c a l  b a s i s , m a y  have  an e f f e c t i v e  e n e r g y - g a p  o f  

any  v a l u e  b e t w e e n  t h e  e n e r g y - g a p  o f  b u l k  GaAs ( l , 4 5 e V )  

and z e r o ,  d e p e n d i n g  on t h e  c h o i c e  o f  l a y e r  t h i c k n e s s  and 

c a r r i e r  c o n c e n t r a t i o n .  F u r t h e r m o r e ,  t h e  c a r r i e r  

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

n i p i  c r y s t a l s  can  be m o d u l a t e d  w i t h i n  w i d e  l i m i t s  by  t h e  

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

v o l t a g e - t u n a b l e  s e m i c o n d u c t o r  l a s e r  ( s e e ,  f o r  e x a m p l e ,

Doh i e r  and P l o o g  ^ ^ ^  ^ .

MBE l e n d s  i t s e l f  t o  t h e  f a b r i c a t i o n  o f  c o m p l e x  

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

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

e v a p o r a t e d  as s e p a r a t e  a t o m i c  o r  m o l e c u l a r  beams h a v i n g  

p r e c i s e l y  c o n t r o l l e d  e f f u s i o n  r a t e s  and w h i c h  can  be 

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

e p i t a x i a l  g r o w t h  i s  t a k i n g  p l a c e .  An i l l u s t r a t i o n  o f  a 

t y p i c a l  MBE g r o w t h  a r r a n g e m e n t  i s  shown i n  F i g .  1 . 1 .  

F u r t h e r m o r e ,  s u b s t r a t e  t e m p e r a t u r e s  d u r i n g  MBE a r e  l o w  

( e g ,  55G°C f o r  GaAs)  c om pa r ed  t o  t h o s e  r e q u i r e d  f o r  LPE 

( B 5 0 ° C )  and VPE ( 7 5 G ° C ) ;  c o n s e q u e n t l y  d o p a n t  

i n t e r d i f f u s i o n  b e t w e e n  a d j a c e n t  l a y e r s  i s  m i n i m a l  i n  MBE 

and t h e r e f o r e  h y p e r a b r u p t  p - n  j u n c t i o n s  a r e  p o s s i b l e .

1 . 1 . 1  M o l e c u l a r  Beam E p i t a x y  o f  Compound S e m i c o n d u c t o r s  

MBE o f  I I I - V  compounds  has i t s  o r i g i n s  i n  t h e  s o -  

c a l l e d  " t h r e e - t e m p e r a t u r e "  t e c h n i q u e  d e v e l o p e d  by G u n t h e r ^ ^ ^ ^
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The t h r e e - t e m p e r a t u r e  t e c h n i q u e  f o r  t h e  vacuum

d e p o s i t i o n  o f  I I I - V  compounds  r e l i e d  on t h e  much l o w e r

v a p o u r  p r e s s u r e  o f  t h e  g r o u p  V e l e m e n t  o v e r  t h e  I I I - V

compound t h a n  o v e r  t h e  p u r e  g r o u p  V s o l i d .  A g r o u p  V

e l e m e n t  s o u r c e  oven  was h e l d  a t  a t e m p e r a t u r e  T^ t o

m a i n t a i n  a s t e a d y  p r e s s u r e  i n  t h e  vacuum c h a m b e r ,  w h i l e  a

s e p a r a t e  g r o u p  I I I  e l e m e n t  s o u r c e  oven  was h e l d  a t  a

h i g h e r  t e m p e r a t u r e  T^ t o  p r o v i d e  a f l u x  o f  a t oms  i n c i d e n t

on t h e  s u b s t r a t e ,  t h e  s u b s t r a t e  b e i n g - m a i n t a i n e d  a t  an

i n t e r m e d i a t e  t e m p e r a t u r e  T^ w h i c h  was h i g h  enough  t o

e l i m i n a t e  t h e  c o n d e n s a t i o n  o f  e x c e s s  g r o u p  V e l e m e n t  on

t h e  s u r f a c e .  T h i s  t e c h n i q u e  r e s u l t e d  i n  t h e  g r o w t h  o f

s t o i c h i o m e t r i c  f i l m s  o f  a number  o f  b i n a r y  and t e r n a r y

I I I - V  c om p o u n d s ;  h o w e v e r ,  s i n c e  t h e  s u b s t r a t e s  we re

u s u a l l y  g l a s s  t h e  d e p o s i t e d  f i l m s  we re  i n v a r i a b l y

p o l y c r y s t a l l i n e .  E p i t a x i a l  g r o w t h  o f  GaAs by t h e  t h r e e -

t e m p e r a t u r e  me thod  was f i r s t  d e m o n s t r a t e d  by Davey  and

Pankey  on b o t h  GaAs and Ge s u b s t r a t e s  w h i c h  were

a t o m i c a l l y  c l e a n e d  i n - v a c u o  by an i o n  b o mb a rd me n t

t e c h n i q u e .  The i o n  bomba rdmen t  s u b s t r a t e  c l e a n i n g

p r o c e s s  used  by t h e s e  a u t h o r s  was l a t e r  shown by Auge r

(1  7 )e l e c t r o n  s p e c t r o s c o p y  (AES)  s t u d i e s  ’ t o  r e s u l t  i n  t h e

r e m o v a l  o f  c o n t a m i n a n t s  s uc h  as C and 0 f r o m  GaAs s u r f a c e s

p r i o r  t o  e p i t a x i a l  f i l m  d e p o s i t i o n .  A r o u n d  t h e  same t i m e

(1 8 )an i n v e s t i g a t i o n  was r e p o r t e d  by A r t h u r  * i n t o  t h e  

k i n e t i c s  o f  t h e  i n t e r a c t i o n  o f  c o l l i m a t e d  m o l e c u l a r  beams 

o f  Ga and As^ w i t h  a GaAs s u r f a c e  u s i n g  m o d u l a t e d  beam 

mass s p e c t r o m e t r y  t e c h n i q u e s .  T h i s  s t u d y  r e v e a l e d  t h a t  

a bove  a s u b s t r a t e  t e m p e r a t u r e  o f  500K t h e  a d s o r p t i o n  o f



As^ on GaAs was d i r e c t l y  d e p e n d e n t  on t h e  s u r f a c e

p o p u l a t i o n  o f  Ga a d a t o m s .  I t  was e s t a b l i s h e d  t h a t  i f  an

a r s e n i c  m o l e c u l e  e n c o u n t e r e d  a f r e e  Ga atom d u r i n g  i t s

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

w h i l e  i f  no f r e e  g a l l i u m  was a v a i l a b l e  t h e  a r s e n i c

m o l e c u l e  r e - e v a p o r a t e d  f o l l o w i n g  s u r f a c e  m i g r a t i o n .

These o b s e r v a t i o n s  s u g g e s t  t h a t  t h e  g r o w t h  r a t e  o f  GaAs

i s  c o n t r o l l e d  by t h e  a r r i v a l  r a t e  o f  Ga a t oms  w h i l e

s t o i c h i o m e t r i c  g r o w t h  i s  e n s u r e d  p r o v i d e d  an e x c e s s  o f

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

i n t e r p r e t a t i o n  has s i n c e  been f o u n d  t o  be somewhat

o v e r s i m p l i f i e d  ( s e e ,  f o r  e x a m p l e ,  Foxon and J o y c e

c o n s i d e r a b l e  s u c c e s s  was a c h i e v e d  i n  g r o w i n g

s t o i c h i o m e t r i c  GaP and GaAs^P^ ^ f i l m s  as w e l l  as GaAs'

f i l m s  on GaAs s u b s t r a t e s  by MBE u s i n g  s i m i l a r  m o l e c u l a r

(1 9 )beam f l u x  c o n d i t i o n s  * . MBE o f  I I I - V  compounds  and

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

f o l l o w i n g  t h e  i n c o r p o r a t i o n  i n t o  MBE s y s t e m s  o f  AES 

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

f i l m  d e p o s i t i o n ,  and r e f l e c t i o n  h i g h - 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  (RHEED) s y s t e m s ,  t o  m o n i t o r  f i l m  c r y s t a l l i n i t y  

and s u r f a c e  s t r u c t u r e s  d u r i n g  g r o w t h  ( s e e ,  f o r  e x a m p l e ,

Cho ( I ' l ) ) .

Much o f  t h e  e a r l y  m o t i v a t i o n  f o r  MBE r e s e a r c h  was t o  

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

m u l t i p l e - l a y e r  GaAs -  A l ^Ga^  ^As s t r u c t u r e s  f o r  i n j e c t i o n  

l a s e r s .  I n  19 7 6 ,  Cho e t  a l  d e m o n s t r a t e d  t h e  f i r s

c o n t i n u o u s  room t e m p e r a t u r e  o p e r a t i o n  o f  an MBE grown



GaAs -  A l  Ga. As d o u b l e  h e t e r o s t r u c t u r e  l a s e r
X I - X

(DH l a s e r ) ,  a l t h o u g h  a t  t h a t  t i m e  t h e  t h r e s h o l d  c u r r e n t

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

grown by LPE.  By e a r l y  1979 ,  f u r t h e r  i m p r o v e m e n t s  i n

vacuum a p p a r a t u s  and g r o w t h  t e c h n i q u e s  y i e l d e d  l a s e r s  w i t h

t h r e s h o l d  c u r r e n t  d e n s i t i e s  even  l o w e r  t h a n  t h o s e  o f

c o m p a r a b l e  l a s e r s  g r own  by LPE and t o d a y  GaAs -  A l ^ G a ^ _ ^ A s

DH l a s e r s  w i t h  R . T .  t h r e s h o l d  c u r r e n t  d e n s i t i e s  o f  1 t o  1 . 5  
_ 2

kA cm o r  l o w e r  can now be p r e p a r e d  a l m o s t  r o u t i n e l y  by

MBE. I n  a d d i t i o n  t o  t h e  f a b r i c a t i o n  o f  DH i n j e c t i o n  

l a s e r s  MBE o f  GaAs and A l ^ G a ^ _ ^ A s  has been s u c c e s s f u l l y  

a p p l i e d  i n  o t h e r  d e v i c e  a r e a s .  Fo r  e x a m p l e ,  GaAs and 

A l ^ G a ^ _ ^ A s  o p t i c a l  w a v e g u i d e s  have been g r own  by a 

s e l e c t i v e  a r e a  g r o w t h  t e c h n i q u e  u s i n g  S i  shadow masks .

S i n g l e  and m u l t i l a y e r  s t r i p e - m e s a  w a v e g u i d e s  w i t h  w i d t h s  

as n a r r o w  as 1 wm have been r e p o r t e d  u s i n g  t h i s  t e c h n i q u e ^ ^ ^  

A l s o ,  t h e  o p e r a t i o n  o f  h i g h  p e r f o r m a n c e  MBE g rown  GaAs 

m i c r o w a v e  d e v i c e s ,  s uc h  as v a r a c t o r s  ^ ^ * ^ 2 ) ^  IMPATT d i o d e s ^ * ^ ^ ^  

and MESFETS ^ ^ * ^ 4 ) ^  has been d e m o n s t r a t e d .  Because  t h e  

d o p i n g  p r o f i l e  i s  c r i t i c a l  i n  suc h  a p p l i c a t i o n s  MBE i s  

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

Over  t h e  l a s t  f ew y e a r s  t h e  r a n g e  o f  s e m i c o n d u c t o r  

m a t e r i a l s  g r own  by MBE has been e x t e n d e d  d r a m a t i c a l l y  and 

now i n c l u d e s  I I I - V ,  I I I - I I I - V ,  I I I - I I I - V - V ,  1 1 1 - I  I I - 1 1 1 - V , 

I I - V I ,  and I I - I I - V I  c ompou nds .  F i g .  1 , 2  d e t a i l s  t h e  

s e m i c o n d u c t o r s  t h a t  have been p r e p a r e d  by MBE i n  r e l a t i o n  

t o  t h e i r  e n e r g y - g a p s .
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1 , 1 . 2  D e v i c e  A p p l i c a t i o n s  o f  InP

The q u a t e r n a r y  compound G a ^ I n ^ _ ^ A S y P ^ _ y  ( se e  F i g .  1 . 2 )

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

a p p l i c a t i o n  o f  s o u r c e s  and d e t e c t o r s  based  on t h i s

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

Ga I n .  As P. i s  a p a r t i c u l a r l y  a t t r a c t i v e  s e m i c o n d u c t o r  
X 1 - X  y 1 -  y

compound s i n c e  t h e  e n e r g y - g a p  o f  t h e  a l l o y  can  have any

v a l u e  b e t w e e n  1 . 3 5 e V  and 0 . 7 5 e V  (0.9vim + 1. .65ym)

d e p e n d i n g  on t h e  c h o i c e  o f  x and y w h i l e  m a i n t a i n i n g  an

e x a c t  l a t t i c e  ma t ch  w i t h  I n P .  S i n c e  p r e s e n t - d a y  u l t r a -

l ow- GH c o n t e n t  o p t i c a l  f i b r e s  e x h i b i t  min imum a t t e n u a t i o n

o v e r  a band o f  w a v e l e n g t h s  r a n g i n g  f r o m  1 t o  1 .6pm  ̂^ \

—  1t h e  t r a n s m i s s i o n  l o s s  i n  t h i s  ' w i n d o w ' b e i n g  < ldBkm

( s e e  F i g .  1 . 3 ) ,  s e m i c o n d u c t o r  l a s e r s  w i t h  Ga I n .  As P.^ ’ X 1 - X  y 1 - y

a c t i v e  r e g i o n s  a r e  i d e a l  as p o t e n t i a l  s o u r c e s  i n  o p t i c a l -  

f i b r e  c o m m u n i c a t i o n  s y s t e m s .  C o n t i n u o u s  R . T .  o p e r a t i o n  

o f  LPE g rown  “  1 - 1 8 )  and VPE grown

I n P / G a l n A s P / I n P  DH l a s e r s  e m i t t i n g  i n  t h e  1 . 1  + 1 . 3  pm 

r a n g e  has been d e m o n s t r a t e d ;  a t y p i c a l  I n P / G a l n A s P / I n P  

DH l a s e r  s t r u c t u r e  i s  i l l u s t r a t e d  i n  F i g .  1 . 4 ,  MBE g r o w t h  

o f  s u c h  l a s e r  s t r u c t u r e s ,  h o w e v e r ,  i s  i n  a much e a r l i e r  

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

t h e  q u a t e r n a r y  l a y e r  on a c c o u n t  o f  t h e  g r e a t l y  d i f f e r i n g  

p h y s i o c h e m i c a l  p r o p e r t i e s  o f  As and P ^ ^ * 2 0 ) ^  MBE g r o w t h  

o f  t h e  t e r n a r y  compound Ga^ In^  ^As w h i c h  l a t t i c e  m a tc h e s  

t o  I nP f o r  X = 0 , 4 7  i s  a s i m p l e r  p r o p o s i t i o n  and has been
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( l  21 “  1 25 )r e p o r t e d  by s e v e r a l  a u t h o r s  * * . F u r t h e r m o r e ,

R . T .  o p e r a t i o n  o f  l a t t i c e - m a t c h e d  I n P / G a ^  ^ ^ A s / I n P

DH l a s e r s  g rown  by MBE w i t h  p u l s e d  e m i s s i o n  a t  1 . 65pm has 

been r e p o r t e d  by M i l l e r  e t  a l   ̂^ \  I n  t h e  l a s e r  

s t r u c t u r e  r e p o r t e d  by t h e s e  a u t h o r s  Ge was used  as t h e  

n - t y p e  d o p a n t  f o r  t h e  n - t y p e  InP c l a d d i n g  l a y e r  w h i l e  t h e  

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

o f  Cd, i e  t h e  p - t y p e  InP l a y e r  was n o t  g r own  d i r e c t l y  by 

MBE. ■ '

I t  i s  o b v i o u s  f r o m  t h e  f o r e g o i n g  d i s c u s s i o n  t h a t  InP 

has become an i m p o r t a n t  m a t e r i a l  w i t h  r e g a r d  t o  t h e  

f a b r i c a t i o n  o f  modern  o p t o - e l e c t r o n i c  d e v i c e s .  The 

m a t e r i a l  a l s o  has  p o t e n t i a l  use i n  m i c r o w a v e  d e v i c e s  suc h  

as t r a n s f e r r e d  e l e c t r o n  o s c i l l a t o r s  and a m p l i f i e r s  

( 1 . 2 7 ,  1 . 2 8 )  whe re  I nP a p p e a r s  t o  y i e l d  l o w e r  n o i s e  d e v i c e s  

t h a n  GaAs.  These two p r i n c i p a l  a p p l i c a t i o n s  have 

s p u r r e d  on r e s e a r c h  e f f o r t s  i n  MBE o f  I nP i n  r e c e n t  y e a r s  

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

1 . 1 . 3  MBE o f  I nP -  A Rev iew

The g r o w t h  o f  ( 1 0 0 )  I nP by MBE f r o m  I n  and P^ beams

(1 29 )was f i r s t  r e p o r t e d  by F a r r o w  * , F a r r o w ' s  e a r l y

e x p e r i m e n t s ,  h o w e v e r ,  were  n o t  r e p r o d u c i b l e  s i n c e  h i s  

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

s a t i s f a c t o r i l y  r emove  s u r f a c e  c o n t a m i n a n t s  s u c h  as C and 0 

p r i o r  t o  f i l m  d e p o s i t i o n  McFee e t  a l

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



and t h e  e l e c t r i c a l  and o p t i c a l  p r o p e r t i e s  o f  I nP  f i l m s

g r own  f r o m  I n  and P^ m o l e c u l a r  beams on (111)  and ( Ï Î I )

o r i e n t a t e d  s u b s t r a t e s  w h i c h  were  c l e a n e d  i n - v a c u o  by an

a r g o n  i o n  bomba rdmen t  p r o c e s s .  These a u t h o r s  f o u n d  t h a t

t h e  o p t i mu m s u b s t r a t e  g r o w t h  t e m p e r a t u r e  was 450°C and

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

t h a t  t h e  s u r f a c e  m o r p h o l o g y  o f  ( 1 0 0 )  o r i e n t a t e d  InP f i l m s

was s u p e r i o r  t o  t h a t  o f  ( 1 1 1 )  and ( 1 1 1 )  o r i e n t a t e d  f i l m s .

N o r r i s  and S t a n l e y   ̂^ ^  s u b s e q u e n t l y  r e p o r t e d  a s t u d y

o f  t h e  s u b s t r a t e  t e m p e r a t u r e  l i m i t s  f o r  e p i t a x y  o f  ( 1 0 0 )

InP f r o m  I n  and P2 m o l e c u l a r  beams;  s u b s t r a t e  s u r f a c e s

were  a t o m i c a l l y  c l e a n e d  by t h r e e  500eV a r g o n  i o n

b o m b a r d m e n t / a n n e a l  c y c l e s .  The u p p e r  s u b s t r a t e

t e m p e r a t u r e  l i m i t  was f o u n d  t o  be 4 10 ° C ,  w i t h  w h i s k e r

g r o w t h  f r o m  I n  d r o p l e t s  s e c u r i n g  above  t h i s  t e m p e r a t u r e ,

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

t e m p e r a t u r e s  < lOO^C.  . These a u t h o r s  r e p o r t e d  an op t imum

g r o w t h  t e m p e r a t u r e  o f  360°C f o r  u n i n t e n t i o n a l l y  doped

InP f i l m s ;  f i l m s  g r own  a t  t h i s  t e m p e r a t u r e  we re  n - t y p e

w i t h  a n e t t  d o n o r  c o n c e n t r a t i o n  o f  ~ 2 x 1 0 ^ ^  cm~^ and

an e l e c t r o n  m o b i l i t y  ~ 3 , 0 0 0  cm^V ^s  ̂ a t  R . T .  A r o un d

(1 32 )t h e  same t i m e ,  Kawamura e t  a l  r e p o r t e d  t h e  g r o w t h

by MBE o f  h i g h  q u a l i t y  u n i n t e n t i o n a l l y  doped  ( 1 0 0 )  InP

f i l m s  f r o m  I n  and P^ m o l e c u l a r  beams.  A r e c e n t

d e v e l o p m e n t  has been t h e  g r o w t h  o f  m o l e c u l a r  beam e p i t a x i a l

I nP o n t o  s u b s t r a t e s  t h e r m a l l y  c l e a n e d  a t  ~ 5 0 0 ^ 0  i n  a Pg

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

(1 3 3)a r g o n  i o n  s p u t t e r i n g  f o l l o w e d  by a n n e a l i n g



(i+

T o - d a t e  v e r y  l i t t l e  has a p p e a r e d  i n  t h e  l i t e r a t u r e  

on n -  and p - t y p e  d o p i n g  o f  I nP g rown by MBE. M a t s u s h i m a  

e t  a l  r e p o r t e d  Sn doped n - t y p e  InP l a y e r s  g rown

on GaAs s u b s t r a t e s ,  h o w e v e r ,  no i n f o r m a t i o n  was g i v e n  on 

t h e  e l e c t r i c a l  and o p t i c a l  p r o p e r t i e s  o f  t h e  f i l m s .  

H o m o - e p i t a x i a l  Sn doped I nP f i l m s  were  r e p o r t e d  by M i l l e r  

e t  a l  1 . 3 6 )  ^ i t h  n - t y p e  d o p i n g  l e v e l s  r a n g i n g  f r o m

2 X 1 0 ^ ^  cm ^ t o  2 X 1 0 ^ ^  cm ^ . P - t y p e  d o p i n g  o f  InP 

g rown  by MBE has been b r i e f l y  r e p o r t e d  by Backmann e t  a l  

( 3 . 1 5 )  Mg, Be and Mn b u t  no d e t a i l s  o f  d o p i n g  r a n g e

a t t a i n e d ,  o r i e n t a t i o n  o f  s u b s t r a t e s  o r  g r o w t h  c o n d i t i o n s  

were  g i v e n .  S i n c e  v e r y  l i t t l e  a t t e n t i o n  has been g i v e n  

t o  d o p i n g  s t u d i e s  o f  MBE g rown  InP i t  i s  o b v i o u s  t h a t  a 

g r e a t e r  r e s e a r c h  e f f o r t  i s  r e q u i r e d  i n  t h i s  f i e l d  i f  I nP 

d e v i c e s  g r own  by MBE a r e  t o  be r e a l i s e d .

1 . 2  Aims o f  R e s e a r c h

The t wo  m a i n  o b j e c t i v e s  o f  t h e  wo rk  d e s c r i b e d  i n  t h i s  

t h e s i s  we re  as f o l l o w s :

_1 To i n v e s t i g a t e  t h e  use o f  b o t h  Zn and Be as p o s s i b l e

p - t y p e  d o p a n t s  i n  MBE g rown  I nP w i t h  a v i e w  t o  

p r o d u c i n g  d e v i c e  q u a l i t y  p - t y p e  m a t e r i a l .

_2 To d e s i g n  and c o n s t r u c t  a deep l e v e l  t r a n s i e n t

s p e c t r o s c o p y  (DLTS)  s y s t e m  i n  o r d e r  t o  f a c i l i t a t e  t h e  

d e t e c t i o n  and p o s s i b l e  i d e n t i f i c a t i o n  o f  deep l e v e l  

c a r r i e r  t r a p s  i n  MBE grown  I n P .  The p r i n c i p a l  aim 

b e h i n d  t h i s  w o rk  b e i n g  t o  p r o v i d e  f e e d b a c k  i n f o r m a t i o n  

i n  o r d e r  t o  i m p r o v e  t h e  q u a l i t y  o f  I nP  g r own  by MBE.
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1 . 3  Re v iew o f  C o n t e n t s  o f  T h e s i s

I n  c h a p t e r  2 t h e  b a s i c  p r i n c i p l e s  g o v e r n i n g  t h e  

g r o w t h  o f  I I I - V  compounds by MBE a r e  d i s c u s s e d .

P a r t i c u l a r  e m p h a s i s  i s  p l a c e d  on GaAs s i n c e  e x t e n s i v e  

s t u d i e s  have  been r e p o r t e d  on t h e  k i n e t i c s  o f  GaAs g r o w t h  

by MBE w h e r e a s  v e r y  l i t t l e  has been p u b l i s h e d  on t h e  

g r o w t h  k i n e t i c s  o f  o t h e r  I I I - V  compounds .  M o l e c u l a r  

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

i n  t h e  p r e s e n t a t i o n  o f  an e q u a t i o n  d e s c r i b i n g  t h e  

m o l e c u l a r  e f f u s i o n  r a t e  f r o m  a Knudsen  o v e n ;  Knudsen  

o vens  a r e  t h e  p r i n c i p l e  m o l e c u l a r  beam s o u r c e s  i n  MBE. 

F i n a l l y  d o p a n t  i n c o r p o r a t i o n  mechan i sms  i n  t h e  MBE g r o w t h  

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

o f  t h e  c h a p t e r .

I n  a d d i t i o n  t o  d e s c r i b i n g  t h e  MBE vacuum s y s t e m  and 

d i a g n o s t i c  e q u i p m e n t ,  c h a p t e r  3 d i s c u s s e s  t h e  g r o w t h  and 

c h a r a c t e r i s a t i o n  o f  u n i n t e n t i o n a l l y  doped I nP g r own  by 

MBE.

C h a p t e r  4 i s  c o n c e r n e d  w i t h  Zn d o p i n g  o f  MBE grown  

I n P .  The d e s i g n ,  p e r f o r m a n c e  and o p e r a t i o n  o f  a 

s p e c i a l l y  c o n s t r u c t e d  l o w  e n e r g y  (200eV + 2 k eV )  Zn i o n  

s o u r c e  w h i c h  was i n c o r p o r a t e d  i n  t h e  MBE s y s t e m  as a 

s o u r c e  o f  Zn i o n s  a r e  d e s c r i b e d .  The g r o w t h  and 

c h a r a c t e r i s a t i o n  o f  Zn i o n  and Zn ( n e u t r a l )  doped  I nP f i l m s  

a r e  d i s c u s s e d .
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Be d o p i n g  i n  MBE o f  I nP i s  c o n s i d e r e d  i n  c h a p t e r  5,  

The g r o w t h  and c h a r a c t e r i s a t i o n  o f  Be doped I nP f i l m s  

a r e  r e p o r t e d .

C h a p t e r  6 d e s c r i b e s  t h e  d e s i g n  and o p e r a t i o n  o f  a 

deep l e v e l  t r a n s i e n t  s p e c t r o s c o p y  (DLTS)  s y s t e m  w h i c h  was 

c o n s t r u c t e d  i n  o r d e r  t o  d e t e c t  t h e  p r e s e n c e  o f  deep l e v e l  

c a r r i e r  t r a p s  i n  MBE grown  I nP m a t e r i a l .  The r e s u l t s  

o b t a i n e d  f r o m  DLTS m e a s u r e m e n t s  on m o l e c u l a r  beam 

e p i t a x i a l  I nP a r e  d i s c u s s e d .

F i n a l l y ,  c h a p t e r  7 c o n t a i n s  a c o n c l u d i n g  d i s c u s s i o n  

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

s u g g e s t i o n s  f o r  f u r t h e r  wo rk  i n  t h e  f i e l d .
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CHAPTER 2

BASIC PRINCIPLES GOVERNING 

THE GROWTH OF I I I  -  V COMPOUNDS 

BY MOLECULAR BEAM EPITAXY

A l t h o u g h  mos t  o f  t h e  s t u d i e s  o f  g r o w t h  k i n e t i c s  due t o

t h e  i n t e r a c t i o n  o f  m o l e c u l a r  beams w i t h  c r y s t a l l i n e

s u r f a c e s  have  been l i m i t e d  t o  GaAs t h e  f a c t  t h a t  MBE

g r o w t h  o f  GaP ^ ^ . 1 )  gg As I n - G a ,  As ^ ^ . 2 )
^ ' X 1 -X ' X 1 - x

and o t h e r  I I I  -  V compounds i n c l u d i n g  InP has been 

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

t h a t  t h e  b a s i c  g r o w t h  me c han i s ms  a r e  s i m i l a r  f o r  mos t  

I I I  -  V c o mpou nds .  The f o l l o w i n g  c h a p t e r  d e s c r i b e s  t h e  

k i n e t i c s  o f  e p i t a x i a l  g r o w t h  o f  I I I  -  V compounds  f r o m  

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

i n c o r p o r a t i o n  m ec han i s ms  ( s e c t i o n  2 . 5 ) .

2 . 1  S p e c i e s  E v o l v e d  i n  t h e  E v a p o r a t i o n  o f  I I I  -  V Compounds

I n  o r d e r  t o  u n d e r s t a n d  t h e  k i n e t i c s  o f  e p i t a x i a l

g r o w t h  o f  I I I  -  V f i l m s  f r o m  m o l e c u l a r  beam s o u r c e s  a

■knowledge o f  b o t h  t h e  Knudsen  ( e q u i l i b r i u m )  e v a p o r a t i o n

and L a n g m u i r  ( f r e e )  e v a p o r a t i o n  b e h a v i o u r  o f  t h e

p a r t i c u l a r  I I I  -  V m a t e r i a l  i n v o l v e d  i s  n e c e s s a r y .  I l l  -  V

compounds  f o r  w h i c h  t h e  L a n g m u i r  and Knudsen  e v a p o r a t i o n

b e h a v i o u r  have  been e s t a b l i s h e d  i n c l u d e  GaAs and I n P .

( 2 . 3 )F a r r o w  * has s t u d i e d  t h e  f r e e  e v a p o r a t i o n  b e h a v i o u r  

o f  t h e  ( 1 0 0 )  s u r f a c e  o f  I nP u s i n g  m o d u l a t e d  beam mass 

s p e c t r o m e t r y  (MBMS) t e c h n i q u e s .  T h i s  me thod  i n v o l v e s



i n t e r u p t i n g  t h e  e v a p o r a t e d  f l u x  w i t h  a m e c h a n i c a l

c h o p p e r  b e f o r e  i t  e n t e r s  t h e  mass s p e c t r o m e t e r  and t h e

use o f  s i g n a l  a v e r a g i n g  t e c h n i q u e s  t o  d i s c r i m i n a t e  t h e

d i r e c t  beam f l u x  f r o m  t h e  c r y s t a l  f r o m  b a c k g r o u n d

( 2 3 )m o l e c u l e s .  F a r r o w  ’ f o u n d  t h a t  o n l y  I n  and a r e

e v o l v e d  f r o m  a ( 1 0 0 )  I nP s u r f a c e  when t h e  c r y s t a l  i s

h e a t e d  i n  an U . H . V .  e n v i r o n m e n t  and t h a t  t h e  f r e e

e v a p o r a t i o n  i s  c o n g r u e n t ,  i e  P„ f l u x  = 1 / 2  I n  f l u x ,  up t o  L

365 ± 10°C,-  A t  t e m p e r a t u r e s  above  365°C t h e r e  i s  a

d i s p r o p o r t i o n a t e  l o s s  o f  P ^ , t h e  r a t i o  P g / I n  e v o l v e d

b e i n g  s t r o n g l y  t e m p e r a t u r e  d e p e n d e n t  as shown i n  F i g .  2 . 1 .  

( 2 3 )F a r r o w  * has a l s o  f o u n d  t h e  maximum c o n g r u e n t

e v a p o r a t i o n  r a t e  f r o m  t h e  ( 1 0 0 )  I nP s u r f a c e  u n d e r  f r e e

-5e v a p o r a t i o n  c o n d i t i o n s  t o  be 'v 10 m o n o l a y e r / s e c . I n

a s i m i l a r  s t u d y  Foxon e t  a l  f o u n d  a maximum

c o n g r u e n t  e v a p o r a t i o n  t e m p e r a t u r e  f o r  GaAs o f  657°C

( b e l o w  w h i c h  As^ f l u x  = 1 / 2  Ga f l u x )  t o g e t h e r  w i t h  a

maximum c o n g r u e n t  e v a p o r a t i o n  r a t e  f r o m  t h e  ( 1 0 0 )  GaAs

s u r f a c e  o f  ~ 1 0 ” ^ m o n o l a y e r / s e c . The maximum c o n g r u e n t

e v a p o r a t i o n  t e m p e r a t u r e  o f  a c r y s t a l  i s  an i m p o r t a n t

p a r a m e t e r  i n  r e l a t i o n  t o  i n - v a c u o  h e a t  c l e a n i n g  o f

s u b s t r a t e s  p r i o r  t o  f i l m  d e p o s i t i o n .  Cho and P a n i s h  

( 2 . 5 ) have  shown f r o m  Au ge r  e l e c t r o n  s p e c t r o s c o p y  (AES) 

s t u d i e s  t h a t  h e a t i n g  ( 1 0 0 )  GaAs s u b s t r a t e s  i n - v a c u o  t o  

525 -  535°C r e s u l t s  i n  t h e  c o m p l e t e  r e m o v a l  o f  o x y g e n  

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

a f ew p e r c e n t  o f  a m o n o l a y e r .  Thus ( 1 0 0 )  GaAs s u b s t r a t e s  

can  be s u c c e s s f u l l y  h e a t - c l e a n e d  a t  t e m p e r a t u r e s  w e l l  

w i t h i n  t h e  ( 1 0 0 )  GaAs c o n g r u e n t  e v a p o r a t i o n  t e m p e r a t u r e
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r a n g e .  I n  t h e  case  o f  I n P ,  h o w e v e r ,  s i m p l e  i n - v a c u o  

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

t e m p e r a t u r e s  > 365°C t h e r e  i s  a p r e f e r e n t i a l  l o s s  o f

(2 6 ')
p h o s p h o r u s  f r o m  an InP s u r f a c e .  F a r r o w ,  * h o w e v e r ,  

has shown t h a t  I nP s u r f a c e s  can be s t a b i l i s e d  a t  

t e m p e r a t u r e s  > 450°C by i m p i n g i n g  a c o m p e n s a t i n g  f l u x  o f  

e i t h e r  P^ m o l e c u l e s ,  g e n e r a t e d  f r o m  a Knudsen  oven 

c o n t a i n i n g  I n P ,  o r  P^ m o l e c u l e s  e v a p o r a t e d  f r o m  an oven 

c o n t a i n i n g - r e d  p h o s p h o r u s .  P r e l i m i n a r y  AES s t u d i e s  

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

o x y ge n  c o n t a m i n a t i o n  f r o m  InP s u r f a c e s  a t  t e m p e r a t u r e s  > 

400°C a l t h o u g h  e p i t a x i a l  I nP d e p o s i t i o n  was n o t  

d e m o n s t r a t e d  o n t o  s u b s t r a t e s  c l e a n e d  i n  t h i s  m an ne r .

More r e c e n t l y  D a v i e s  e t  a l  and Cheng e t  a l   ̂^ ^  ^

have  shown u s i n g  AES a n a l y s i s  t h a t  I nP s u b s t r a t e  s u r f a c e s  

w h i c h  a r e  p a s s i v a t e d  w i t h  an o x i d e  f o l l o w i n g  t h e  e x - s i t u  

p r e p a r a t i o n  can  be s u c c e s s f u l l y  h e a t  c l e a n e d  a t  

t e m p e r a t u r e s  > 500°C u n d e r  e x p o s u r e  t o  an As^  m o l e c u l a r  

beam. These a u t h o r s  s u b s e q u e n t l y  d e p o s i t e d  e p i t a x i a l  

I O q Gag As o n t o  I nP s u b s t r a t e s  p r e p a r e d  i n  t h i s  

m a n n e r .

The e v a p o r a t i o n  o f  I nP u n d e r  Knudsen  c o n d i t i o n s ,  i e  w i t h

t h e  v a p o u r  and c o n d e n s e d  pha s es  i n  e q u i l i b r i u m ,  has been

(2 3 )s t u d i e d  by F a r r o w  * u s i n g  MBMS t e c h n i q u e s ,  P^ was 

f o u n d  t o  be t h e  d o m i n a n t  s p e c i e s  e v a p o r a t e d  f r o m  a Knudsen  

oven  c o n t a i n i n g  I nP i n  t h e  t e m p e r a t u r e  r a n g e  545 -  657°C 

a l t h o u g h  s i g n i f i c a n t  e v a p o r a t i o n  f l u x e s  o f  I n  and P^ were



a l s o  d e t e c t e d .  A t  an oven  t e m p e r a t u r e  o f  650°C t h e

r a t i o  o f  d i m e r  ( Pg )  t o  t e t r a m e r  ( P ^ )  m o l e c u l e s  e m a n a t i n g

f r o m  an I nP Knudsen  oven  was f o u n d  t o  be ^ 9 : 1.  InP

i s  t h e  o n l y  I I I  -  V compound so f a r  e x a m i n e d  wh er e  such

a t e t r a m e r  p r e s s u r e  has been i d e n t i f i e d  u n d e r  Knudsen

e f f u s i o n  c o n d i t i o n s  ( F o x on  e t  a l  ^ ^ ^ ^ . I n  v i e w  o f  t h e

a b s e n c e  o f  P^ i n  t h e  L a n g m u i r  e v a p o r a t i o n  f l u x  f r o m  InP

and t h e  a b s e n c e  o f  t e t r a m e r s  i n  b o t h  t h e  Knudsen  and

L a n g m u i r  e v a p o r a t i o n  f l u x e s  f r o m  o t h e r  I I I -  -  V compounds

s u c h  as GaAs and GaP t h e  P^ p r e s s u r e  i n  t h e  I nP oven  i s

a t t r i b u t e d  t o  P^ + P^ a s s o c i a t i o n  r e a c t i o n s  on t h e  w a l l s

( 2 3 )o f  t h e  oven  ( F a r r o w  * ) .  S i g n i f i c a n t  d i m e r

e v a p o r a t i o n  f l u x e s  f r o m  GaAs and GaP a r e  o n l y  d e t e c t a b l e  

a t  t e m p e r a t u r e s  a r o u n d  950°C ( F ox on  e t  a l   ̂^ ^  ^ , i e  

30G°C h i g h e r  t h a n  t h e  n o r m a l  I nP oven t e m p e r a t u r e ,  and 

c o n s e q u e n t l y  t h e  + 2%^ e q u i l i b r i u m  l i e s  f u r t h e r  t o  t h e  

r i g h t  i n  GaAs and GaP ovens  t h a n  i n  an I nP  o v e n .

I n  t h e  w o rk  r e p o r t e d  i n  t h i s  t h e s i s  a Knudsen  oven 

c o n t a i n i n g  InP was used t h r o u g h o u t  as t h e  s o u r c e  o f  

p h o s p h o r u s  and hence  a p r e d o m i n a t e l y  P^ m o l e c u l a r  beam 

was e v a p o r a t e d .  A l s o ,  t y p i c a l  I nP s u b s t r a t e  g r o w t h  

t e m p e r a t u r e s  we re  ^ 3 60 °C ,  i e  j u s t  b e l o w  t h e  c o n g r u e n t  

e v a p o r a t i o n  t e m p e r a t u r e  l i m i t  o f  t h e  m a t e r i a l .

2 . 2  Knudsen  E f f u s i o n  T h e o r y

The s o u r c e s  o f  m o l e c u l a r  beams i n  MBE e x p e r i m e n t s ,  w i t h  

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

w h i c h  a r e  used  t o  e v a p o r a t e  v e r y  l o w  v a p o u r  p r e s s u r e
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e l e m e n t s  s u c h  as S i ,  c o n s i s t  o f  s m a l l  c y l i n d r i c a l  

g r a p h i t e  o r  b o r o n  n i t r i d e  ovens  w h i c h  c o n t a i n  s p e c i e s  

h a v i n g  v a p o u r  p r e s s u r e s  t y p i c a l l y  a r o u n d  10 ^ T o r r .  

M o l e c u l a r  e f f u s i o n ,  as o pp os ed  t o  t u r b u l e n t  e f f u s i o n ,  

t a k e s  p l a c e  f r o m  suc h  ov en s  i f  t h e i r  a p e r a t u r e  r a d i u s  r  

i s  a d j u s t e d  so t h a t  r  < x ,  where  X i s  t h e  mean f r e e  

c o l l i s i o n  p a t h  o f  t h e  m o l e c u l e s  w i t h i n  an o v e n .  Under  

s uc h  c o n d i t i o n s  t h e  number  o f  m o l e c u l e s  dQ w h i c h  w i l l  

emerge p e r  s e c on d  f r o m  an oven  t r a v e l l i n g  i n  s o l i d  a n g l e  

dw a t  a n g l e  0 r e l a t i v e  t o  a n o r m a l  t o  t h e  a p e r t u r e  p l a n e  

i s  g i v e n  by

dQ = (dw/4- i ï )  nV A^cos© ( 2 . 1 )

whe re  n i s  t h e  number  o f  m o l e c u l e s  p e r  u n i t  v o l u m e ,  V  i s  

t h e  mean m o l e c u l a r  v e l o c i t y  i n s i d e  t h e  o v e n ,  and A^ i s  t h e

a p e r t u r e  a r e a .  By i n t e g r a t i n g  e q u a t i o n  2 . 1  o v e r  a 2 tt

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

m o l e c u l e s  Q e m e r g i n g  p e r  s ec on d  i s  g i v e n  by

Q = i n v A c o s 0  ( 2 . 2 )
4 ®

The c o s i n e  l a w  o f  m o l e c u l a r  e f f u s i o n  i m p l i e d  by e q u a t i o n

2 , 2  was f i r s t  e s t a b l i s h e d  by Knudsen   ̂^ ^  ^ \

From k i n e t i c  gas t h e o r y

1 / 2
V = 2 ( 2 k T / i i M )  ( 2 . 3 )

and n = p / k T  ( 2 . 4 )

whe re  M i s  t h e  mass number  o f  t h e  é v a p o r a n t ,  and p and T 

a r e  t h e  v a p o u r  p r e s s u r e  and t e m p e r a t u r e  i n s i d e  t h e  ov en .



r e s p e c t i v e l y .

By s u b s t i t u t i n g  e q u a t i o n s  2 . 3  and 2 . 4  i n t o  e q u a t i o n  2 . 2 ,  

Q can  be w r i t t e n  as

q _ __ ^ ^ ^s  cose  ( 2 . 5 )
1 / »  I / o

( 2 k n )  ^ (MT)

I f  a d e t e c t o r ,  w h i c h  i n  t h e  case  o f  MBE e x p e r i m e n t s  i s  a 

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

d f r o m  t h e  s o u r c e  a p e r t u r e ,  t h e  number  o f  m o l e c u l e s  I  

w h i c h  s t r i k e  t h e  d e t e c t o r  p e r  s ec on d  i s  g i v e n  by

1 P Ag A j
I  = -----------^ ,    C O S 0  ( 2 . 6 )

( 2 k u )  ^ (MT)  ^ (%cF)

2
A s s i g n i n g  t h e  u n i t s  o f  p ( T o r r  ), M ( amu ) , T ( K ) ,  A^ and A^ (cm ) 

and d ( c m)  t o  t h e  t e r m s  i n  e q u a t i o n  2 . 6 ,  1 can  be w r i t t e n  as

I  = 1 . 1 1 8  X 10^ ^  pAgAy cose  m o l e c u l e s  s~^  ( 2 . 7 )

d T ( M T )

E q u a t i o n  2 . 7  i s  n o r m a l l y  w r i t t e n  i n  t h e  f o r m  o f  a f l u x  

e q u a t i o n ,  t h e  f l u x  o f  m o l e c u l e s  J a r r i v i n g  a t  a s u b s t r a t e  

o f  a r e a  A^ b e i n g  g i v e n  by

J = 1 . 1 1 8  X l O ^ Z  pA c o s s  m o l . c m ' 2  g - l  ( 2 . 8 )

~ 1 ~  1/2d ^ ( M T )  ^
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I n  t h e  abo ve  a n a l y s i s  a t h i n - w a l l e d  a p e r t u r e  was assumed ,

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

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

a n g l e  w i l l  s t r i k e  t h e  c a n a l  w a l l  and have  a s m a l l e r

c h a n c e  o f  e s c a p i n g ,  and even  i f  t h e y  do so i t  w i l l

p r o b a b l y  be a t  a d i f f e r e n t  a n g l e .  Thus t h e  a n g u l a r

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

f r o m  t h e  c o s i n e  d i s t r i b u t i o n  i m p l i e d  by e q u a t i o n  2 . 8 ,  

( 2 1 0 )C l a u s i n g  ' has c a l c u l a t e d  t h e  a n g u l a t  d i s t r i b u t i o n  

f o r  a c a n a l - l i k e  a p e r t u r e  whose l e n g t h  e q u a l s  t w i c e  t h e  

r a d i u s .  T h i s  d i s t r i b u t i o n  i s  i l l u s t r a t e d  i n  F i g .  2 . 2  

w h i c h  a l s o  shows t h e  a n g u l a r  d i s t r i b u t i o n  t o  be e x p e c t e d  

f r o m  t h e  c o s i n e  l a w  ( e q u a t i o n  2 . 8 ) ,  As can  be seen  f r o m  

t h e  f i g u r e  a c a n a l - l i k e  a p e r t u r e  has a f o c u s s i n g  e f f e c t  on 

t h e  e m e r g i n g  beam a l t h o u g h  t h e  beam i n t e n s i t y  i n  t h e  

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

d i s t r i b u t i o n s  have  been c a l c u l a t e d  f o r  a number  o f  c a n a l  

l e n g t h  t o  r a d i u s  ( L / r )  r a t i o s  t h e  f o c u s s i n g

e f f e c t ,  i e  beam n a r r o w i n g ,  b e i n g  f o u n d  t o  i n c r e a s e  w i t h  

i n c r e a s i n g  L / r  r a t i o s .

I n  t h i s  w o r k  open ended c y l i n d r i c a l  b o r o n  n i t r i d e  

c r u c i b l e s  we re  used w h i c h  had a L / r  r a t i o  o f  16 

( L  = 40mm, r  = 2 . 5 mm ) .  The t h e o r e t i c a l  s p a t i a l  

d i s t r i b u t i o n  o f  t h e  f l u x  e m i n a t i n g  f r o m  s u c h  ov en s  i s  

shown i n  F i g .  2 . 3  t o g e t h e r  w i t h  t h e  s p a t i a l  d i s t r i b u t i o n  

e x p e c t e d  f r o m  t h e  c o s i n e  l a w ,  i l l u s t r a t i n g  t h a t  b o t h
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FIG. 2.2 : Angular d i s t r i b u t i o n s  of a 
m o le c u la r  beam e f f u s in g
th rough  a sma l l  cana l .

L -  0 —> cos ine dist.n

nL/r = 2 - ^ C la u s in g  d i s t .
(Ref.2 .10)
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d i s t r i b u t i o n s  a r e  s i m i l a r  f o r  0 < 3 ° .  A l s o ,

10mm X 5mm s u b s t r a t e s  were  s i t u a t e d  10cm f r o m  t h e  oven 

o r i f i c e s  i n  t h i s  wo rk  and t h e r e f o r e  t h e  maximum s u b t e n d e d  

a n g l e  0 o v e r  t h e  s u b s t r a t e  s u r f a c e  a r e a  was 2 . 8 ° ,  Hence 

t h e  f l u x  a r r i v i n g  a t  t h e  s u b s t r a t e  can be a p p r o x i m a t e d  t o  

t h a t  g i v e n  by e q u a t i o n  2 . 8 .  F u r t h e r m o r e ,  f o r  s m a l l  

v a l u e s  o f  0 , cos  0 = 1 and t h e r e f o r e  f l u x  l e v e l s  a r e  

a p p r o x i m a t e l y  g i v e n  by

J = 1 . 1 1 8  X 10^2  pA m o l . c m " ^  s " ^  ( 2 . 9 )

2 1 / 2c r ( M T )  ^

E q u a t i o n  2 . 9  i s  r e f e r r e d  t o  as t h e  Knudsen  e q u a t i o n  

t h r o u g h o u t  t h e  r e m a i n d e r  o f  t h i s  t h e s i s .

2 . 3  K i n e t i c s  o f  E p i t a x i a l  G rowth  by t h e  I n t e r a c t i o n  o f  
Group I I I  and Group V E l e m e n t  M o l e c u l a r  Beams

The t wo  mos t  common l y  used p r o c e d u r e s  f o r  t h e

p r e p a r a t i o n  o f  I I I  -  V Compounds by MBE a r e  d e s c r i b e d  i n

t h e  f o l l o w i n g ,  u s i n g  GaAs as an e x a m p l e .  The f i r s t  s u ch

p r o c e d u r e  e m p l o y s  beams o f  As^  d e r i v e d  f r o m  an e l e m e n t a l

a r s e n i c  s o u r c e  and Ga, w h i l e  t h e  s e co n d  us es  As^ u s u a l l y

o b t a i n e d  f r o m  a GaAs s o u r c e  b u t  more r e c e n t l y  w i t h  an

( 2  1 2 )As^ + ASg c r a c k i n g  c e l l  ‘ and Ga, w h i c h  i n  each

s y s t e m  i m p i n g e  on a h e a t e d  GaAs s u b s t r a t e  wh e r e  

i n t e r a c t i o n  o c c u r s .  The i n t e r a c t i o n  k i n e t i c s  o f  As^ 

and Ga on ( 1 0 0 )  GaAs and As^ and Ga on ( 1 0 0 )  GaAs have

been s t u d i e d  u s i n g  MBMS t e c h n i q u e s  by Foxon  and J o y c e ^ ^ ' ^ ^ '

2 . 1 4 )  ( 1 2 9 )
I n  a d d i t i o n ,  F a r r o w  ' has i n v e s t i g a t e d  t h e



i n t e r a c t i o n  k i n e t i c s  o f  and I n  on ( 1 0 0 )  I nP  u s i n g  MBMS 

t e c h n i q u e s  b u t  t o  d a t e  t h e  k i n e t i c s  o f  t h e  I n  -  P^ s y s t e m  

have n o t  been r e p o r t e d  a l t h o u g h  Kawamura e t  a l  

have g r own  ( 1 0 0 )  I nP e p i t a x i a l  f i l m s  u s i n g  I n  and P^ 

beams.  The c r u c i a l  r e s u l t s  f r o m  t h e  i n t e r a c t i o n  

k i n e t i c s  e x p e r i m e n t s  w h i c h  have  been r e p o r t e d  a r e  

s u m m a r i s e d  i n  s e c t i o n s  2 . 3 . 1  -  2 . 3 . 3 .

2 . 3 . 1  ( 1 0 0 )  G a A s / Ga - As ^  Sys tem

I n  t h e  a b s e n c e  o f  a Ga f l u x  As^ has a z e r o  s t i c k i n g  

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

t e m p e r a t u r e  r a n g e  300 -  450K,  t h e  s t i c k i n g  c o e f f i c i e n t  

b e i n g  d e f i n e d  as t h e  r a t i o  o f  c h e m i s o r b e d  t o  i n c i d e n t  

m o l e c u l e s .  I f  a Ga s u r f a c e  p o p u l a t i o n  i s  p r o d u c e d  by a 

c o i n c i d e n t  Ga beam,  S^^ becomes f i n i t e  and t e m p e r a t u r e  

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

above  300K.  W i t h  a c o i n c i d e n t  Ga f l u x ,  As^ has a 

t e m p e r a t u r e  i n d e p e n d e n t  s t i c k i n g  c o e f f i c i e n t  b e t w e e n  450K 

and 600K,  b u t  i t  i s  a f u n c t i o n  o f  t h e  Ga beam i n t e n s i t y ,  

J g g .  The c r u c i a l  r e s u l t s  a r e  t h a t  t h e  s t i c k i n g  

c o e f f i c i e n t  o f  A s ^ ,  , i s  a l w a y s  < 0 . 5 ,  even  when

Jgq >> J A s ^ ,  ( t h e  As^ f l u x ) ;  s e c o n d l y ,  when << 3^^ ,

one As a tom s t i c k s  on t h e  GaAs s u r f a c e  f o r  e v e r y  Ga atom 

s u p p l i e d ;  and f i n a l l y ,  when 3^^ >> , t h e  d e s o r p t i o n

r a t e  o f  As^ i s  s e c o n d  o r d e r  w i t h  r e s p e c t  t o  i t s  a d s o r p t i o n  

r a t e ,  b u t  f o r  << a f i r s t  o r d e r  d e p e n d e n c e  i s

i n v o l v e d .  These r e s u l t s  can  be e x p l a i n e d  by a p r o c e s s  o f  

d i s s o c i a t i v e  c h e m i s o r p t i o n ,  w i t h  a p a i r w i se i n t e r a c t i o n



o f  As^  m o l e c u l e s  a b s o r b e d  on a d j a c e n t  Ga l a t t i c e  s i t e s .  

When t h e  As^  s u r f a c e  p o p u l a t i o n  i s  s m a l l  c om pa r ed  t o  t h e  

number  o f  Ga s i t e s  t h e  r a t e  l i m i t i n g  s t e p  i s  t h e  

e n c o u n t e r / r e a c t i o n  p r o b a b i l i t y  b e t we e n  As^  m o l e c u l e s  

l e a d i n g  t o  s e c o n d  o r d e r  k i n e t i c s .  As t h e  As^ s u r f a c e  

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

p r o b a b i l i t y  t h a t  an a r r i v i n g  m o l e c u l e  w i l l  f i n d  a d j a c e n t  

s i t e s  o c c u p i e d  and t h e  d e s o r p t i o n  r a t e  becomes 

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

i e  a f i r s t  o r d e r  p r o c e s s .  To s u m m a r i s e ,  a t  t e m p e r a t u r e s  

> 450K Ga ad a to ms  ( a d s o r b e d  Ga a t o m s )  o n l y  c o n t r o l  t h e  

c o n d e n s a t i o n ,  d i s s o c i a t i o n  and r e a c t i o n  o f  As^ m o l e c u l e s  

b u t  b e l o w  4GGK As^ m o l e c u l e s  a r e  n o t  a d s o r b e d  

d i s s o c i a t i v e l y  and c o n s e q u e n t l y  g r o w t h  o f  GaAs f r o m  Ga 

and As^ beams i s  n o t  p o s s i b l e  b e l o w  'v 4GGK. T h i s  

min imum t e m p e r a t u r e  f o r  e p i t a x y  has been v e r i f i e d  

e x p e r i m e n t a l l y  by Neave and J o y c e  ( 2 . 1 6 ) ^

2 . 3 . 2  ( IGG)  GaAs/Ga -  As „  Sys tem

At  s u b s t r a t e  t e m p e r a t u r e s  > 600K t h e  s t i c k i n g

c o e f f i c i e n t  o f  As« ,  S . , i s  a f u n c t i o n  o f  t h e  a r r i v a l
°2

r a t e  o f  Ga a t o m s ,  and when J ^ ^  < one As a tom s t i c k s

on t h e  GaAs s u r f a c e  f o r  each  Ga atom s u p p l i e d ,  w h i l e  f o r

2 Jp^  > J ._  , S . i s  u n i t y  ( c . f .  S . = G.5 f o r  t h e
1^3- A s  2  2 ^

e q u i v a l e n t  s i t u a t i o n ) .  Be l ow  6G0K, t h e  b e h a v i o u r  o f  ASg 

m o l e c u l e s  becomes more c o m p l e x  i n  t h a t  t h e y  u n d e r g o  a 

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



o f  As^ m o l e c u l e s  by a f i r s t  o r d e r  p r o c e s s  w i t h  r e s p e c t

t o  . Th u s ,  b e l o w  600K g r o w t h  o f  GaAs f r o m  Ga and
2

ASg beams i s  n o t  p o s s i b l e .

2 . 3 . 1  ( 1 0 0 )  I n P / l n  -  Sys tem

The s t i c k i n g  c o e f f i c i e n t  o f  I n ,  i n  t h e  ab se n ce

o f  a P^ s u r f a c e  p o p u l a t i o n  i s  = 1 o v e r  t h e  I nP  s u b s t r a t e

t e m p e r a t u r e  r a n g e  300 -  638K wh e re a s  t h e  s t i c k i n g

c o e f f i c i e n t  o f  P«,  Sp , i n  t h e  a bs e n c e  o f " a n  I n  s u r f a c e
2

p o p u l a t i o n  i s  < 0 . 0 1 .  Ho wev e r ,  w i t h  I n  and P^ beams

c o i n c i d e n t  on a ( 1 0 0 )  I nP s u r f a c e ,  Sp = 1.  Thus t h e  P„
^2 ^ 

c o n d e n s a t i o n  i s  due t o  P^ a d s o r p t i o n ,  d i s s o c i a t i o n  and

s u b s e q u e n t  r e a c t i o n  w i t h  I n  ada toms  t o  f o r m  I n P .  The

t e m p e r a t u r e  a t  w h i c h  P^ + P2 a s s o c i a t i o n  t a k e s  p l a c e ,

l e a d i n g  t o  t h e  d e s o r p t i o n  o f  P^ m o l e c u l e s ,  and hence  an

i m p l i e d  min imum e p i t a x i a l  g r o w t h  t e m p e r a t u r e  has n o t  been

f o u n d  by MBMS t e c h n i q u e s  f o r  ( 1 0 0 )  I nP g r o w t h  f r o m  I n  and

Pg beams.  N o r r i s   ̂^ ^ h o w e v e r ,  has r e p o r t e d  a

min imum s u b s t r a t e  t e m p e r a t u r e  f o r  InP e p i t a x y  f r o m  I n  and

P2 beams o f  'v 1Q0°C by RHEED o b s e r v a t i o n s ,  d e p o s i t e d

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

< 100 °C .

From t h e  r e s u l t s  d i s c u s s e d  above  i n  s e c t i o n s  2 . 3 . 1  -  

2 . 3 . 3 .  i t  i s  a p p a r e n t  t h a t  above  a min imum s u b s t r a t e  

t e m p e r a t u r e ,  w h i c h  i s  p a r t i c u l a r  t o  each  m a t e r i a l  and a l s o  

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

i n t e r a c t i o n  o f  c o i n c i d e n t  g r o u p  I I I  and g r o u p  V e l e m e n t



oz,

m o l e c u l a r  beams i s  c o n t r o l l e d  by t h e  a r r i v a l  r a t e  o r  f l u x  

l e v e l  o f  t h e  g r o u p  I I I  e l e m e n t  w i t h  s t o i c h i o m e t r i c

g r o w t h  t a k i n g  p l a c e  p r o v i d e d  3y > whe re  3y i s  t h e

g r o u p  V e l e m e n t  f l u x  l e v e l .  The f i l m  g r o w t h  r a t e ,  G^, 

t h e r e f o r e  i s  l i m i t e d  e n t i r e l y  by and i s  g i v e n  by

G^ = ( 2 . 1 0 )

whe re  cx i s  t h e  s u r f a c e  d e n s i t y  o f  g r o u p  I I I  a t oms  i n  a 

m o n o l a y e r  o f  t h e  I I I - V  c r y s t a l .  3y i s  u s u a l l y  s e t  so 

t h a t  3y : = 5 t o  20 f o r  t h e  case  o f  g r o u p  V d i m e r

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

e n s u r e d ,  w i t h  e x c e s s  g r o u p  V m o l e c u l e s  r e - e v a p o r a t i n g  

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

s e c t i o n  a l a r g e  g r o u p  V e l e m e n t  o v e r p r e s s u r e  e n s u r e s  

g r o w t h  u n d e r  t h e  s o - c a l l e d ,  ’ g r o u p  V e l e m e n t  -  s t a b i l i s e d '  

c o n d i t i o n .  H i g h e r  g r o u p  V e l e m e n t  f l u x  l e v e l s  s t i l l  

a r e  r e q u i r e d  when t h e  g r o w t h  t e m p e r a t u r e  i s  g r e a t e r  t h a n  

t h e  maximum c o n g r u e n t  e v a p o r a t i o n  t e m p e r a t u r e  o f  t h e  

p a r t i c u l a r  I I I - V  compound i n v o l v e d  s i n c e  a c e r t a i n  

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

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

2 . 4  S u r f a c e  R e c o n s t r u c t i o n  i n  I I I - V  Compounds d u r i n g
MBE G row th

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

a r r a n g e m e n t  o f  t h e  o u t e r m o s t  l a y e r  o f  a t oms  a t  t h e  s u r f a c e  

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

l o w e r  t h a n  t h a t  o f  t h e  b u l k  c r y s t a l .  The e f f e c t  i s  

p a r t i c u l a r l y  p r o n o u n c e d  i n  c o v a l e n t l y  bonded  c r y s t a l s .



suc h  as t h e  I I I - V  compou nds ,  where  t h e  bonds  a r e  h i g h l y  

d i r e c t i o n a l .  C o n s i d e r  t h e  c a s e ,  f o r  e x a m p l e ,  o f  ( 1 0 0 )

GaAs w h i c h  i s  t h e  mos t  e x t e n s i v e l y  c h a r a c t e r i s e d  I I I - V  

compound i n  t e r m s  o f  s u r f a c e  s t r u c t u r e s .  S i n c e  GaAs i s  

composed o f  a l t e r n a t e  l a y e r s  o f  Ga and As a t oms  i n  t h e  

( 1 0 0 )  d i r e c t i o n ,  t h e  s u r f a c e  may be t e r m i n a t e d  i n  e i t h e r  

Ga o r  As a t o m s .  As shown by Cho s u r f a c e  s t r u c t u r e s

s t a b i l i s e d  w i t h  e i t h e r  a t oms  may be p r o d u c e d  d u r i n g  MBE 

g r o w t h  by c o n t r o l l i n g  t h e  r e l a t i v e  a r r i v a l  r a t e s  o f  Ga 

and As a t oms  o r  t h e  s u b s t r a t e  t e m p e r a t u r e .  The mos t  

common ly  o b s e r v e d  r e c o n s t r u c t e d  s u r f a c e  s t r u c t u r e s  on 

( 1 0 0 )  GaAs a r e  (2 x 4 )  and C (2 x 8)  f o r  As -  s t a b i l i s e d  

s u r f a c e s ,  and a r o t a t i o n  o f  9 0 °  f r o m  t h e  As -  s t a b i l i s e d  

s t r u c t u r e s  f o r m i n g  (4 x 2)  and C (8 x 2)  s t r u c t u r e s  f o r  

Ga -  s t a b i l i s e d  s u r f a c e s .  S c h e m a t i c  d i a g r a m s  o f  (2 x 4 )  

and C (2 X 8)  s u r f a c e  s t r u c t u r e s  a r e  shown i n  F i g .  2 . 4 .

As can  be seen  f r o m  t h e  f i g u r e  s u r f a c e  a t oms  i n  t h e  case

o f  t h e  (2 X 4)  s u r f a c e  s t r u c t u r e  have t w i c e  t h e

p e r i o d i c i t y  o f  b u l k  a t oms  i n  t h e  [110 ] d i r e c t i o n  and 4 

t i m e s  t h e  b u l k  p e r i o d i c i t y  i n  t h e  o r t h o g o n a l  [ Î Î O ]  

d i r e c t i o n ,  hen ce  s uc h  a s t r u c t u r e  i s  l a b e l l e d  (2 x 4 ) ;  

t h e  C (2 X 8)  s t r u c t u r e  l a b e l l i n g  i s  s e l f - e v i d e n t  f r o m  

F i g .  2 . 3 .  Such s u r f a c e  s t r u c t u r e s  a r e  o b s e r v e d  d u r i n g  

MBE g r o w t h  u s i n g  t h e  r e f l e c t i o n  h i g h  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  (RHEED) t e c h n i q u e  i n  w h i c h  an e l e c t r o n  beam 

( 3keV  + 50k eV)  i s  i n c i d e n t  a t  a g l a n c i n g  a n g l e  o f

i n c i d e n c e  (< 3 ° )  t o  t h e  s u r f a c e  o f  t h e  c r y s t a l  ( s e e ,  f o r  

e x a m p l e ,  Cho and A r t h u r  ) ,  I f  t h e  s u r f a c e  i s
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s i n g l e  c r y s t a l  and a t o m i c a l l y  f l a t  d i f f r a c t i o n  l i n e s  a r e  

o b s e r v e d  on a p h o s p h o r  s c r e e n  p o s i t i o n e d  d i r e c t l y  

o p p o s i t e  t h e  e l e c t r o n  gun .  S u r f a c e s  w h i c h  r e c o n s t r u c t  

t o  a l o w e r  s y m m e t r y  t h a n  t h e  (1 x 1)  b u l k  c r y s t a l  g i v e  

r i s e  t o  e x t r a  d i f f r a c t i o n  l i n e s  i n  t h e  RHEED p a t t e r n  and 

c o n s e q u e n t l y  t h e  s y m m e t r y  o f  t h e  s u r f a c e  u n i t  mesh can be 

d e t e r m i n e d  by r e c o r d i n g  t h e  RHEED p a t t e r n  w i t h  t h e  

e l e c t r o n  beam i n c i d e n t  i n  two o r t h o g o n a l  a z i m u t h s .

A l t h o u g h  t h e  e f f e c t  o f  s u r f a c e  r e c o n s t r u c t i o n  on 

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

o b s e r v a t i o n  o f  r e c o n s t r u c t e d  s u r f a c e s  s u c h  as t h e  (2 x 4)  

and (4 x 2)  s t r u c t u r e s  i s  a u s e f u l  means o f  o b t a i n i n g  w e l l  

c h a r a c t e r i s e d  g r o w t h  c o n d i t i o n s .

2 . 5  D o p a n t  I n c o r p o r a t i o n  Mechan i sms  i n  I I I - V  Compounds
Grown by MBE

D o p i n g  o f  MBE f i l m s  i s  a c h i e v e d  by i m p i n g i n g  s u i t a b l e  

e l e m e n t s  a t  t h e  s u b s t r a t e  i n  t h e  f o r m  o f  m o l e c u l a r  beams 

c o i n c i d e n t  w i t h  t h e  ma i n  c o n s t i t u e n t  -  e l e m e n t  beams.

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

p r e d i c t  w h i c h  e l e m e n t s  w i l l  be s u i t a b l e  f o r  MBE i n  t h a t  

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

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

i n c o r p o r a t i o n  i n t o  t h e  b u l k  on a s u i t a b l e  l a t t i c e  s i t e  as 

t h e  f i l m  g r o w s .  S i n c e  k i n e t i c  p r o c e s s e s  i n  MBE a r e  

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

each  p o t e n t i a l  d o p a n t  mus t  be t e s t e d  e m p i r i c a l l y  u n d e r  

p a r t i c u l a r  g r o w t h  c o n d i t i o n s .  The I I I - V  compound mos t  

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



has been GaAs ( s e e ,  f o r  e x a m p l e ,  J o yc e  and Foxon

The GaAs w o r k  has  h i g h l i g h t e d  t h e  u n p r e d i c t a b l e  n a t u r e

D. f  d o p a n t  i n c o r p o r a t i o n  i n  MBE f i l m s  and a l s o  t h e  f a c t

t h a t  t h e r e  a r e  two  p r o c e s s e s  w h i c h  mus t  be u n d e r s t o o d  i n

o r d e r  t o  e v a l u a t e  t h e  mec han i s ms  i n v o l v e d  i n  p r o d u c i n g

doped  MBE f i l m s .  The f i r s t  o f  t h e s e  p r o c e s s e s  i s  t h e

i n t e r a c t i o n  b e h a v i o u r  o f  t h e  d o p a n t  w i t h  a s u b s t r a t e

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

“  e l e m e n t  f l u x e s  w h i l e  t h e  s e c on d  p r o c e s s . i s  t h e

i n c o r p o r a t i o n  and e x t e n t  o f  e l e c t r i c a l  a c t i v i t y  o f  t h e

d o p a n t  i n  t h e  g r o w i n g  f i l m .  S e v e r a l  e l e m e n t s  have  been

t e s t e d  as p o t e n t i a l  d o p a n t s  i n  MBE g rown  GaAs and t h e

r e s u l t s  f r o m  t h e s e  s t u d i e s  a r e  now s u m m a r i s e d ,

( 2 . 1 9 )
T i n . * Sn,  a g r o u p  IV  e l e m e n t ,  has a u n i t y  s t i c k i n g

c o e f f i c i e n t  on GaAs and i s  i n c o r p o r a t e d  as a d o n o r  u n d e r  

n o r m a l  MBE g r o w t h  c o n d i t i o n s .  H a l l  -  e f f e c t  m o b i l i t y  

m e a s u r e m e n t s  i n d i c a t e  t h a t  t h e r e  i s  v e r y  l i t t l e  

c o m p e n s a t i o n  i n  S n -d o p e d  GaAs f i l m s  a t  d o p i n g  l e v e l s  

b e t w e e n  1 0 ^ ^  and lO^ ^c m ^ , h o w e v e r ,  Sn has a t e n d e n c y  t o  

s e g r e g a t e  a t  t h e  g r o w t h  s u r f a c e  a t  MBE g r o w t h

t e m p e r a t u r e s  > 5 50 ° C .

( 2 . 2 0 ' '
S i l i c o n . * ' A l t h o u g h  n o r m a l l y  an a m p h o t e r i c  d o p a n t  i n

GaAs,  i n  MBE g rown  m a t e r i a l  S i  i s  i n c o r p o r a t e d  

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

o n l y  m a r g i n a l l y  h i g h e r  t h a n  t h a t  p r o d u c e d  by Sn.  S i  has 

a u n i t y  s t i c k i n g  c o e f f i c i e n t  on GaAs a t  t y p i c a l  MBE 

g r o w t h  t e m p e r a t u r e  ( ^  6 0 0 ° C )  and p r o d u c e s  n -  t y p e  f i l m s  

w i t h  f r e e - c a r r i e r  c o n c e n t r a t i o n s  i n  t h e  r a n g e  1 0 ^ ^  -  5 x



o  /

1 0 ^ ^  cm ^ d e p e n d i n g  on t h e  S i  f l u x  l e v e l  w i t h  no 

a p p a r e n t  t e n d e n c y  t o  s e g r e g a t e .  The m a j o r  d i s a d v a n t a g e  

a s s o c i a t e d  w i t h  t h e  use o f  S i  as an n -  t y p e  d o p a n t  i n  

MBE i s  t h e  r e a c t i v e  n a t u r e  o f  t h e  e l e m e n t  a t  t h e  h i g h  

t e m p e r a t u r e s  ('v 1500K)  r e q u i r e d  t o  p r o d u c e  an a d e q u a t e

v a p o u r  p r e s s u r e  i n  a Knudsen  oven c o n t a i n i n g  S i .

( 2 2 1 )G e r m an i u m. Ge i s  an a m p h o t e r i c  d o p a n t  i n  MBE grown

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

b e i n g  c r i t i c a l l y  d e p e n d e n t  on g r o w t h  c o n d i t i o n s .  I f  t h e  

g r o w t h  c o n d i t i o n s  a r e  suc h  t h a t  t h e  G a - s t a b i l i s e d  s u r f a c e  

s t r u c t u r e  i s  o b t a i n e d  ( s e e  s e c t i o n  2 . 4 ) ,  Ge i s  

i n c o r p o r a t e d  p r e d o m i n a t e l y  as an a cc ep t eu r ,  i e  on As s i t e s ,  

w h i l e  u n d e r  A s - s t a b i l i s e d  g r o w t h  c o n d i t i o n s  Ge i s  

i n c o r p o r a t e d  p r e d o m i n a t e l y  as a d o n o r ,  p r e s u m a b l y  on Ga 

s i t e s .  Ge -doped  f i l m s  a r e  h i g h l y  c o m p e n s a t e d ,  h o w e v e r ,  

p a r t i c u l a r l y  f o r  t h e  cas e  o f  n -  t y p e  f i l m s  and t h e r e f o r e  

Ge i s  n o t  p a r t i c u l a r l y  u s e f u l  as a p r a c t i c a l  d o p a n t .  

M a g n e s i u m .  ̂ g r o u p  I I  e l e m e n t ,  i s  c h e m i c a l l y

i n c o r p o r a t e d  i n t o  GaAs w i t h  a n e a r  u n i t y  s t i c k i n g
5

c o e f f i c i e n t  b u t  o n l y  one Mg atom i n  10 i s  e l e c t r i c a l l y  

a c t i v e .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  l e v e l  o f  

e l e c t r i c a l  a c t i v i t y  o f  i n c o r p o r a t e d  Mg ( p r o d u c i n g  p - t y p e  

m a t e r i a l )  i n c r e a s e s  r a p i d l y  w i t h  A1 c o n t e n t  i n  t h e  

t e r n a r y  compound A l ^  Ga^ ^ ^ ^ ( 4 . 1 5 ) ^  Beyond 

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

o c c u p y  i n t e r s t i t i a l  s i t e s ,  no e x p e r i m e n t a l  i n f o r m a t i o n  i s  

a v a i l a b l e  on i t s  i n c o r p o r a t i o n  b e h a v i o u r  i n  MBE grown GaAs.



( 2  2 2  )M a n g a n e s e . * Manganese ,  a g r o u p  I I  e l e m e n t ,  i s

r e a d i l y  i n c o r p o r a t e d  i n  an e l e c t r i c a l l y  a c t i v e  f o r m

p r o v i d e d  A s - s t a b i l i s e d  g r o w t h  c o n d i t i o n s  a r e  m a i n t a i n e d

b u t  i t  f o r m s  a deep a c c e p t o r  l e v e l  (1 1 3  meV abo ve  t h e

v a l e n c e  band e d g e )  and hence  i s  n o t  f u l l y  i o n i s e d  a t

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

a t  d o p i n g  l e v e l s  > 1 0^ ^  a c c e p t o r s  cm ^ due t o  a s t r o n g

i n t e r a c t i o n  o f  Mn w i t h  Ga d u r i n g  g r o w t h .

B e r y l l i u m . B e , a g r o u p  I I  e l e m e n t ,  i s  an i d e a l

p -  t y p e  d o p a n t  i n  MBE g rown  GaAs h a v i n g  a n e a r  u n i t y

s t i c k i n g  c o e f f i c i e n t  and an a t o m / f r e e - c a r r i e r  r a t i o  i n

GaAs f i l m s  o f  'v 1 ,  P - t y p e  d o p i n g  l e v e l s  as h i g h  as 

1 9 - 35 X 10 cm have  been a c h i e v e d  u s i n g  Be.

(2 2 3)T e l l u r i u m . * Te,  a g r o u p  VI  e l e m e n t ,  has  a u n i t y

s t i c k i n g  c o e f f i c i e n t  on GaAs a t  t y p i c a l  MBE g r o w t h  

t e m p e r a t u r e s .  Sy^ i s  u n e x p e c t e d l y  h i g h  s i n c e  Te i s  a 

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

a r s e n i c  f r o m  an As -  s t a b i l i s e d  s t r u c t u r e  by f o r m i n g  t h e  

s t a b l e  compound GaTe and t h u s  i s  u n s u i t a b l e  as a d o p a n t .

Of  o t h e r  p o t e n t i a l  d o p a n t s ,  t h e  g r o u p  I I  e l e m e n t s ,

Zn and Cd, have  z e r o  s t i c k i n g  c o e f f i c i e n t s  on GaAs a t  

t e m p e r a t u r e s  > 100°C ( s e e  c h a p t e r  4 f o r  a f u l l e r  

d i s c u s s i o n  o f  Zn d o p i n g )  w h i l e  t h e  g r o u p  VI  e l e m e n t s ,  S 

and Se,  have  p r o v e d  u s e f u l  n -  t y p e  d o p a n t s  when

e v a p o r a t e d  as l e a d  compounds  (PbS,  PbSe)  f r o m  s o - c a l l e d

. .  ( 2 . 2 4 )c a p t i v e  s o u r c e s  *
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C H A P T E R  3

GROWTH OF UNINTENTIONALLY DOPED InP BY MOLECULAR BEAM EPITAXY

3 . 1  I n t r o d u c t i o n

The MBE s y s t e m  t o  be d e s c r i b e d  h e r e  was p r e v i o u s l y

used by N o r r i s   ̂^ ^   ̂ t o  g row u n i n t e n t i o n a l l y  doped InP

( 3 2 )and by S u l l i v a n  * t o  grow b o t h  u n i n t e n t i o n a l l y  doped 

and S n -do ped  I n P .  As m e n t i o n e d  i n  c h a p t e r  1,  t h e  i n -  

v acuo  s u b s t r a t e  c l e a n i n g  t e c h n i q u e  used by t h e s e  a u t h o r s  

w h i c h  p e r m i t t e d  t h e  s u b s e q u e n t  g r o w t h  o f  e p i t a x i a l  I nP 

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

t h e  p r e c i s e  c o n d i t i o n s  b e i n g  a 30 m i n u t e  e x p o s u r e  t o  500eV

a r g o n  i o n s  w i t h  an i o n - c u r r e n t  d e n s i t y  a t  t h e  s u b s t r a t e

00°C,  

( 3 . 1 )

~ l yAcm ^ f o l l o w e d  by a 30 m i n u t e  a n n e a l  a t  2 5 0 - 3 0 0 ° C ,

t h e  p r o c e s s  b e i n g  r e p e a t e d  t h r e e  t i m e s .  N o r r i s  

has shown t h a t  t h i s  c l e a n i n g  t e c h n i q u e  r e s u l t s  i n  a smoo t h  

c r y s t a l l i n e  s u r f a c e  as e v i d e  need by t h e  o b s e r v a t i o n  o f  a 

s t r e a k y  u n r e c o n s t r u c t e d  o r  b u l k - l i k e  RHEED p a t t e r n  

f o l l o w i n g  t h e  c l e a n i n g  p r o c e s s .  I n  a d d i t i o n ,  (2 x 4)  

s u r f a c e  r e c o n s t r u c t i o n  has been o b s e r v e d  by N o r r i s  

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

r a n g e  300 -  380°C u s i n g  t y p i c a l  f l u x  l e v e l s  d u r i n g  f i l m  

g r o w t h  o f
= 3 X 1 0 l 4  cm-2 s " ^

and J > 10^^  cm"^ s “ ^
2

As d i s c u s s e d  i n  c h a p t e r  2,  s e c t i o n  2 . 4 ,  t h e  (2 x 4 )  

r e c o n s t r u c t e d  s u r f a c e  i s  w i d e l y  r e p o r t e d  f o r  GaAs as b e i n g  

i n d i c a t i v e  o f  A s - s t a b i l i s e d  g r o w t h  c o n d i t i o n s .  Thus ,  by



d i r e c t  a n a l o g y  t h e  f l u x  l e v e l s  g i v e n  above  a r e  assumed t o  

r e s u l t  i n  t h e  g r o w t h  o f  e p i t a x i a l  I nP u n d e r  P - s t a b i l i s e d  

g r o w t h  c o n d i t i o n s .  A l l  t h e  InP f i l m s  g rown  by t h e  a u t h o r ,  

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

we re  d e p o s i t e d  u n d e r  t h e s e  P - s t a b i l i s e d  g r o w t h  c o n d i t i o n s  

u s i n g  I n  and P^ f l u x e s  s i m i l a r  t o  t h o s e  g i v e n  a b o v e .

A l s o ,  t h e  a r g o n - i o n  s p u t t e r i n g  and a n n e a l i n g  s u b s t r a t e  

c l e a n i n g  t e c h n i q u e  d e t a i l e d  above  was e m p l o y e d  t h r o u g h o u t .  

I n  a d d i t i o n  t o  d e s c r i b i n g  t h e  HBÉ s y s t e m  and 

d i a g n o s t i c  e q u i p m e n t  c h a p t e r  3 d i s c u s s e s  t h e  g r o w t h  and 

c h a r a c t e r i s a t i o n  o f  u n i n t e n t i o n a l l y  doped m o l e c u l a r  beam 

e p i t a x i a l  I n P .  P l asma r e f l e c t i v i t y  m e a s u r e m e n t s  and 

e l e c t r o n  c h a n n e l l i n g  a n a l y s i s  have been used  f o r  t h e  

f i r s t  t i m e  i n  t h e  a s s e s s m e n t  o f  I nP g rown  by MBE, t h e  

r e s u l t s  o b t a i n e d  b e i n g  r e p o r t e d  i n  s e c t i o n  3 . 7 . 3 ,  I n  

s e c t i o n  3 . 8  d e t r i m e n t a l  e f f e c t s  a s s o c i a t e d  w i t h  t h e  a r g o n -  

i o n  s p u t t e r i n g  and a n n e a l i n g  s u b s t r a t e  c l e a n i n g  p r o c e s s  

a r e  d i s c u s s e d ,

3 . 2  MBE Sys tem and D i a g n o s t i c  E q u i p m e n t

The s t a i n l e s s - s t e e l  u l t r a - h i g h  vacuum s y s t e m  used i n

t h i s  w o r k  i s  shown i n  F i g .  3 . 1  w h i l e  t h e  MBE g r o w t h

c hamber  i s  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  F i g .  3 . 2 .  The

— 1p u m p i n g  s y s t e m  c o n s i s t e d  o f  a 600 L s ”  d i f f u s i o n  pump

t o p p e d  w i t h  a Vacuum G e n e r a t o r s  CCT150 c h e v r o n - b a f f l e d

—1c o l d  t r a p  and b a c ke d  by a 200 L min  r o t a r y  pump.  A 

base p r e s s u r e  o f  ^ 2 x 10 ^ T o r r  was o b t a i n e d  f o l l o w i n g  a 

6 h o u r  b a k e o u t  o f  t h e  s y s t e m  a t  -v 150 °C ,  t h e  p r e s s u r e
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p r i o r  t o  t h e  b a k e o u t  b e i n g  ^ 5 x 10 ^ T o r r  due 

p r i n c i p a l l y  t o  t h e  p r e s e n c e  o f  w a t e r  v a p o u r .  The u l t i m a t e  

b a se p r e s s u r e  was ~ 5 x 10 ^ ^  T o r r  a c h i e v e d  u s i n g  l i q u i d  

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

t h e  vacuum s y s t e m .  A mass s p e c t r u m  o f  t h e  r e s i d u a l  gases  

r e c o r d e d  u s i n g  a Vacuum G e n e r a t o r s  Q8 q u a d r u p o l e  mass 

s p e c t r o m e t e r  i s  shown i n  F i g .  3 . 3 ,  i n d i c a t i n g  c a r b o n  

m o n o x i d e  (28 amu) t o  be t h e  ma in  c o n s t i t u e n t  o f  t h e  

b a c k g r o u n d  g a s e s .  A l s o  p r e s e n t  i n  t h e  r e s i d u a l  gas 

s p e c t r u m  a r e  a r g o n  ( f r o m  t h e  a r g o n  i o n  s p u t t e r i n g  p r o c e s s )  

and p h o s p h o r u s  w h i c h  was n e v e r  c o m p l e t e l y  r e m o v e d .

F r e s h l y  p r e p a r e d  s u b s t r a t e s  ( see  s e c t i o n  3 . 5 )  were  

a t t a c h e d  t o  a mo l ybdenum h e a t i n g  b l o c k  t h r o u g h  t h e  l o a d i n g  

p o r t  shown i n  F i g .  3 . 4 .  The l o a d i n g  p o r t  was c o n t a i n e d

i n  a s m a l l  chamber  a t  t h e  t o p  o f  t h e  vacuum s y s t e m  and

c o u l d  be i s o l a t e d  f r o m  t h e  ma in  g r o w t h  chambe r  by means 

o f  an i n t e r l o c k  v a l v e .  The l i n e a r  m o t i o n  d r i v e  shown i n

F i g .  3 . 4  c o n t r o l l e d  t h e  p o s i t i o n  o f  a f l a p  v a l v e  w h i c h

when i n  t h e  h o r i z o n t a l  p o s i t i o n  p r e s s i n g  o n t o  a V i t o n  

0 - r i n g  s e a l  a l l o w e d  t h e  p r e s s u r e  i n  t h e  s y s t e m  t o  be 

m a i n t a i n e d  a t  ~ 5 x 10 ^ T o r r  w h i l e  t h e  s m a l l  l o a d i n g  

chamber  was a t  a t m o s p h e r i c  p r e s s u r e .  The vacuum i n t e r l o c k  

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

o f  a t m o s p h e r i c  c o n t a m i n a t i o n .  F o l l o w i n g  an i n i t i a l  

b a k e o u t  o f  t h e  s y s t e m  4 t o  5 g r o w t h  r u n s  c o u l d  be 

p e r f o r m e d  u s i n g  t h e  f l a p  v a l v e  t o  r e - l o a d  new s u b s t r a t e s ,  

t h u s  o b v i a t i n g  t h e  need t o  bake t h e  s y s t e m  a f t e r  each  

r e - l o a d i n g  p r o c e s s .  The 4 t o  5 r u n  l i m i t  w h i c h
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1. substrate loading por t .
2. l i n e a r  mot ion d r iv e .  

Knudsen ovens —
3. bery I I ium

4 . phosphorus
5. in d iu m
6 . z i n c



c o r r e s p o n d e d  t o  8 t o  10 h r s  g r o w t h  t i m e  was i m pos e d  by 

t h e  s h o r t  l i f e t i m e  o f  t h e  InP Knudsen oven c h a r g e  ( see  

S e c t i o n  3 . 4 . 2 ) .  The b e l l o w s  shown i n  F i g .  3 . 4  a l l o w e d  

t h e  s u b s t r a t e  h o l d e r  w h i c h  was l o c a t e d  a t  t h e  end o f  a 

l i n e a r  m o t i o n  d r i v e  r o d  and X - Y- Z  samp l e  m a n i p u l a t o r  t o  

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

p l a n e  and a l s o  t o  be p o s i t i o n e d  a t  4 5 °  w i t h  r e s p e c t  t o  a 

V a r i a n  a r g o n  i o n  s p u t t e r  gun .  A l s o  shown i n  F i g .  3 . 4  

a r e  t h e  f l a n g e s  o n t o  w h i c h  t h e  m o l e c u l a r  beam ov en s  were 

h o r i z o n t a l l y  moun t ed  i n  t h e  g r o w t h  c h a m b e r .

3 . 3 Knudsen  Oven D e s i g n

M o l e c u l a r  beam s o u r c e s  f o r  use i n  MBE s y s t e m s  s h o u l d  

be n o n - r e a c t i v e , have  l o w  gas e v o l u t i o n  a t  t h e i r  o p e r a t i n g  

t e m p e r a t u r e s  and have  r a p i d  t h e r m a l  r e s p o n s e  w i t h  l o w  

r a d i a n t  power  l o s s .  I d e a l l y  t h e  s o u r c e s  s h o u l d  be 

Knudsen  ovens  as d e s c r i b e d  i n  S e c t i o n  2 . 2 .

The d e s i g n  o f  t h e  Knudsen  ovens  used i n  t h i s  wo rk  i s  

i l l u s t r a t e d  s c h e m a t i c a l l y  i n  F i g ,  3 . 5 .  M a t e r i a l s  w i t h  

l o w  o u t g a s s i n g  r a t e s  were  used  e x c l u s i v e l y  i n  t h e  

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

b o r o n  n i t r i d e  c e l l ,  40mm l o n g  and 5mm i n  d i a m e t e r  ( L / r  = 1 6 ) ,  

i n  w h i c h  t h e  s o u r c e  c h a r g e  was p l a c e d .  The BN c e l l  was 

c o n t a i n e d  w i t h i n  a nec k ed  q u a r t z  t u b e  a r o u n d  w h i c h  a 

t a n t a l u m  h e a t i n g  w i r e  was h e l i c a l l y  wound w h i l e  t a n t a l u m  

f o i l ,  w r app ed  o n t o  a q u a r t z  f o r m e r  was used t o  t h e r m a l l y  

i n s u l a t e  t h e  oven  and t o  p r o v i d e  t h e r m a l  s t a b i l i t y .  The 

oven  t e m p e r a t u r e  was m o n i t o r e d  by means o f  a c h r o m e l - a l u m e l
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t h e r m o c o u p l e  s p o t  w e l d e d  t o  a mo l ybdenum d i s c  and p l a c e d  

i n  c o n t a c t  w i t h  t h e  BN c e l l .  The w h o l e  oven  a s s e m b l y  

was moun t ed  on a 34mm d i a ,  4 -  way e l e c t r i c a l  f e e d t h r o u g h  

f l a n g e  and s u r r o u n d e d  i n  t h e  vacuum s y s t e m  by a l i q u i d

n i t r o g e n - c o o l e d  s t a i n l e s s  s t e e l  s h r o u d  as shown i n  F i g .  3 . 6  

Oven t e m p e r a t u r e s  were  s t a b i l i s e d  t o  a l e v e l  o f  ± 1°C a t  

95G°C u s i n g  CRL ( mo d e l  4 05 )  t h r e e  t e r m  t e m p e r a t u r e

c o n t r o l l e r s ;  t h e  power  c o n s u m p t i o n  o f  t h e  ov en s  a t  950°C 

b e i n g  'v 5GW.

3 . 4  S o u r c e  M a t e r i a l  C o n s i d e r a t i o n s

The s o u r c e  o f  p r e d o m i n a t e l y  P2 m o l e c u l e s  used 

t h r o u g h o u t  t h i s  w o rk  was p r e - p u l l e d  p o l y c r y s t a l l i n e  InP 

o b t a i n e d  i n  p l a t e l e t  f o r m  f r o m  MCP L t d .  S i n c e  d a t a  

r e l a t i n g  t o  t h e  e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  t h e  m a t e r i a l  

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

p h o t o l u m i n e s c e n c e  t e c h n i q u e .  F i g .  3 . 7  shows a t y p i c a l  

77K p h o t o l u m i n e s c e n c e  s p e c t r u m  o b t a i n e d  f r o m  t h e  InP 

s o u r c e  m a t e r i a l  u s i n g  t h e  a p p a r a t u s  i l l u s t r a t e d  i n  F i g .  3 . 8  

The h a l f - w i d t h  o f  t h e  ma in  l u m i n e s c e n c e  peak  a t  1 . 4 0  eV 

o f  'V 13meV i n d i c a t e s  a f r e e  c a r r i e r  l e v e l ,  Nj  ̂ -  N^,  i n  t h e  

m a t e r i a l  o f  ^ 3 x 10 ^ ^  cm"^  ( 3 . 3 )  a d e g r e e  o f

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

l u m i n e s c e n c e  peak  a t  1 . 3 7  eV.  B o t h  Zn and S i  i m p u r i t i e s  

have  been a s s i g n e d  t o  a 1 . 3 7 e V  l u m i n e s c e n c e  l e v e l  o b s e r v e d  

i n  I nP m a t e r i a l   ̂^ ^ \  E l e m e n t a l  p h o s p h o r u s  i s  a v a i l a b l e  

w h i c h  i s  p u r e r  ( 9 9 . 9 99 9 % p u r e )  t h a n  t h e  I nP s o u r c e  m a t e r i a l  

used h e r e ;  h o w e v e r ,  as d i s c u s s e d  i n  C h a p t e r  2 t h e  g r o w t h



F IG .3.6 : KNUDSEN OVEN ARRANGEMENT. 

( a )  WITH IN2 -  COOLED SHROUD.
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k i n e t i c s  a r e  s u b s t a n t i a l l y  d i f f e r e n t ,  i m p l y i n g  d i f f e r e n t  

op t imum g r o w t h  c o n d i t i o n s ,  u s i n g  g r o up  V t e t r a m e r s  

m o l e c u l e s  as opp os ed  t o  g r o u p  V d i m e r  m o l e c u l e s .

9 9 . 9 9 9 9 ?ü p u r e  i n d i u m  s u p p l i e d  by J o h n so n  M a t t h e y  L t d . ,  

was used  e x c l u s i v e l y  as t h e  s o u r c e  o f  e l e m e n t a l  I n .

3 . 4 , 1  I n d i u m  Oven E f f u s i o n  S p e c i e s

The V.G,  Q8 q u a d r u p o l e  mass s p e c t r o m e t e r  moun t ed  i n  

t h e  MBE g r o w t h  chamber  as shown i n  F i g .  3 , 2 ,  i e  i n  d i r e c t  

l i n e - o f - s i g h t  w i t h  t h e  I n  and InP o v e n s ,  was used t o  

m o n i t o r  t h e  s p e c i e s  e f f u s i n g  f r o m  t h e s e  ovens  a t  t h e i r  

o p e r a t i n g  t e m p e r a t u r e s ,  t y p i c a l l y  850°C and 650 °C ,  

r e s p e c t i v e l y .

F i g ,  3 , 9 ( a )  r e c o r d s  t h e  mass s p e c t r u m  o b t a i n e d  w i t h  

t h e  s h u t t e r ,  w h i c h  o p e r a t e d  on b o t h  t h e  I n  and I nP ovens  

s i m u l t a n e o u s l y ,  c l o s e d  and w i t h  t h e  I n  and I nP ovens  a t  

B50^C and 20° C,  r e s p e c t i v e l y .  Under  t h e s e  c o n d i t i o n s  

o n l y  b a c k g r o u n d  gases  r e s p o n s i b l e  f o r  a b a c k g r o u n d  

p r e s s u r e  o f   ̂ 10 ^ T o r r  were  d e t e c t e d .  W i t h  t h e  s h u t t e r  

open t h e  o n l y  a d d i t i o n s  t o  t h e  s p e c t r u m  were  t h e  p r e s e n c e  

o f  In'*" i s o t o p e s  a t  115 amu and 113 amu ( t h e  a c c e p t e d  

n a t u r a l  a b u n d a n c i e s  o f  t h e s e  i s o t o p e s  a r e  95 , 86% I n ^ ^ ^  

and 4 .16% and I n ^ ^  a t  57 amu; t h e  mass s p e c t r u m

r e c o r d e d  w i t h  t h e  s h u t t e r  open i s  shown i n  F i g .  3 . 9  ( b ) .  

Thus ,  i t  can be c o n c l u d e d  t h a t  t h e  s h u t t e r  was e f f e c t i v e  

i n  c o m p l e t e l y  b l o c k i n g  t h e  I n  m o l e c u l a r  beam and t h e r e f o r e  

t h a t  t h e  beam was w e l l  c o l l i m a t e d .
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3 . 4 . 2  InP Oven E f f u s i o n  S p e c i e s

The mass s p e c t r u m  r e c o r d e d  w i t h  t h e  InP and I n

ovens  a t  650°C and 20 ° C ,  r e s p e c t i v e l y ,  and w i t h  t h e

s h u t t e r  c l o s e d  i s  shown i n  F i g ,  3 , 1 0  ( a ) ;  t h e  c r a c k i n g

p a t t e r n  o f  p h o s p h o r u s  i s  i n d i c a t e d  w i t h  pea ks  a t  31 amu

(P^  and 62 amu ( P^  and P^ ’* ' ) ,  93 amu ( P ^ )  and 124 amu

( P ^ ) .  As shown i n  F i g ,  3 . 1 0  ( b )  t h e  i n t e n s i t y  o f  each

o f  t h e  pea ks  d e t a i l e d  above  i n c r e a s e d  by a f a c t o r  o f  '\>2

w i t h  t h e  s h u t t e r  i n  t h e  open p o s i t i o n .  T h i s  c o r r e s p o n d e d

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

t h e  chamber  f r o m  1 , 2  x 10 ^ T o r r  t o  2 x 1 0 ” ® T o r r ,  Hence,

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

p h o s p h o r u s  was n o t  e v a p o r a t e d  as a c o l l i m a t e d  beam b u t

r a t h e r  h e a t i n g  o f  t h e  InP c r e a t e d  an o v e r p r e s s u r e  o f

p h o s p h o r u s  i n  t h e  vacuum c h am b e r .  I t  s h o u l d  be n o t e d

h e r e  t h a t  Pg and P^ (90% P^ ,  10% P^)  m o l e c u l e s  o n l y  a r e

e v a p o r a t e d  f r o m  an I nP Knudsen  oven a t  650°C ( t o g e t h e r

( 2  1 )w i t h  an e x t r e m e l y  s m a l l  I n  f l u x )  as shown by F a r r o w  

f r o m  m o d u l a t e d  beam m a s s - s p e c t r o m e t r y  e x p e r i m e n t s  and t h u s  

t h e  r e l a t i v e l y  l a r g e  P^ peak  r e c o r d e d  i n  F i g s ,  3 . 1 0  ( a )  

and 3 . 1 0  ( b )  i s  a t t r i b u t e d  t o  P^ + Pg a s s o c i a t i o n  on 

s u r f a c e s  i n  t h e  mass s p e c t r o m e t e r  i o n  s o u r c e  r e g i o n ;  

t h e  P^ and P^ s i g n a l s  a r e  a t t r i b u t e d  t o  d i s s o c i a t i v e  

i o n i z a t i o n  o f  P^ and P^ m o l e c u l e s ,  r e s p e c t i v e l y .

D u r i n g  e p i t a x i a l  l a y e r  g r o w t h  a c o n s t a n t  p h o s p h o r u s  

f l u x  l e v e l  was m a i n t a i n e d  by m o n i t o r i n g  t h e  peak  h e i g h t
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o f  t h e  62 amu (P^  + P ^ ^ l  p e a k .  As t h e  I nP s o u r c e  

became d e p l e t e d  o f  p h o s p h o r u s  i t  was f o u n d  n e c e s s a r y  t o  

i n c r e a s e  t h e  c e l l  t e m p e r a t u r e  by up t o  20°C i n  o r d e r  

t o  m a i n t a i n  t h e  peak  h e i g h t  c o n s t a n t .  A p h o s p h o r u s  

d e p l e t e d  InP c h a r g e  i s  shown i n  F i g ,  3 . 1 1  w h i c h  

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

end o f  t h e  c e l l .

3 . 5  S u b s t r a t e  P r e p a r a t i o n  : E x - V a c u o •

S a w - c u t  0 , 5  mm t h i c k  ( 1 0 0 )  I nP s u b s t r a t e  m a t e r i a l  

g rown  by t h e  l i q u i d  e n c a p s u l a t e d  C z o c h r a l s k i  (LEC)  method  

was s u p p l i e d  by M. C .P ,  L t d ,  F e - d o p e d  s e m i - i n s u l a t i n g  

s u b s t r a t e s  were  used t o  a l l o w  e l e c t r i c a l  c h a r a c t e r i s a t i o n  

o f  e p i t a x i a l  l a y e r s  w h i l e  Z n - d o p e d  p " ^ - t y p e  s u b s t r a t e s  

(2 X 10^® cm ^ ) were  e m p l o ye d  i n  o r d e r  t o  f a c i l i t a t e  deep 

l e v e l  t r a n s i e n t  s p e c t r o s c o p y  mea su r em en t s  ( s e e  c h a p t e r  6)  

on p'*' -n I nP j u n c t i o n s  g rown by MBE, S u b s t r a t e s  h a v i n g  

t h e  d i m e n s i o n s  1cm x 0 ,5cm were a t t a c h e d  t o  a g l a s s  b l o c k  

u s i n g  d e n t a l  wax and l a p p e d  on a p o l i s h i n g  pad ( h y p r o c e l  

p e l l o n )  w h i c h  was s oa ke d  i n  a 0,5% B r ^  -  m e t h a n o l  s o l u t i o n .  

A f t e r  a p o l i s h i n g  t i m e  o f  40 -  60 m i n s ,  s u b s t r a t e  s u r f a c e s  

were  m i r r o r - l i k e  and s c r a t c h - f r e e  w i t h  a s l i g h t  " o r a n g e -  

p e e l "  a p p e a r a n c e  b e i n g  o b s e r v e d  by N o m a r s k i  pha se  c o n t r a s t  

m i c r o s c o p y .  Remova l  o f  a s u b s t r a t e  f r o m  t h e  g l a s s  b l o c k  

was e f f e c t e d  by p l a c i n g  t h e  b l o c k  i n  warm t r i c h l o r o e t h y l e n e , 

t h u s  d i s s o l v i n g  t h e  d e n t a l  wax.  S u b s t r a t e s  we re  t h e n  

r i n s e d  i n  A n a l a r  m e t h a n o l  and b l o w - d r i e d  i n  a p u r e  n i t r o g e n  

s t r e a m  p r i o r  t o  l o a d i n g  i n  t h e  vacuum s y s t e m .  A N o m a r s k i
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phase  c o n t r a s t  m i c r o g r a p h  o f  t h e  s u r f a c e  o f  an InP

s u b s t r a t e  a f t e r  p o l i s h i n g  i s  shown i n  F i g .  3 . 1 2 .

A l t h o u g h  t h e  p o l i s h i n g  t e c h n i q u e  o u t l i n e d  above  i s

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

s u r f a c e s ,  s u b s t a n t i a l  amoun ts  o f  c a r b o n  and ox y ge n  r e m a i n

on t h e  s u r f a c e s . F u r t h e r m o r e ,  c a r b o n  c o n t a m i n a t i o n

i n  e x c e s s  o f  0 . 2  m o n o l a y e r s  on GaAs s u b s t r a t e  s u r f a c e s

has been shown t o  r e s u l t  i n  d e p o s i t e d  GaAs l a y e r s

(1 1 )e x h i b i t i n g  t w i n s  and s u r f a c e  f a c e t t i n g  *. . T h e r e f o r e

i t  i s  e s s e n t i a l  t o  r emove t r a c e s  o f  c o n t a m i n a n t s  s uc h  as 

C and 0 f r o m  s u b s t r a t e  s u r f a c e s  p r i o r  t o  f i l m  d e p o s i t i o n  

by some i n - v a c u o  s u b s t r a t e  c l e a n i n g  t e c h n i q u e .

3 . 6  S u b s t r a t e  P r e p a r a t i o n  : I n - V a c u o

S u b s t r a t e  s u r f a c e s  were  a t o m i c a l l y  c l e a n e d  i n - v a c u o

by a s e r i e s  o f  t h r e e  1 h o u r  a r g o n - i o n  s p u t t e r i n g  and

a n n e a l i n g  c y c l e s .  500eV a r g o n - i o n s  were  i m p i n g e d  a t  an

a n g l e  o f  4 5 °  w i t h  r e s p e c t  t o  t h e  s u b s t r a t e  n o r m a l  w i t h  an

—2i o n  c u r r e n t  d e n s i t y  a t  t h e  s u b s t r a t e  o f  I p  A cm”  ;

a n n e a l i n g  t e m p e r a t u r e s  were  t y p i c a l l y  200 °C .  F a r r o w

has shown t h a t  t h i s  t e c h n i q u e  i s  e f f e c t i v e  i n  r e d u c i n g  t h e

c o n c e n t r a t i o n s  o f  s u r f a c e  i m p u r i t i e s ,  p r i n c i p a l l y  C and 0,

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

(3 7 )n ame l y  0.1% m o n o l a y e r ,  a l t h o u g h  D o w s e t t  e t  a l  ' have 

d e t e c t e d  s u r f a c e  i m p u r i t i e s  o f  600 ppm u s i n g  t h e  s e c o n d a r y  

i o n  mass s p e c t r o m e t r y  t e c h n i q u e  ( S I M S ) .
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F I G ■ 3.12 : N o m a rs k i  phase c o n t r a s t

m i c r o g r a p h  of s u r f a c e  of 

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

p r o d u c e d  d u r i n g  a r g o n - i o n  bomba rdmen t  t h e  q u a d r u p o l e  mass

s p e c t r o m e t e r  was moun t ed  i n  t h e  vacuum c hambe r  as shown

i n  F i g .  3 . 1 3 .  Z e r o  i o n i s i n g  power  was s u p p l i e d  t o  t h e

mass s p e c t r o m e t e r  i o n i s a t i o n  chamber  so t h a t  t h e  i n s t r u m e n t

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

t h e  q u a d r u p o l e  f r o m  an e x t e r n a l  s o u r c e .  F i g .  3 . 1 4  ( a )

shows t h e  mass s p e c t r u m  r e c o r d e d  w i t h  t h e  s u b s t r a t e

removed  f r o m  t h e  s p u t t e r i n g  p o s i t i o n ;  ' i n c i d e n t  Ar  '* and

A r ^ ^  i o n s  were  d e t e c t e d .  W i t h  t h e  s u b s t r a t e  l o w e r e d  t o

t h e  s p u t t e r i n g  p o s i t i o n  t h e  mass s p e c t r u m  r e c o r d e d  i s  as

shown i.n F i g .  3 . 1 4  ( b )  w h i c h  i l l u s t r a t e s  t h e  d e t e c t i o n  o f

a s m a l l e r  p r o p o r t i o n  o f  i n c i d e n t  A r ^  i o n s  t o g e t h e r  w i t h

s p u t t e r e d  I n ^  i o n s ,  i e  s e c o n d a r y  I n ^  i o n s .  S e c o n d a r y  P

i o n s  were  n o t  d e t e c t e d  p o s s i b l y  b ec aus e  s p u t t e r e d  P i o n s

a r e  n e g a t i v e l y  c h a r g e d  and as s uc h  a r e  n o t

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

o p e r a t i n g  mode.  S p u t t e r e d  i m p u r i t y  a t oms  we re  n o t

o b s e r v e d  s i n c e  t h e i r  c o n c e n t r a t i o n s  were  w e l l  b e l o w  t h e

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

n o r m a l  o p e r a t i o n  mode.  The b a s i c  p r i n c i p l e s  o f  s e c o n d a r y

i o n  mass s p e c t r o m e t r y  have been d e m o n s t r a t e d  h e r e  a l t h o u g h

m o d i f i c a t i o n s  w o u l d  have t o  be made t o  t h e  q u a d r u p o l e

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

°  -1A s p u t t e r - r a t e  o f  'v 250A h r  f o r  I nP m a t e r i a l  was

o b t a i n e d  f r o m  T a l y s t e p  m e a s u r e me n t s  on s u b s t r a t e s  w h i c h

were  h a l f - c o v e r e d  by Ta f o i l  p r i o r  t o  b e i n g  s p u t t e r -
o

c l e a n e d .  A t o t a l  o f  'v 375A o f  s u b s t r a t e  m a t e r i a l  t h e r e f o r e
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was removed  d u r i n g  t h e  i n - v a c u o  s u b s t r a t e  c l e a n i n g  p r o c e s s  

o u t l i n e d  a b o v e .

3 . 7  G r ow th  and C h a r a c t e r i s a t i o n  o f  InP F i l m s

P r i o r  t o  t h e  i n - v a c u o  s u b s t r a t e  c l e a n i n g  p r o c e s s  t h e  

I n  and InP ovens  were  o u t g a s s e d  For  1 h r  a t  20°C above  

t h e i r  n o r m a l  o p e r a t i n g  t e m p e r a t u r e s ,  n a m e l y  a t  870°C and 

670 °C ,  r e s p e c t i v e l y ,  a f t e r  t h e  s y s t e m  had been e v a c u a t e d  

t o  a b a c k g r o u n d  p r e s s u r e  o f  5 x 1 0 " ^ ^  T o r r .  F o l l o w i n g  

t h e  s u b s t r a t e  c l e a n i n g  s t a g e  t h e  I n  and I nP ov en s  were 

r u n  up t o  850°C and 6 50 ° C ,  r e s p e c t i v e l y ,  w i t h  t h e  s h u t t e r  

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

f o r  ~ 15 m i n s .  w h i l e  t h e  s u b s t r a t e  t e m p e r a t u r e  was 

s t a b i l i s e d  a t  360°C i n  t h e  p h o s p h o r u s  b a c k g r o u n d  ( 1 . 2  x 

10 ^ T o r r  p a r t i a l  p r e s s u r e ) .  F i l m  g r o w t h  was i n i t i a t e d  

by o p e n i n g  t h e  s h u t t e r  w h i c h  a l l o w e d  t h e  I n  f l u x  t o  a r r i v e  

a t  t h e  s u b s t r a t e .

3 . 7 . 1  F i l m  T h i c k n e s s  Meas ur emen t

S u b s t r a t e s  were  h e l d  i n  p l a c e  on t h e  mo lybdenum

h e a t i n g  b l o c k  by means o f  a 250^m d i a .  Ta w i r e  w h i c h  a l s o

e f f e c t i v e l y  ’ m a s k e d ’ t h e  p a r t  o f  t h e  s u b s t r a t e  w i t h  w h i c h

i t  was i n  d i r e c t  c o n t a c t .  T h i s  m a s k i n g  e f f e c t  a l l o w e d

f i l m  t h i c k n e s s e s  t o  be d e t e r m i n e d  u s i n g  b o t h  T o l a n s k y

( 3 . 9 )i n t e r f e r e n c e  m i c r o s c o p y  ’ and T a l y s t e p  m e a s u r e m e n t .  

F i g .  3 . 1 5  ( a )  shows a T o l a n s k y  i n t e r f e r e n c e  m i c r o g r a p h  o f  

a f i l m  ( g r o w t h  t i m e  = 1 h r )  i n d i c a t i n g  t h e  p r e s e n c e  o f  two 

s t e p s  c o r r e s p o n d i n g  t o  two  r e g i o n s  o f  e p i t a x i a l  f i l m  

s e p a r a t e d  by t h e  masked s u b s t r a t e  r e g i o n .  The c u r v e d
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f r i n g e s  on t h e  r i g h t  hand s i d e  o f  t h e  m i c r o g r a p h  a r e  due 

t o  an e d g e - r o u n d i n g  e f f e c t  c aus ed  by t h e  c h e m i c a l  

p o l i s h i n g  p r o c e s s  w h i c h  was r e p r o d u c e d  by t h e  e p i t a x i a l  

l a y e r .  A T a l y s t e p  t r a c e  w h i c h  p r o f i l e s  t h e  same f i l m /

s u b s t r a t e  r e g i o n  i s  i l l u s t r a t e d  i n  F i g .  3 . 1 5  ( b ) .  Bo th

t e c h n i q u e s  y i e l d e d  a f i l m  t h i c k n e s s  o f  ' v0 .5ym.  A p l o t  

o f  f i l m  t h i c k n e s s  a g a i n s t  g r o w t h  t i m e  i s  shown i n  F i g .

3 . 1 6 ,  i n d i c a t i n g  t h a t  t h e  f i l m  t h i c k n e s s  i n c r e a s e d  w i t h  

g r o w t h  t i m e  i n  a l i n e a r  f a s h i o n ,  t h e  e x p e r i m e n t a l  p o i n t s  

l y i n g  on a s t r a i g h t  l i n e  o f  s l o p e  0 . 5  ym h r ” ^ .  The 

t h e o r e t i c a l  I n  oven t e m p e r a t u r e  r e q u i r e d  f o r  a f i l m  g r o w t h

r a t e  o f  0 , 5  ym h r  ^ i s  ~ 870°C as c a l c u l a t e d  u s i n g

e q u a t i o n s  2 . 9  and 2 . 1 0  w h i c h  r e p r e s e n t s  a 20^ 0  d i s c r e p a n c y  

b e t we e n  t h e  t h e o r e t i c a l  I n  oven t e m p e r a t u r e  and t h e  

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

was f o u n d  a t  d i f f e r e n t  g r o w t h  r a t e s  r a n g i n g  f r o m  0 . 3  ym h r ” ^ 

t o  1 ym h r  ^ and t h e r e f o r e  i t  i s  c o n c l u d e d  t h a t  t h e  a c t u a l  

t e m p e r a t u r e  i n s i d e  t h e  BN c r u c i b l e  was 'v 20°C h i g h e r  t h a n  

t h e  oven  t e m p e r a t u r e  as m o n i t o r e d  by t h e  t h e r m o c o u p l e .

An I n  oven  t e m p e r a t u r e  o f  850°C was m a i n t a i n e d  

t h r o u g h o u t  t h i s  w o rk  w h i c h  as deduced  e x p e r i m e n t a l l y  

c o r r e s p o n d e d  t o  a f i l m  g r o w t h  r a t e  o f  0 . 5  ym h r ” ^ and 

t h e r e f o r e  an I n  f l u x  l e v e l  a t  t h e  s u b s t r a t e  o f  

~ 3 X 1 0^ ^  cm ^ s The p h o s p h o r u s  f l u x  l e v e l  was n o t

(3  5 )d i r e c t l y  d e t e r m i n e d ;  h o w e v e r ,  u s i n g  t h e  d a t a  o f  F a r r o w

f o r  t h e  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  o f  o v e r  I nP and

t h e  Knudsen  e q u a t i o n  ( e q u a t i o n  2 . 9 )  a t h e o r e t i c a l  f l u x

15 — 2 —1
l e v e l  o f  ^ 2 x 10 cm s f o r  P^ m o l e c u l e s  i s  o b t a i n e d
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f o r  an I nP oven  t e m p e r a t u r e  o f  6 30 °C .  Hence ,  t h e  r a t i o

used t h r o u g h o u t  t h i s  wo rk  was >5.

3 . 7 . 2  V i s u a l  and M i c r o s c o p i c  A ss es smen t  o f  L a y e r s

F i l m s  d e p o s i t e d  u n d e r  t h e  c o n d i t i o n s  o u t l i n e d  above 

a t  a t y p i c a l  s u b s t r a t e  t e m p e r a t u r e  o f  360°C were  m i r r o r ­

l i k e  and f e a t u r e l e s s  t o  t h e  n a k e d - e y e  w h i l e  t h e  p o l i s h e d  

s u b s t r a t e  s u r f a c e  " o r a n g e - p e e l ” a p p e a r a n c e  was r e p r o d u c e d  

on t h e  f i l m  s u r f a c e s  as o b s e r v e d  u s i n g  N o m a r s k i  phase  

c o n t r a s t  m i c r o s c o p y .  F i g .  3 . 1 7  shows a s c a n n i n g  e l e c t r o n  

m i c r o g r a p h  o f  t h e  s u r f a c e  o f  a 1pm t h i c k  u n i n t e n t i o n a l l y  

doped InP f i l m  a t  x 1 0 , 0 0 0  m a g n i f i c a t i o n  w h i c h  i n d i c a t e s  

t h a t  f i l m  s u r f a c e s  were  smoo t h  and e s s e n t i a l l y  f e a t u r e l e s s  

on a m i c r o s c o p i c  l e v e l ;  t h e  p a r t i c l e  t o  t h e  t o p  r i g h t  

hand c o r n e r  o f  t h e  m i c r o g r a p h  was l o c a t e d  t o  a i d  f o c u s s i n g .

3 . 7 . 3  C r y s t a l l o q r a p h i c  A s se s sm en t  o f  L a y e r s

The c r y s t a l l o g r a p h i c  q u a l i t y  o f  MBE g r own  InP l a y e r s  

was a s s e s s e d  by b o t h  X - r a y  t e x t u r e  camera  ( s e e  A p p e n d i x  A . l )  

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

3 . 1 8  and 3 . 1 9  show t h e  t e x t u r e  camera and e l e c t r o n  

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

t h i c k  u n i n t e n t i o n a l l y  doped f i l m  g rown o n t o  an a r g o n - i o n  

s p u t t e r e d  and a n n e a l e d  s u b s t r a t e  a t  a g r o w t h  t e m p e r a t u r e  

o f  3 60 °C .  The X - r a y  d i f f r a c t i o n  p a t t e r n  shown i n  F i g .

3 . 1 8  w h i c h  was r e c o r d e d  u s i n g  CrKa r a d i a t i o n  i s  i n d i c a t i v e  

o f  t w i n - f r e e  ( 1 0 0 )  o r i e n t a t e d  s i n g l e  c r y s t a l  m a t e r i a l  

w h i l e  an e l e c t r o n  c h a n n e l l i n g  p a t t e r n  s u c h  as t h a t
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FIG.3.18: Texture camera p a t t e r n  f rom an

u n in te n t i o n a l l y  doped InP f i lm.
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i l l u s t r a t e d  i n  F i g .  3 , 1 9  i s  o n l y  o b t a i n e d  f r o m  f i l m s  

h a v i n g  a h i g h  d e g r e e  o f  s u r f a c e  p e r f e c t i o n  The

e l e c t r o n  c h a n n e l l i n g  p a t t e r n  was o b s e r v e d  w i t h  a s c a n n i n g  

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

mode.  The r e c t a n g u l a r  shaped  d a r k  a r e a  shown i n  t h e  

c h a n n e l l i n g  m i c r o g r a p h  i s  t h e  image o f  an A1 c o n t a c t  pad 

w h i c h  was d e p o s i t e d  o n t o  t h e  f i l m  as p a r t  o f  a H a l l - e f f e c t  

c o n t a c t  a r r a n g e m e n t  ( se e  s e c t i o n  3 . 7 . 4 ) .  I n  c o n t r a s t ,  

F i g .  3 . 2 0  shows t h e  X - r a y  t e x t u r e  d i f f r a c t i o n  p a t t e r n  

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

c l e a n e d  i n - v a c u o  by t h e  a r g o n - i o n  s p u t t e r i n g  and a n n e a l i n g  

p r o c e s s .  A d d i t i o n a l  r e f l e c t i o n s  f r o m  ( 1 1 1 )  p l a n e s  can 

be seen  i n  t h e  p a t t e r n  o f  F i g .  3 . 2 0 ,  i n d i c a t i n g  t h e  

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

e p i t a x i a l .

3 . 7 . 4  E l e c t r i c a l  C h a r a c t e r i s a t i o n  o f  L a y e r s

H a l l - e f f e c t  m e a s u r e m e n t s  ( s e e  A p p e n d i x  A . 2)  and 

p l a s ma  r e f l e c t i v i t y  m e a s u r e m e n t s  we re  used  t o

c h a r a c t e r i s e  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  < 1 ym t h i c k  

u n i n t e n t i o n a l l y  doped f i l m s  and t h e  r e s u l t s  o b t a i n e d  u s i n g  

b o t h  t h e s e  t e c h n i q u e s  a r e  d e t a i l e d  b e l o w .

( a ) H a l l - e f f e c t  m e a s u r e m e n t s

Samp l es  we re  p r e p a r e d  f o r  H a l l - e f f e c t  m e a s u r e m e n t s  

as f o l l o w s :  A1 c o n t a c t s  were  e v a p o r a t e d  o n t o  e p i - l a y e r

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

t h e  5 pad c o n t a c t  p a t t e r n  i l l u s t r a t e d  i n  F i g .  A . 2 . 1 ;  t h e  

A1 c o n t a c t s  we re  shown t o  be ' o h m i c '  a t  b o t h  300K and 77K.



Amendment  t o  s e c t i o n  3 . 7 . 3

The E l e c t r o n  C h a n n e l l i n g  T e c h n i q u e

A ps eudo  K i k u c h i  e f f e c t  d i s c o v e r e d  by Co a te s  

u s i n g  a C a m b r i d g e  S t e r e o s c a n  SEN p e r m i t s  a r a p i d  q u a l i t a t i v e  

a s s e s s m e n t  o f  b u l k  s i n g l e  c r y s t a l  s a m p l e s .  The e f f e c t ,  

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

o b s e r v e d  i n  b o t h  t h e  e m i s s i v e  b a c k s c a t t e r e d  and s p e c i m e n -  

c u r r e n t  modes o f  o p e r a t i o n  a t  beam a c c e l e r a t i n g  v o l t a g e s  

f r o m  20kV down t o  2kV.  A c o n t r a s t  p a t t e r n  suc h  as t h a t  

i l l u s t r a t e d  i n  F i g .  3 . 1 9  i s  g e n e r a t e d  as t h e  a n g l e  o f  t h e  

i n c i d e n t  e l e c t r o n  beam c han ges  w i t h  r e s p e c t  t o  t h e  B r a gg  

p l a n e s  i n  t h e  s p e c i m e n .  Enhanced  e l e c t r o n  a b s o r p t i o n  i s  

seen i n  t h e  s p e c i m e n - c u r r e n t  mode o f  o p e r a t i o n  when t h e  

i n c i d e n t  beam i s  p a r a l l e l  t o  a l o w - i n d e x  p l a n e .  W i t h  

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

t h e  c o n t r a s t  d e c r e a s e s  and t h e  l i n e  w i d t h s  i n c r e a s e ,  so 

t h a t  h i g h e r  o r d e r  ( n a r r o w e r )  l i n e s  p r o g r e s s i v e l y  d i s a p p e a r .  

I n  a s c a l e  f r o m  0 t o  10 d e v i s e d  by C o a te s  t o  a s s e s s  t h e  

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

c r y s t a l  h a v i n g  a r a t i n g  o f  10,  t h e  c h a n n e l l i n g  p a t t e r n  

shown i n  F i g .  3 . 1 9  has been g i v e n  a r a t i n g  o f  7
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FIG■ 3.19 : Electron channe l l ing  micrograph 

f rom an unintent ional ly doped

I n P  fi lm



twin

FIG.3.20: Texture camera pattern f ro m  an

InP f i lm grown on an

as - loaded subs t ra te .



Samples  we re  t h e n  moun t ed  o n t o  a b r a s s  c r y o s t a t  as shown

i n  F i g .  3 . 2 1 ,  e l e c t r i c a l  c o n t a c t  b e i n g  made t o  t h e  A1

pads by means o f  g o l d  w i r e s  s e c u r e d  w i t h  s i l v e r  dag .

U n i n t e n t i o n a l l y  doped InP f i l m s  we re  n - t y p e ,  t h e  f r e e

c a r r i e r  c o n c e n t r a t i o n s  and e l e c t r o n  m o b i l i t i e s  i n  t h e

f i l m s  b e i n g  f o u n d  t o  be a s t r o n g  f u n c t i o n  o f  r u n  number

f o l l o w i n g  an i n i t i a l  b a k e o u t  o f  t h e  vacuum s y s t e m .

F i g .  3 . 2 2  shows a p l o t  o f  f r e e - c a r r i e r  c o n c e n t r a t i o n  and

m o b i l i t y  v e r s u s  g r o w t h  r u n  number  o b t a i n e d  by R . T .  H a l l -

e f f e c t  m e a s u r e m e n t s .  As can  be seen  f r o m  t h e  f i g u r e  t h e

f r e e - c a r r i e r  c o n c e n t r a t i o n  d e c r e a s e d  f r o m  10^® cm ^ ( r u n

no.  1)  t o  2 . 9  X 10 cm ( r u n  no .  5)  w h i l e  e l e c t r o n

2 —  1 —  1
m o b i l i t i e s  i n c r e a s e d  f r o m  400 cm V”  s~ ( r u n  no .  1)  t o  

'v^ljOOO cm ' V  s ( r u n  no.  5 ) .  T y p i c a l  r e s u l t s  o b t a i n e d

a t  R . T .  and 7 7 K f o r  r u n  no.  4 t o  5 f i l m s  a r e  g i v e n  b e l ow

N p  -  = 2 . 9  X I G ^ ^ c m " ^

y = 1000 . c m ^ V ' ^ s " ^

N p  -  •= 2 . 2  X l O ^ ^ c m " ^

y = 9 7 a  c m ^ V " ^ s “ ^

R.T

7 7 K

These r e s u l t s  i n d i c a t e  a c o m p e n s a t i o n  r a t i o ,  (Np + N ^ ) /

(Np -  N ^ ) ,  g r e a t e r  t h a n  3 a t  R .T .

(3 11)( b ) P l asma r e f l e c t i v i t y  m e a s u r emeats

Plasma r e f l e c t i v i t y  mea su r em en t s  were  made on l ym 

t h i c k  f i l m s  w h i c h  e x h i b i t e d  t h e  l o w e s t  u n i n t e n t i o n a l  d o p i n g  

l e v e l s  and h i g h e s t  e l e c t r o n  m o b i l i t i e s  as meas ur ed  by t h e



FIG.3.21: HALL-EFFECT CRYOSTAT
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H a l l - e f f e c t  t e c h n i q u e ,  i e f i l m s  h a v i n g  3 x 10^^

cm and y = 1 , 0 0 0  cm V s a t  R . T .  F r e e - c a r r i e r

1 7 —3c o n c e n t r a t i o n s  o f  o, 10 cm were o b t a i n e d  by p l as ma  

r e f l e c t i v i t y  m e a s u r e m e n t s  a t  R .T .  w h i l e  e l e c t r o n  m o b i l i t i e s
9 _ 1 _ 1

were i n  t h e  r a n g e  2 , 5 0 0  t o  3 , 0 0 0  cm V s , i n d i c a t i n g  a
( 3 . 1 2 )

c o m p e n s a t i o n  r a t i o  o f  b e t w e e n  1 and 2 ' . I t  s h o u l d

be n o t e d  h e r e  t h a t  t h e  p e n e t r a t i o n  d e p t h  o f  t h e  r a d i a t i o n

i n  InP m a t e r i a l  i s  o n l y   ̂ 0 . 5ym a t  t h e  r e s o n a n t  f r e q u e n c y

(3 13)i n  t h e  p l as ma  r e f l e c t a n c e  t e c h n i q u e  ’ . ( c . f .  a f i l m

t h i c k n e s s  o f  l y m ) .

3 , 7 . 5  P h o t o l u m i n e s c e n c e  f r o m  InP L a y e r s

U n i n t e n t i o n a l l y  doped InP f i l m s  ( < l y m  t h i c k )  g rown 

o n t o  a r g o n - i o n  s p u t t e r e d  and a n n e a l e d  s u b s t r a t e s  

e x h i b i t e d  z e r o  d e t e c t a b l e  p h o t o l u m i n e s c e n c e  a t  b o t h  R . T .  

and 77K a l t h o u g h  a v e r y  weak P . L .  s i g n a l  was o b s e r v e d  

f r o m  f i l m s  w h i c h  we re  c o o l e d  t o  7 K g t y p i c a l  7 K

P . L .  s p e c t r u m  i s  shown i n  F i g .  3 . 2 3 ,  i n d i c a t i n g  b a n d - t o -  

band r e c o m b i n a t i o n  a t  1 . 4 1 2 e V  w i t h  a peak  h a l f - w i d t h  o f  

9me V.

3 . 8  F u r t h e r  O b s e r v a t i o n s  R e l a t i n g  t o  t h e  A r q o n - I o n
S p u t t e r / A n n e a 1 - C l e a n i n g  P r o c e s s

The f a c t  t h a t  H a l l - e f f e c t  and p l as ma  r e f l e c t i v i t y  

m e a s u r e m e n t s  made on e p i t a x i a l  f i l m s  p r o v i d e d  s u b s t a n t i a l l y  

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

f i l m  i n t e r f a c e  was s e r i o u s l y  i n f l u e n c i n g  e l e c t r i c a l  

m ea s u r e m e n t s  on e p i - l a y e r s .  I n  o r d e r  t o  v e r i f y  t h i s  

h y p o t h e s i s  H a l l - e f f e c t  m e as u r e me n t s  were  made on a
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FIG ■ 3 ■ 23 7 K P.L. spec t rum f r o m  an
InP f i l m  g row n  on a 
spu t te r - c leaned  subs t ra te .



s e m i - i n s u l a t i n g  F e - d o p e d  s u b s t r a t e  w h i c h  had been 

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

t e c h n i q u e  and s u b s e q u e n t l y  r emoved f r o m  t h e  vacuum s y s t e m  

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

o b s e r v a t i o n  made when t h e  c o n t a c t  p a t t e r n  had been l a y e d  

down was t h a t  t h e  s u r f a c e  o f  t h e  s e m i - i n s u l a t i n g  s u b s t r a t e  

e x h i b i t e d  c o n d u c t i o n .  H a l l - e f f e c t  m e a s u r e m e n t s  gave t h e  

f o l l o w i n g  r e s u l t s ;

Np -  N ,  = 3 . 9  X

U = 786 cm^V“ ^ s " ^

Np - = 1.2 X lO^^cm"^

y = 607 c m ^ V ' ^ s ' l

o
a s s u m i n g  t h e  c o n d u c t i n g  l a y e r  t o  e x t e n d  lOOGA b e l o w  t h e

s u r f a c e  Thu s ,  s e m i - i n s u l a t i n g  s u b s t r a t e  s u r f a c e s

w o u l d  a p p e a r  t o  be c o n v e r t e d  by t h e  a r g o n - i o n  s p u t t e r i n g  

and a n n e a l i n g  p r o c e s s  t o  n - t y p e .  Bachmann e t  a l  

have  made s i m i l a r  o b s e r v a t i o n s ,  r e p o r t i n g  t h e  m eas ur emen t  

o f  a ^ IGOGA t h i c k  n - t y p e  l a y e r  w i t h  Np -  'v IG cm" 

on a r g o n - i o n  s p u t t e r / a n n e a l e d  F e - do p ed  I nP s u b s t r a t e s .

A s e c on d  e x p e r i m e n t  p e r f o r m e d  t o  f u r t h e r  i n v e s t i g a t e

t h e  e f f e c t  o f  t h e  i o n - b o m b a r d m e n t  c l e a n i n g  t e c h n i q u e  on

s u b s t r a t e  s u r f a c e s  was as f o l l o w s .  An n * ^ - t y p e  s u b s t r a t e

1 8 - 3( S n - d o p e d ,  1 G cm ) w h i c h  was h a l f - c o v e r e d  by Ta f o i l  

was a r g o n - i o n  s p u t t e r e d  and a n n e a l e d  i n  t h e  u s u a l  manner  

and r emoved  f r o m  t h e  vacuum s y s t e m .  The p h o t o l u m i n e s c e n c e  

a p p a r a t u s  shown i n  F i g .  3 . 8  was used t o  c ompar e  t h e  P . L .  

y i e l d s  f r o m  t h e  s p u t t e r e d  and u n s p u t t e r e d  a r e a s  o f  t h e
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n* ^ - t y pe  s u b s t r a t e .  F i g s ,  3 , 2 4  ( a )  and 3 . 2 4 ( b )  i l l u s t r a t e  

t h e  R . T .  p h o t o l u m i n e s c e n c e  s p e c t r a  o b t a i n e d  f r o m  

s p u t t e r e d  and u n s p u t t e r e d  r e g i o n s  o f  t h e  s u b s t r a t e ,  

r e s p e c t i v e l y ,  i n d i c a t i n g  a 30% r e d u c t i o n  i n  t h e  P . L .  

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

t r e a t m e n t .  S i n c e  a r g o n - i o n  s p u t t e r e d  and a n n e a l e d  

s u b s t r a t e  s u r f a c e s  have  been shown t o  be c r y s t a l l o g r a p h i c a l l y  

undamaged by RHEED  ̂^ ^   ̂ i t  i s  c o n c l u d e d  t h a t  t h e  P . L .  

y i e l d  i s  r e d u c e d  due t o  t h e  c r e a t i o n  o f  deep l e v e l s  a t  t h e  

s u r f a c e  w h i c h  a c t  as n o n - r a d i a t i v e  r e c o m b i n a t i o n  c e n t r e s .

3 . 9  D i s c u s s i o n  o f  R e s u l t s

The s t r i k i n g  f e a t u r e  o f  t h e  wo rk  d e s c r i b e d  i n  t h i s  

c h a p t e r  i s  t h e  i n f l u e n c e  w h i c h  t h e  s u b s t r a t e / f i l m  i n t e r f a c e  

has been f o u n d  t o  have on t h e  e l e c t r i c a l  and o p t i c a l  

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

and a n n e a l e d  s u b s t r a t e s .  S u b s t r a t e  s u r f a c e s  f o l l o w i n g  

t h e  i n - v a c u o  c l e a n i n g  t e c h n i q u e  have been shown t o  c o n t a i n  

s h a l l o w  d o n o r  and a c c e p t e r  l e v e l s  as ev idenced by t h e  

e l e c t r i c a l  m e a s u r e m e n t s  on t r e a t e d  s e m i - i n s u l a t i n g  s u r f a c e s  

( s e c t i o n  3 . 8 )  and a l s o  deep l e v e l s  as e v i d e  need f r o m  t h e  

r e d u c e d  P . L .  y i e l d  f r o m  t r e a t e d  n " ^ - t yp e  s u b s t r a t e s  ( s e c t i o n  

3 . 8 ) .  I t  i s  p o s t u l a t e d  t h a t  t h e  deep l e v e l s  a r e  a 

c o n s e q u e n c e  o f  v a c a n c i e s  ( b o t h  I n  and P) o r  v a c a n c y - c o m p l e x e s  

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

may be i n c o r p o r a t e d  f r o m t h e  a m b i e n t  d u r i n g  t h e  a n n e a l i n g  

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

s h a l l o w  l e v e l  p o i n t  d e f e c t s  c a n n o t  be r u l e d  o u t .
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A l t h o u g h  t h e  s u r f a c e s  o f  a r g o n - i o n  s p u t t e r e d  and

a n n e a l e d  InP s u b s t r a t e s  have been shown t o  c o n t a i n

m i c r o s c o p i c  d e f e c t s  ( deep  t r a p s ) ,  N o r r i s   ̂^ ^   ̂ r e p o r t s

t h a t  such  s u r f a c e s  a r e  smoo t h  and c r y s t a l l i n e  u s i n g  t h e

RHEED t e c h n i q u e .  N o r r i s '  o b s e r v a t i o n  i s  c o n f i r m e d  by

t h e  f a c t  t h a t  h i g h  q u a l i t y  ( < l um  t h i c k )  e p i t a x i a l  l a y e r s

have been g rown  o n t o  s p u t t e r - c l e a n e d  s u b s t r a t e s  as

i n d i c a t e d  by X - r a y  t e x t u r e  camera  and e l e c t r o n  c h a n n e l l i n g

a n a l y s e s  ( s e c t i o n  3 . 7 . 3 ) .  F u r t h e r  e v i d e n c e  o f  t h e  h i g h

q u a l i t y  o f  t h e  l a y e r s  i s  p r o v i d e d  by t h e  e l e c t r i c a l  r e s u l t s

o b t a i n e d  u s i n g  t h e  n o n - c o n t a c t  p l as ma  r e f l e c t a n c e  t e c h n i q u e

( s e c t i o n  3 . 7 , 4 ) ,  i e  " l O^^cm ^ and u = 3 , 000 cm^

V ^ a t  R . T . ,  i n d i c a t i n g  a c o m p e n s a t i o n  r a t i o  o f  be t we e n

1 and 2,  t h e  i n f l u e n c e  o f  t h e  s u b s t r a t e / f i l m  i n t e r f a c e

b e i n g  m i n i m a l  on p l a s ma  r e f l e c t i v i t y  m e a s u r e m e n t s .  I n

c o n t r a s t ,  t h e  e l e c t r i c a l  r e s u l t s  o b t a i n e d  by H a l l - e f f e c t

m ea s u r e m e n t s  ( s e c t i o n  3 , 7 . 4 )  wo u l d  seem t o  s u g g e s t  t h a t

t h e  l a y e r s  a r e  o f  p o o r e r  q u a l i t y  w i t h  m o b i l i t i e s  < 1 , 0 0 0  

2 -1 —  1cm V s a t  R . T . ,  h o w e v e r ,  suc h  m e a s u r e m e n t s  a r e  s e r i o u s l y  

i n f l u e n c e d  by t h e  c o n d u c t i n g  s u b s t r a t e / f i l m  i n t e r f a c e  and 

t h e r e f o r e  a r e  n o t  r e p r e s e n t a t i v e  o f  t h e  e p i - l a y e r s  

t h e m s e l v e s .

The e x t r e m e l y  weak P . L .  r e s p o n s e  o b t a i n e d  f r o m  d ^ m  

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

s u b s t r a t e s  ( s e c t i o n  3 . 7 . 5 )  i s  p r o b a b l y  a c o n s e q u e n c e  o f  

l u m i n e s c e n c e  q u e n c h i n g  by deep l e v e l  n o n - r a d i a t i v e  

r e c o m b i n a t i o n  c e n t r e s  a t  t h e  s u b s t r a t e / f i l m  i n t e r f a c e  r e g i o n .  

S t a n l e y  has r e c e n t l y  g rown InP f i l m s  by MBE u s i n g
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s o u r c e  m a t e r i a l s  and g r o w t h  c o n d i t i o n s  s i m i l a r  t o  t h o s e  

w h i c h  have  been d e s c r i b e d  i n  t h i s  c h a p t e r  b u t  t h e  i n -  

vacuo  s u b s t r a t e  p r e p a r a t i o n  t e c h n i q u e  c o n s i s t e d  o f  h e a t i n g  

t h e  s u b s t r a t e  t o  ^  500°C u n d e r  10 ^ T o r r  o f  a r s e n i c  

m o l e c u l a r  beam e x p o s u r e  ( i e ,  3 x 10^ ^  As^ cm ^s  ^ ) r a t h e r  

t h a n  a r g o n - i o n  s p u t t e r i n g  and a n n e a l i n g .  Such f i l m s  

have e x h i b i t e d  e f f i c i e n t  R . T .  p h o t o l u m i n e s c e n c e  

and t h e r e f o r e  t h i s  r e s u l t  s u p p o r t s  t h e  h y p o t h e s i s  o f  

l u m i n e s c e n c e  q u e n c h i n g  by deep l e v e l  s u b s t r a t e / f i l m  i n t e r f a c e  

s t a t e s  c r e a t e d  by t h e  i o n  bomba rdmen t  p r o c e s s .

I t  i s  a p p a r e n t  f r o m  t h e  measu r ed  d e p e n d e n c e  o f  t h e

f r e e - c a r r i e r  c o n c e n t r a t i o n  i n  u n i n t e n t i o n a l l y  doped f i l m s

on r u n  number  ( s e c t i o n  3 . 7 , 4 )  t h a t  b a c k g r o u n d  s p e c i e s  i n

t h e  vacuum s y s t e m  a n d / o r  i m p u r i t i e s  o u t g a s s e d  f r o m  t h e

Knudsen  ovens  a r e  i n c o r p o r a t e d  i n t o  g r o w i n g  e p i t a x i a l

l a y e r s  as d o n o r s  ( p r e d o m i n a t e l y )  and a c c e p t o r s ,  t h e

b a c k g r o u n d  d o p i n g  l e v e l  i n  f i l m s  b e i n g  f o u n d  t o  d e c r e a s e

w i t h  i n c r e a s i n g  s y s t e m  r u n n i n g  t i m e .  The u l t i m a t e

u n i n t e n t i o n a l  d o p i n g  l e v e l  a c h i e v e d  w h i c h  was i n  t h e  r a n g e

l O ^ ^ - l O ^ ^ c m  ^ was p r o b a b l y  a d d i t i o n a l l y  l i m i t e d  by t h e

p u r i t y  o f  t h e  s o u r c e  m a t e r i a l  used ( se e  s e c t i o n  3 . 4 ) .

A s a h i  e t  a l  have r e c e n t l y  r e p o r t e d  a SIMS a n a l y s i s

o f  I nP f i l m s  g rown  by MBE i n d i c a t i n g  S i  t o  be t h e  ma in

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

and i s o e l e c t r o n i c  i m p u r i t i e s  A1 and Ga a l s o  b e i n g  d e t e c t e d .

I t  s h o u l d  be n o t e d  t h a t  Zn w h i c h  has p r e v i o u s l y  been

a s c r i b e d  t o  an a c c e p t o r  l e v e l  i n  MBE grown  InP f i l m s  f r o m

(3 1 )p h o t o l u m i n e s c e n c e  a n a l y s i s  was n o t  d e t e c t e d  i n  t h e
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SIMS s t u d y .  S i  has been shown t o  be r e s p o n s i b l e  f o r  a 

s h a l l o w  d o n o r  l e v e l  i n  MBE grown GaAs when f u s e d  q u a r t z /

Ta r e s i s t i v e  s u b s t r a t e  h e a t e r s  a r e  e m p l o y ed   ̂^ \  

r e s u l t i n g  i n  u n i n t e n t i o n a l l y  doped n - t y p e d  f i l m s .  N o r m a l l y  

when Mo h e a t e r s  a r e  used u n i n t e n t i o n a l l y  doped GaAs f i l m s  

a r e  p - t y p e  I t  i s  p o s t u l a t e d  t h a t  S i  may have

been p r i n c i p a l l y  r e s p o n s i b l e  f o r  t h e  n - t y p e  n a t u r e  o f  t h e  

u n i n t e n t i o n a l l y  doped InP f i l m s  grown i n  t h i s  i n v e s t i g a t i o n  

s i n c e  b o t h  q u a r t z  and Ta m a t e r i a l s  were us.ed i n  t h e  

c o n s t r u c t i o n  o f  t h e  Knudsen  ovens  ( se e  s e c t i o n  3 . 3 ) .



Amendment to section 3.7.4

El e c t r i c a l  C h a r a c t e r i s a t i o n  o f  U n i n t e n t i o n a l l y  Doped F i l m s  

A t o t a l  o f  t h i r t y  u n i n t e n t i o n a l l y  doped InP f i l m s  

were  g rown  by MBE and c h a r a c t e r i s e d  u s i n g  t h e  H a l l - e f f e c t  

t e c h n i q u e .  The v a r i a t i o n  o f  c a r r i e r  c o n c e n t r a t i o n  and 

e l e c t r o n  m o b i l i t y  w i t h  r u n  number  d e p i c t e d  i n  F i g .  3 . 2 2  

was r e p e a t e d l y  o b s e r v e d  f o l l o w i n g  t h e  I nP c e l l  r e - c h a r g i n g  

p r o c e s s  w h i c h  was n e c e s s a r y  a f t e r  f i v e  r u n s  and a l s o  a b a k s - o u l  

o f  t h e  vacuum s y s t e m .  The r e s u l t s  g i v e n  on page 75 w h i c h  

a r e  d e s c r i b e d  as t y p i c a l  c a r r i e r  c o n c e n t r a t i o n s  and 

m o b i l i t i e s  i n  r u n  no.  4 t o  5 f i l m s  a r e  i n  f a c t  mean v a l u e s  

o b t a i n e d  f r o m  m ea s u r e m e n t s  on some t w e l v e  f i l m s ,  t h e  v a r i a t i o n  

o f  b o t h  Np -  and y i n  t h e  s e t  o f  t w e l v e  r u n  no.  4 t o  5 

f i l m s  b e i n g  < 20%. Of t h e s e  t w e l v e  f i l m s  f o u r  were  

c h a r a c t e r i s e d  u s i n g  t h e  p l as ma  r e f l e c t a n c e  t e c h n i q u e

The P lasma R e f l e c t a n c e  T e c h n i q u e

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

e x h i b i t s  a s h a r p  d r o p  t o  a min imum known as t h e  p l as ma  

ed ge ,  t h e  p o s i t i o n  o f  w h i c h  i s  d e p e n d e n t  on t h e  c a r r i e r  

c o n c e n t r a t i o n .  T h i s  a r i s e s  f r o m  a r e s o n a n c e  b e t we e n  t h e  

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

o f  t h e  n e u t r a l  p l as ma  o f  f r e e  c a r r i e r s  and f i x e d  i o n s ,  

w h i c h  i s  c a l l e d  t h e  p l a s ma  f r e q u e n c y .  I n  t h e  s i m p l e s t  

c a s e ,  t h e  r e f r a c t i v e  i n d e x  b e l o w  t h e  p l as ma  f r e q u e n c y  i s  

z e r o  and t h e  r e f l e c t i v i t y  a p p r o a c h e s  100%, w h i l e  above  i t  

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

r e f l e c t i v i t y  f a l l s  t o  a min i mum.



Amendment to section 3.7.4 (cont.)
The p l a s ma  f r e q u e n c y ,  , i s  g i v e n  by

CN[3-NA)e'

*

1/,
( 1 )

where  m i s  t h e  c o n d u c t i v i t y  e f f e c t i v e  mass,  ( N p - N ^ )  i s

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

d i e l e c t r i c  c o n s t a n t .  Thus i f  t h e  e f f e c t i v e  mass i s

known,  t h e  c a r r i e r  c o n c e n t r a t i o n  may be d e t e r m i n e d  f r o m

a m e as u r e me n t  o f  w . w i s  o b t a i n e d  f r o m  t h e  r e f l e c t i v i t y
P P

as f o l l o w s .  The r e f l e c t i v i t y ,  R, i s  g i v e n  by

( 2 )

( n H" 1 ) -f k ‘

where  n and k a r e  t h e  r e f r a c t i v e  and a b s o r p t i o n  i n d i c e s  

r e s p e c t i v e l y .  n and k may be f o u n d  f r o m  t h e  c o m p le x  

p e r m i t t i v i t y , g ( w) ,  w h i c h  may be w r i t t e n  u s i n g  t h e  t w o -  

o s c i l l a t o r  d i e l e c t r i c  mode l  as

e ( w ) = ( n - i k )  = e 1 +
e Ü)

( w + i / T )

( 3 )

whe re  tOp and a r e  t h e  LO and TO phonon  f r e q u e n c i e s ,  x 

i s  t h e  s c a t t e r i n g  t i m e  and Y i s  t h e  phonon  d am p i ng  c o n s t a n t  

The t wo  t e r m s  on t h e  r i g h t - h a n d  s i d e  o f  e q u a t i o n  ( 3 )  g i v e  

t h e  s e p a r a t e  c o n t r i b u t i o n s  o f  t h e  l a t t i c e  and t h e  f r e e  

c a r r i e r s  t o  t h e  p e r m i t t i v i t y .  From a f i t  t o  e q u a t i o n  ( 3 ) ,  

Wp can be f o u n d  and a l s o  an e s t i m a t e  o f  x ,  and hence  t h e  

m o b i l i t y  Up^,  may be o b t a i n e d .  I t  s h o u l d  be n o t e d  t h a t
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Fpp /  yy ( H a l l  m o b i l i t y )  and i n  g e n e r a l  y i s  f o u n d  t o  

be ^2 0% l e s s  t h a n  y ^ . A d i s a d v a n t a g e  o f  t h e  p l as ma  

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

d e t e r m i n e d  e x a c t l y  s i n c e  t  can o n l y  be e s t i m a t e d  f r o m  a 

c u r v e  f i t t i n g  p r o c e d u r e .
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CHAPTER 4.
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C H A P T E R  4 

ZINC DOPING OF InP BY MOLECULAR BEAM EPITAXY

4 . 1  I n t r o d u c t i o n

As d i s c u s s e d  i n  c h a p t e r  2 a m a j o r  d i s a d v a n t a g e  

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

MBE i s  t h a t  i n  g e n e r a l  o n l y  e l e m e n t s  w h i c h  have  a n e a r  

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

r e q u i r e d  f o r  e p i t a x i a l  g r o w t h  have been used s u c c e s s f u l l y  

as d o p a n t s .  The p r o b l e m  i s  p a r t i c u l a r l y  a c u t e  w i t h  

r e g a r d  t o  p - t y p e  d o p i n g  o f  I I I - V  s e m i c o n d u c t o r s .  The 

g r o u p  I I  e l e m e n t s  Zn and Cd, f o r  e x a m p l e ,  w h i c h  a r e  t h e  

mos t  w i d e l y  used p - t y p e  d o p a n t s  i n  o t h e r  e p i t a x i a l  g r o w t h  

t e c h n i q u e s  have  e x t r e m e l y  h i g h  v a p o u r  p r e s s u r e s  a t  t h e  

t y p i c a l  g r o w t h  t e m p e r a t u r e s  ( ~ 650°C f o r  GaAs o r  ~ 550°C 

f o r  I n P ) .  Zn,  f o r  i n s t a n c e ,  has been shown t o  have a 

n e a r  z e r o  s t i c k i n g  c o e f f i c i e n t  on GaAs a t  t e m p e r a t u r e s  > 

1 0 0 ° C ^ ^ ' ^ ^ .  Of  t h e  o t h e r  g r o up  I I  e l e m e n t s  Be,  w h i c h  i s  

a l o w  v a p o u r  p r e s s u r e  e l e m e n t ,  has p r o v e d  t h e  mos t  

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

GaAs and A l ^ G a ^  ^As by MBE h a v i n g  a n e a r  u n i t y  s t i c k i n g  

c o e f f i c i e n t B e ,  h o w e v e r ,  i s  h i g h l y  t o x i c  and 

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

h a n d l i n g .

S e v e r a l  y e a r s  ago Naganuma and T a k a h a s h i  r e p o r t e d  a 

p o s s i b l e  s o l u t i o n  t o  t h e  l o w  s t i c k i n g  c o e f f i c i e n t  p r o b l e m  

o f  Zn on G a A s ^ ^ ' ^ ) .  These a u t h o r s  g rew p - t y p e  GaAs 

l a y e r s  doped t o  a l e v e l  o f  ^ 5 x l O ^ ^ c m ' ^  by  p l a c i n g  an
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i o n i s a t i o n  c e l l  a t  t h e  o p e n i n g  o f  a p o s i t i v e l y  b i a s e d  

Zn e f f u s i o n  oven i n s i d e  t h e i r  e x i s t i n g  MBE g r o w t h  

c h am b e r .  A s t i c k i n g  c o e f f i c i e n t  o f  3% was deduced  f o r  

l o w  e n e r g y  Zn i o n s  (200  eV t o  1 . 5  keV)  b u t  t h e  e l e c t r i c a l  

q u a l i t y  o f  t h e  a s - g r o w n  l a y e r s  was s i g n i f i c a n t l y  wo r se  

t h a n  t h a t  o f  b u l k - g r o w n  GaAs More r e c e n t l y  Bean

and D i n g l e  e m p l oy ed  a d i f f e r e n t i a l l y  pumped Zn i o n

s o u r c e  e x t e r n a l  t o  t h e i r  g r o w t h  chamber  w i t h  mass 

s e l e c t i o n  and n e u t r a l  beam t r a p p i n g  i n  o r d e r  t o  o b t a i n  

p u r e l y  Zn"* s p e c i e s  and t o  m i n i m i s e  i o n i s a t i o n  o f  t h e  

l a r g e  ( ~ 10 ^ T o r r  p a r t i a l  p r e s s u r e )  As b a c k g r o u n d  

p r e s e n t  d u r i n g  g r o w t h .  A n e a r  u n i t y  s t i c k i n g  

c o e f f i c i e n t  was f o u n d  f o r  Zn*^ on GaAs ( c . f .  ^ 1 0 ” ^ f o r  Zn)  

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

c o n t r a s t  t o  t h e  e a r l i e r  w o r k ,  i t  was f o u n d  t h a t  w i t h  a 

s u i t a b l e  p o s t g r o w t h  a n n e a l  Zn"^ d o p i n g  p r o d u c e d  p - t y p e  

l a y e r s  w i t h  l o w  t e m p e r a t u r e  l u m i n e s c e n c e  and h o l e  

m o b i l i t i e s  c o m p a r a b l e  t o  s t a t e - o f - t h e - a r t  LPE l a y e r s .

Much l e s s  wo r k  has been r e p o r t e d  on d o p i n g  s t u d i e s  

o f  I nP g rown by M B E, i n  p a r t i c u l a r  p - t y p e  d o p i n g  has 

r e c e i v e d  v e r y  l i t t l e  a t t e n t i o n .  M i l l e r  e t  a l  have

r e p o r t e d  a t t e m p t s  t o  p r o d u c e  p - t y p e  I nP u s i n g  Be and Mg 

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

s t a t e  t h a t  Zn and Cd w i l l  n o t  s t i c k  on t h e  I nP s u r f a c e  

d u r i n g  MBE g r o w t h  b ec a us e  o f  t h e i r  h i g h  v a p o u r  p r e s s u r e s .  

I t  i s  n o t  c l e a r ,  h o w e v e r ,  w h e t h e r  t h i s  s t a t e m e n t  was 

based on e x p e r i m e n t a l  e v i d e n c e  o r  m e r e l y  an a s s u m p t i o n  

e x t r a p o l a t e d  f r o m  t h e  r e s u l t s  on GaAs.
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I n  v i e w  o f  t h e  i n f o r m a t i o n  d i s c u s s e d  above  t h e  

l o g i c a l  a p p r o a c h  t o  Zn d o p i n g  o f  I nP by MBE w o u l d  seem t o  

be v i a  Zn i o n s  as t h e  d o p a n t  s p e c i e s  and hence  t h i s  was 

t h e  me thod  a d o p t e d  i n  t h e  wo r k  t o  be d e s c r i b e d  i n  t h e  

f o l l o w i n g  s e c t i o n s .  The d e s i g n ,  p e r f o r m a n c e  and

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

s o u r c e  w h i c h  was i n c o r p o r a t e d  i n  t h e  InP MBE s y s t e m  as a 

s o u r c e  o f  Zn i o n s  a r e  d e s c r i b e d  i n  c h a p t e r  4 ( s e c t i o n  4 . 2  

-  4 . 6 ) .  I n  t h e  l a t t e r  p a r t  o f  t h e  c h a p t e r  ( s e c t i o n  4 . 7 )  

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

o f  n e u t r a l  Zn i n t o  I nP g rown  by MBE a r e  d i s c u s s e d .

4 , 2  T h e o r y  o f  l o n i s e d - B e a m  D o p i n g

When MBE l a y e r s  a r e  doped w i t h  i o n s  r a t h e r  t h a n  

n e u t r a l  s p e c i e s  d o p i n g  l e v e l s  can be d i r e c t l y  and 

i n s t a n t l y  known by m e a s u r i n g  t h e  i o n  c u r r e n t  a t  t h e  

s u b s t r a t e .  I n  t h e  w o rk  d e s c r i b e d  h e r e  t h e  i o n  c u r r e n t  

was me as u r e d  by m o n i t o r i n g  t h e  c o m p e n s a t i n g  e l e c t r o n  

c u r r e n t  f l o w i n g  b e t w e e n  t h e  s u b s t r a t e  h o l d e r  and g r o u n d .  

The me thod  o f  i o n  c u r r e n t  m o n i t o r i n g  used i s  d e s c r i b e d  i n  

d e t a i l  i n  s e c t i o n  4 . 5 .

I f  t h e  e f f e c t i v e  s t i c k i n g  c o e f f i c i e n t  s i s  d e f i n e d  

as t h e  r a t i o  o f  t h e  number  o f  i o n s  i n c o r p o r a t e d  i n  t h e  

g r o w i n g  l a y e r  t o  t h e  number  o f  i o n s  w h i c h  a r r i v e  a t  t h e  

s u b s t r a t e  ( o b t a i n e d  f r o m  t h e  meas ur ed  i o n  c u r r e n t ) ,  and 

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

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

g i v e n  by
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N = 2 . 2 5  X 10^7 g ( j . / d )  ( cm“ ^ )  ( 4 . 1 )

whe re  J i s  t h e  i o n  c u r r e n t  d e n s i t y  ( n A cm ^ ) a t  t h e  

s u b s t r a t e  and d i s  t h e  f i l m  g r o w t h  r a t e  ( y m / h r ) .  Hence,  

i f  t h e  g r o w t h  r a t e  d i s  m a i n t a i n e d  c o n s t a n t  a t  say  0 , 5  

y m / h r ,  t h e  d o p i n g  l e v e l  i s  s i m p l y  p r o p o r t i o n a l  t o  t h e  i o n  

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

g i v e n  by

N = 4 . 5  X 10^7 Q ( cm“ ^ )  ( 4 . 2 )

F i g .  4 . 1  shows a p l o t  o f  t h e  t h e o r e t i c a l  d o p i n g  l e v e l  

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

beam d o p i n g .  The s o l i d  l i n e  i n  F i g .  4 . 1  i s  d r awn  

a s s u m i n g  a s t i c k i n g  c o e f f i c i e n t  o f  0 . 5  f o r  t h e  i o n s .

4 . 3  I o n  So u rc e  D e s i g n

The i o n  s o u r c e  ( t e r m e d  ' l o n c e l l '  ^ ) d e s c r i b e d  h e r e  

was d e s i g n e d  and c o n s t r u c t e d  by O x f o r d  A p p l i e d  R e s e a r c h  

L t d . ,  w h i l e  t h e  c h a r a c t e r i s a t i o n  o f  e f f u s i o n  s p e c i e s  and 

a s s e s s m e n t  o f  t h e  i o n c e l l  p e r f o r m a n c e  were  c a r r i e d  o u t  by 

t h e  a u t h o r .

F i g .  4 . 2  shows a p h o t o g r a p h  o f  t h e  i o n c e l l  w h i c h  was 

d e s i g n e d  as a d i r e c t  r e p l a c e m e n t  f o r  c o n v e n t i o n a l  m o l e c u l a r  

beam c e l l s  moun t ed  on a 70mm O.D.  c o n f i â t  f l a n g e .  The 

l o w  e n e r g y  i o n c e l l  ( 200  eV 2 keV)  i s  i l l u s t r a t e d  

s c h e m a t i c a l l y  i n  F i g .  4 . 3 .  S i n c e  t h e  i o n c e l l  was d e s i g n e d  

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

c ho se n  f o r  i t s  c o n s t r u c t i o n  have r e l a t i v e l y  l o w  o u t g a s s i n g  

r a t e s .  The m a t e r i a l  used f o r  t h e  e l e c t r i c a l  i s o l a t o r  

§ R e g i s t e r e d  t r a d e  mark  o f  O x f o r d  A p p l i e d  R e s e a r c h  L t d .
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( s e e  F i g ,  4 . 3 )  i s  a b o r i c  o x i d e - f r e e  h i g h  p u r i t y  g r a d e  

o f  h o t  p r e s s e d  b o r o n  n i t r i d e .  O t h e r  m a t e r i a l s  o f  

c o n s t r u c t i o n  a r e  h i g h  p u r i t y  g r a p h i t e  ( l e  Ca rbo ne  g r a d e  

2239 PT) f o r  t h e  c e l l ;  h i g h  p u r i t y  A l gO^  f o r  t h e  h e a t e r  

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

and C o r n i n g  g r a d e  9658 m a c h i n a b l e  g l a s s  c e r a m i c  f o r  t h e  

f i l a m e n t  m o un t .

The i o n c e l l  o p e r a t e s  as f o l l o w s :  t h e  d o p a n t  c h a r g e

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

t h e  o r i f i c e  o f  t h e  g r a p h i t e  c e l l ,  t h e  c e l l  b e i n g

m a i n t a i n e d  a t  a p o s i t i v e  p o t e n t i a l  ( 20 0  eV ->• 2k eV)  w i t h

r e s p e c t  t o  g r o u n d .  E l e c t r o n s  f r o m  a h e a t e d  t u n g s t e n

f i l a m e n t  l o c a t e d  o u t  o f  l i n e - o f - s i g h t  f r o m  t h e  é v a p o r a n t

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

some o f  t h e  e m e r g i n g  v a p o u r  by e l e c t r o n  b o m b a r d m e n t .

F i g .  4 . 4  shows t h e  g e o m e t r i c a l  a r r a n g e m e n t  o f  t h e

t h e r m i o n i c  f i l a m e n t  w i t h  r e s p e c t  t o  t h e  c e l l  c a n a l .

P o s i t i v e  i o n s  f o r m e d  by e l e c t r o n  i m p a c t  a r e  a c c e l e r a t e d

t h r o u g h  a g r o u n d e d  e x i t  a p e r t u r e .  S i n c e  f o r  d o p i n g

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

—2('< l i i A  cm ) ,  t h e  i o n i s i n g  e l e c t r o n  e n e r g y  i s  d e s i g n e d  f o r  

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

A d e q u a t e  i o n i s a t i o n  i s  a c h i e v e d ,  h o w e v e r ,  i n  t h e  s o u r c e  

even  a t  e l e c t r o n  e n e r g i e s  f a r  removed  f r o m  t h e  maximum 

( "V 70 eV f o r  mos t  e l e m e n t s )  i n  t h e  i o n i s a t i o n  c r o s s -  

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

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

s c a t t e r i n g  c o l l i s i o n s .  The m a g n i t u d e  o f  i o n  c u r r e n t
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r e q u i r e d  i s  c o n t r o l l e d  a t  a f i x e d  c e l l  t e m p e r a t u r e  by 

t h e  i o n i s i n g  e l e c t r o n  e m i s s i o n  c u r r e n t  ( e l e c t r o n  

bomba rdmen t  c u r r e n t ) .  The e l e c t r o n  e m i s s i o n  c u r r e n t  i s  

m o n i t o r e d  as d r a i n  c u r r e n t  i n  t h e  p o s i t i v e  h i g h - v o l t a g e  

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

e l e c t r o n  a c c e l e r a t i o n  and p o s i t i v e  i o n  p o t e n t i a l  e n e r g y .  

F i n a l l y ,  f o r  f i x e d  i o n i s i n g  e l e c t r o n  e m i s s i o n  c u r r e n t  and 

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

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

a c c o r d i n g  t o  t h e  Knudsen  e q u a t i o n  ( s ee  c h a p t e r  2 ) .

4 . 4  C h a r a c t e r i s a t i o n  o f  S p e c i e s  E m i t t e d  f r o m  t h e  I o n  So u rc e

I t  i s  i m p o r t a n t  t o  meas ur e  t h e  c h a r g e  and mass 

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

o r d e r  t o  e s t i m a t e  t h e  t r u e  d o p i n g  r a t e  d u r i n g  MBE g r o w t h  

f r o m  t h e  m o n i t o r e d  i o n  c u r r e n t  a t  t h e  s u b s t r a t e .  A l t h o u g h  

o n l y  Zn i o n  d o p i n g  by MBE was i n v e s t i g a t e d  i n  t h i s  wo rk  

an i o n c e l l  c o n t a i n i n g  Cd was a l s o  f u l l y  c h a r a c t e r i s e d  i n  

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

b o t h  i o n c e l l s  a r e  d e s c r i b e d  h e r e .

The Vacuum G e n e r a t o r s  Q8 q u a d r u p o l e  mass s p e c t r o m e t e r  

p r e v i o u s l y  used  t o  m o n i t o r  b a c k g r o u n d  gases  and s p e c i e s  

p r e s e n t  i n  t h e  MBE s y s t e m  d u r i n g  g r o w t h  o f  u n i n t e n t i o n a l l y  

doped I nP was used  t o  a n a l y s e  t h e  n e u t r a l  and i o n i s e d  

f l u x e s  f r o m  b o t h  Zn and Cd i o n c e l l s .  T h i s  was p o s s i b l e  

s i n c e  t h e  mass s p e c t r o m e t e r  c o u l d  be m o u n t e d  i n  d i r e c t  

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

d e t e c t e d  w i t h  t h e  q u a d r u p o l e  t r a p  c u r r e n t  s e t  t o  p r o v i d e
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maximum i o n i s i n g  power  a t  an i o n i s a t i o n  p o t e n t i a l  o f  

70 eV and w i t h  z e r o  v o l t s  on t h e  i o n c e l l ,  w h i l e  i o n i s e d  

s p e c i e s  were  a n a l y s e d  w i t h  z e r o  t r a p  c u r r e n t .  W i t h  t h e  

t r a p  c u r r e n t  s e t  t o  z e r o  t h e  i n s t r u m e n t  c o u l d  o n l y  mass 

r e s o l v e  i o n s  l a u n c h e d  i n t o  t h e  q u a d r u p o l e  f r o m  an e x t e r n a l  

s o u r c e .

4 . 4 , 1  Cadmium l o n c e l l

The mass s p e c t r u m  o f  t h e  n e u t r a l  'Cd beam w i t h  t h e

Cd i o n c e l l  t e m p e r a t u r e  a t  27G°C i s  i l l u s t r a t e d  i n  F i g .

4 . 5 ( a ) .  The two ma i n  g r o u p s  o f  peaks  a r e  t h e  s i n g l y

and d o u b l y  i o n i s e d  i s o t o p e s  o f  Cd as p r o d u c e d  and

r e s o l v e d  by t h e  mass s p e c t r o m e t e r .  A l l  e i g h t  i s o t o p e s

o f  Cd a r e  p r e s e n t  i n  t h e i r  c o r r e c t  p e r c e n t a g e  a bu ndan ce

r a t i o s .  The s u p e r i o r  r e s o l u t i o n  o f  t h e  Cd** i s o t o p e s

c ompar ed  t o  t h e  Cd^^  i s o t o p e s  i s  a f u n c t i o n  o f  t h e

q u a d r u p o l e  i n s t r u m e n t .  A l s o  d e t e c t e d  a r e  v a r i o u s

r e s i d u a l  gas e s  r e s p o n s i b l e  f o r  a p r e - b a k e  s y s t e m  p r e s s u r e  

—  8o f  *v 5 X 10 T o r r ,  F i g .  4 . 5 ( b )  shows t h e  mass s p e c t r u m  

o f  200 eV i o n s  e m i t t e d  by t h e  Cd i o n c e l l ;  Cd^ and Cd^"*" 

a r e  p r e s e n t .  I t  can be seen  t h a t  t h e  Cd***/Cd^'' r a t i o s  

o b t a i n e d  a t  i o n i s a t i o n  e l e c t r o n  e n e r g i e s  o f  70 eV and 

200 eV a r e  v e r y  s i m i l a r ;  a r a t i o  o f  2 . 5  b e i n g  f o u n d  i n  

b o t h  c a s e s .  The mass r e s o l u t i o n  o f  e n e r g e t i c  i o n s  

l a u n c h e d  i n t o  t h e  q u a d r u p o l e  f r o m  t h e  Cd i o n c e l l  was 

f o u n d  t o  d e t e r i o r a t e  r a p i d l y  a t  i o n  e n e r g i e s  > 200 eV and 

t h e r e f o r e  t h e  Cd ^ /C d^ ^  r a t i o  f o r  i o n s  h a v i n g  e n e r g i e s  i n  

t h e  r a n g e  200 eV + 2keV c o u l d  n o t  be d e t e r m i n e d  d i r e c t l y .
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H o we ve r ,  i t  can r e a s o n a b l y  be assumed t h a t  t h e  r a t i o  

f o u n d  a t  70 eV and 200 eV s h o u l d  r e m a i n  a p p r o x i m a t e l y  

c o n s t a n t  f o r  i o n  e n e r g i e s  be t we e n  200 eV and 2 keV.

4 . 4 . 2  Z i n c  l o n c e l l

F i g .  4 . 6 ( a )  r e c o r d s  t h e  mass s p e c t r u m  o f  n e u t r a l  Zn 

o b t a i n e d  w i t h  t h e  Zn i o n c e l l  t e m p e r a t u r e  a t  3 20 °C .  A l s o  

d e t e c t e d  a r e  b a c k g r o u n d  gases  r e s p o n s i b l e  f o r  a s y s t e m  

p r e - b a k e  p r e s s u r e  o f  ^  5 x 10 ^ T o r r .  • The f i v e  i s o t o p e s  

o f  n e u t r a l  Zn a r e  b e t t e r  r e s o l v e d  i n  F i g .  4 . 7 .  A 200 eV 

Zn i o n  mass s p e c t r u m  i s  r e p r o d u c e d  i n  F i g .  4 . 6  ( b ) ;  Zn*^ 

and Zn^*** a r e  p r e s e n t  i n  t h e  r a t i o  9 . 6  î 1.  As m e n t i o n e d  

i n  t h e  p r e c e d i n g  s e c t i o n  t h e  mass r e s o l u t i o n  o f  e n e r g e t i c  

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

a t  i o n  e n e r g i e s  > 200 eV.  T h i s  f a c t  i s  i l l u s t r a t e d  i n  

F i g s .  4 . 8 ( a )  and 4 . 8 ( b )  w h i c h  show t h e  mass s p e c t r a  o f  

200 eV Zn i o n s  and 300 eV Zn i o n s ,  r e s p e c t i v e l y ,

4 . 5  I o n  S o u r c e  P e r f o r m a n c e  and E f f i c i e n c y

The f o l l o w i n g  r e s u l t s  p e r t a i n  e n t i r e l y  t o  t h e  Zn 

i o n c e l l  p e r f o r m a n c e  and e f f i c i e n c y ,  t h e  Cd i o n c e l l  r e s u l t s  

b e i n g  v e r y  s i m i l a r .

A p l o t  o f  Zn i o n  c u r r e n t  ( Z n ^  + Z n ^ ^ l  d e t e c t e d  a t  t h e  

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

c u r r e n t  f o r  an i o n  e n e r g y  o f  2 keV i s  shown i n  F i g .  4 . 9 ,  

t h e  Zn c e l l  t e m p e r a t u r e  b e i n g  h e l d  c o n s t a n t  a t  3 20 °C .

No c o r r e c t i o n  has been made t o  a c c o u n t  f o r  p o s s i b l e  

s e c o n d a r y  e l e c t r o n / i o n  e f f e c t s .  The c u r r e n t  due t o  

i o n i s e d  b a c k g r o u n d  gases  was b e l o w  t h e  min imum d e t e c t a b l e
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l e v e l ,  'v 1 nA cm ^ , w i t h  t h e  c e l l  t e m p e r a t u r e  a t  20°C 

( i e ,  z e r o  Zn e f f u s i o n )  b u t  w i t h  maximum i o n i s i n g  power  

(2 keV,  1 mA e m i s s i o n  c u r r e n t )  on t h e  i o n c e l l .  As can 

be seen  f r o m  F i g ,  4 . 9  t h e  Zn i o n  c u r r e n t  a t  t h e  

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

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

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

i m p u r i t y  c o n c e n t r a t i o n  ( s e e  F i g .  4 , 1 ) .  I n  p r a c t i c e  t h e  

Zn i o n  c u r r e n t  r e q u i r e d  d u r i n g  MBE l a y e r  g r o w t h  was 

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

p a r t i c u l a r  l e v e l .  A c a l i b r a t i o n  p l o t  o f  Zn i o n  c u r r e n t  

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

f o r  v a r i o u s  Zn i o n  e n e r g i e s  i n  t h e  r a n g e  200 eV -»• 2 keV 

i s  shown i n  F i g .  4 . 1 0 .  The c e l l  t e m p e r a t u r e  was a g a i n  

h e l d  a t  3 20 ° C .

W i t h  a v i e w  t o  o p t i m i s i n g  t h e  i o n c e l l  e f f i c i e n c y  t h e  

p o s i t i o n  o f  t h e  t h e r m i o n i c  f i l a m e n t  w i t h  r e s p e c t  t o  t h e  

c a n a l  a t  t h e  c e l l  o r i f i c e  ( se e  F i g .  4 . 4 )  was v a r i e d .  The 

e f f e c t  o f  c h a n g i n g  t h e  f i l a m e n t  p o s i t i o n  was t o  a l t e r  t h e  

t r a j e c t o r y  o f  e l e c t r o n s  e m i t t e d  f r o m  t h e  f i l a m e n t  t o  t h e  

i n n e r  c a n a l  w a l l .  Maximum e f f i c i e n c y  was o b t a i n e d  w i t h  

t h e  f i l a m e n t  l o c a t e d  d i r e c t l y  i n  l i n e  w i t h  t h e  c e l l  

o r i f i c e  p l a n e ,  shown as p o s i t i o n  1 i n  F i g .  4 . 1 1 ,  The 

e l e c t r o n  c u r r e n t  c o l l e c t e d  i n  t h e  c a n a l  ( e m i s s i o n  c u r r e n t )  

a t  a p a r t i c u l a r  f i l a m e n t  c u r r e n t  was f o u n d  t o  be 

m a x i m i s e d  w i t h  t h e  f i l a m e n t  l o c a t e d  i n  t h i s  p o s i t i o n .

F i g .  4 , 1 1  shows p l o t s  o f  e l e c t r o n  e m i s s i o n  c u r r e n t  v e r s u s  

f i l a m e n t  c u r r e n t  f o r  two f i l a m e n t  l o c a t i o n s .  The d a t a
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F IG .4.11 ; E l e c t r o n  i o n i s i c u r r e n t
v e r s u s  f i l a m e n t  c u r r e n t  
f o r  two f i l a m e n t  p o s i t i o n s
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r e c o r d e d  i n  F i g s .  4 . 9  and 4 . 1 0  was o b t a i n e d  w i t h  t h e

f i l a m e n t  i n  t h e  op t i mum  p o s i t i o n .  An e s t i m a t e  o f  t h e

i o n c e l l  e f f i c i e n c y ,  d e f i n e d  as t h e  r a t i o  o f  Zn i o n  t o  Zn

n e u t r a l  s p e c i e s  e m i t t e d  by t h e  s o u r c e ,  can be made u s i n g

t h e  i o n  c u r r e n t  m o n i t o r e d  a t  t h e  s u b s t r a t e  and t h e

Knudsen  e q u a t i o n  f o r  m o l e c u l a r  f l o w  as g i v e n  i n  c h a p t e r

2.  From F i g .  4 . 1 0  t h e  maximum Zn i o n  c u r r e n t  d e n s i t y

- 2m ea su r ed  a t  t h e  s u b s t r a t e  was 1 nA cm"  w i t h  maximum 

i o n i s i n g  power  on t h e  i o n c e l l  and a c e l l  t e m p e r a t u r e  o f

32 0 °C .  Fo r  a c e l l  t e m p e r a t u r e  o f  320°C t h e  Knudsen

e q u a t i o n  y i e l d s  a t h e o r e t i c a l  Zn n e u t r a l  f l u x  d e n s i t y  a t

t h e  s u b s t r a t e  o f  ^ 2 x 1 0 ^ ^  cm ^ s ^ . Thu s ,  t h e

maximum i o n c e l l  e f f i c i e n c y  n i s  g i v e n  by

^ _ ( i o n  c u r r e n t  d e n s i t y  a t  s u b s t r a t e ) / q

n e u t r a l  beam f l u x  d e n s i t y

1 X 1 0 ~ ^ / 1 . 6  X l O ' l *

2 X

I t  s h o u l d  be n o t e d  h e r e  t h a t  t h e  n e u t r a l  Zn f l u x  l e v e l  o f

2 X 10 ^ ^  cm ^ s ^ r e q u i r e d  t o  o b t a i n  a maximum Zn i o n

—2c u r r e n t  d e n s i t y  o f  l y A  cm a t  a Zn c e l l  t e m p e r a t u r e  o f  

320°C i s  s i m i l a r  i n  m a g n i t u d e  t o  t h e  I n  f l u x  l e v e l  

('v 3 X 1 0 ^ ^  cm ^ s ^ ) n o r m a l l y  used d u r i n g  e p i t a x i a l  

g r o w t h  ( s e e  c h a p t e r  3 ) ,

I n  o r d e r  t o  m a i n t a i n  a c o n s t a n t  Zn i o n  dose  a t  t h e  

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

i o n  c u r r e n t  c o n t r o l  c i r c u i t  shown i n  F i g .  4 . 1 2  was
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d e s i g n e d .  The c i r c u i t  o p e r a t e s  by v a r y i n g  t h e  i o n c e l l  

f i l a m e n t  c u r r e n t  a b o u t  a s e t  p o i n t  i n  r e s p o n s e  t o  i o n  

c u r r e n t  f l u c t u a t i o n s ,  i e ,  i f  t h e  i o n  c u r r e n t  i n c r e a s e s  

above  t h e  d e s i r e d  l e v e l  t h e  c i r c u i t  r e d u c e s  t h e  f i l a m e n t  

c u r r e n t  and hence  r e d u c e s  t h e  i o n i s i n g  power  o f  t h e  

i o n c e l l .  The o p p o s i t e  r e s p o n s e  r e s u l t s  due t o  a d e c r e a s e  

i n  t h e  d e s i r e d  i o n  c u r r e n t  l e v e l .  The c i r c u i t  shown i n  

F i g .  4 . 1 2  s t a b i l i s e d  t h e  i o n  c u r r e n t  a t  t h e  s u b s t r a t e  t o  

~ ± 1%. '

4 . 6  Growth  o f  I nP i n  t h e  p r e s e n c e  o f  Zn I o n s  and N e u t r a l s

A Zn i o n c e l l  c o n t a i n i n g  5 N ( 8 )  p u r i t y  Zn was 

i n c o r p o r a t e d  i n t o  t h e  MBE s y s t e m  p r e v i o u s l y  used t o  g row 

u n i n t e n t i o n a l l y  doped I nP as d e s c r i b e d  i n  c h a p t e r  3.  The 

b a s i c  s u b s t r a t e  p r e p a r a t i o n  t e c h n i q u e s ,  b o t h  e x - v a c u o  and 

i n - v a c u o ,  and g r o w t h  p r o c e d u r e s  o u t l i n e d  i n  c h a p t e r  3 

were  e m p l o y e d .

A s c h e m a t i c  d i a g r a m  o f  t h e  g r o w t h  a r r a n g e m e n t  w i t h

t h e  Zn i o n c e l l  added  i s  shown i n  F i g .  4 . 1 3 .  As can be

seen  f r o m  t h e  f i g u r e  t h e  t o t a l  Zn i o n  c u r r e n t  a r r i v i n g

a t  t h e  s u b s t r a t e  d u r i n g  g r o w t h  was e s t i m a t e d  by m e a s u r i n g

t h e  e l e c t r o n  c u r r e n t  f l o w i n g  be t we e n  t h e  s u b s t r a t e  h o l d e r

— 2
and g r o u n d .  The Zn i o n  c u r r e n t  d e n s i t y  ( yA cm" ) was 

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

s u r f a c e  a r e a  and t h e  Zn i o n  f l u x  d i s t r i b u t i o n  a t  t h e  

s u b s t r a t e  h o l d e r  ( s e e  F i g .  4 . 1 4 ) .  1 y m t h i c k  Zn i o n -

doped I nP f i l m s  were  g rown  o n t o  F e - d o p e d  s e m i - i n s u l a t i n g  

s u b s t r a t e s  c u t  2 °  o f f  t h e  [ 1 0 0 ]  d i r e c t i o n  w i t h  Zn i o n
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F IG ■ 4.14 ; L a t e r a l  Zn ion f [ ux  
d i s t r i b u t i o n  at  the 
s u b s t r a t e  plane.



2
c u r r e n t  d e n s i t i e s  a t  t h e  s u b s t r a t e  r a n g i n g  f r o m  2 n A c m "

_2
t o  l y A  cm , c o r r e s p o n d i n g  t o  t h e o r e t i c a l  d o p i n g

1 7 - 3  ? n -3
l e v e l s  r a n g i n g  f r o m  4 . 5  x 10 cm t o  2 . 2 5  x 10 cm

( s e e  F i g .  4 . 1 ) ;  t h e  Zn i o n  e n e r g y  was 1 keV w i t h  t h e  c e l l

t e m p e r a t u r e  m a i n t a i n e d  t h r o u g h o u t  a t  3 20 ° C .  The s u b s t r a t e

t e m p e r a t u r e  d u r i n g  f i l m  g r o w t h  was 360 °C .

4 . 6 . 1  V i s u a l  and M i c r o s c o p i c  A s s e s s m e n t  o f  L a y e r s  

The Zn i o n - d o p e d  f i l m s  a p p e a r e d  m i r r o r - l i k e  and

f e a t u r e l e s s  t o  t h e  n a k e d - e y e  o v e r  t h e  f u l l  r a n g e  o f  Zn 

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

o f  t h e  f i l m s  were  a l s o  f e a t u r e l e s s  and s m o o t h  as shown i n  

F i g s ,  4 . 1 5  and 4 . 1 6 .  F i g .  4 . 1 5  shows a N o m a r s k i  phase  

c o n t r a s t  m i c r o g r a p h  o f  t h e  s u r f a c e  o f  an I nP f i l m  g rown  

i n  t h e  p r e s e n c e  o f  a beam o f  I k e V  Zn i o n s  ( p l u s  Zn 

n e u t r a l s )  w i t h  an i o n  c u r r e n t  d e n s i t y  a t  t h e  s u b s t r a t e  o f
«  9

l y A  cm" . A s c a n n i n g  e l e c t r o n  m i c r o g r a p h  o f  t h e  same 

s u r f a c e  i s  shown i n  F i g .  4 . 1 6 .  (The p a r t i c l e  t o  t h e  

t o p  r i g h t  hand c o r n e r  o f  t h e  m i c r o g r a p h  was l o c a t e d  t o  

a i d  f o c u s s i n g . )

4 . 6 . 2  C r y s t a l l o q r a p h i c  A s s e s s m e n t  o f  L a y e r s

The c r y s t a l l o g r a p h i c  q u a l i t y  o f  a s - g r o w n  Zn i o n -

doped l a y e r s  was e x a m i n e d  by b o t h  X - r a y  t e x t u r e  camera

and e l e c t r o n  c h a n n e l l i n g  a n a l y s e s .  F i g s ,

4 . 1 7  and 4 . 1 8  show t h e  t e x t u r e  camera  and e l e c t r o n

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

g rown  i n  t h e  p r e s e n c e  o f  I k e V  Zn i o n s ,  t h e  i o n  c u r r e n t

—  2d e n s i t y  b e i n g  l y A  cm" . The X - r a y  d i f f r a c t i o n  p a t t e r n



X 400 MAG.

F IG .4.15 : Nomarsk i  phase cont ras t

m ic r o g r a p h  of s u r f a c e  of a 

Zn ion doped I n P  f i l m .

J j = 1 u A  c m
-2

Ion e n e r g y  = Ik e V
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FIG.4.16 : SEM micrograph of sur face 

of a Zn ion doped InP f i lm

J; = 1 uAc m- 2

Ion energy = 1 keV



FIG.4.17 : Texture cam era  pattern f rom
a Zn ion doped InP f i l m .

_2
J j = 1 uAcm .

Ion energy = 1keV.



FIG 418 : E lec t ron  channel l i ng mic ro  -

graph f rom a Zn ion doped 
InP f i Im.

J: = 1 uAcmr - 2

I on energy  = 1 keV
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shown i n  F i g .  4 , 1 7  w h i c h  was r e c o r d e d  u s i n g  CrKa 

r a d i a t i o n  i s  i n d i c a t i v e  o f  t w i n - f r e e  e p i t a x i a l  m a t e r i a l  

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

doped f i l m s .  A h i g h  d e g r e e  o f  f i l m  s u r f a c e  c r y s t a l l i n i t y 

i s  a l s o  i n d i c a t e d  by t h e  e l e c t r o n  c h a n n e l l i n g  p a t t e r n  

r e c o r d e d  i n  F i g .  4 . 1 8 .  Thus t h e  a s - g r o w n  Zn i o n - d o p e d  

f i l m s  we re  shown t o  be good q u a l i t y  s i n g l e  c r y s t a l .

4 . 6 . 3  E l e c t r i c a l  C h a r a c t e r i s a t i o n  o f  L a y e r s

The Zn i o n - d o p e d  f i l m s  were c h a r a c t e r i s e d  

e l e c t r i c a l l y  by p l a s m a  r e f l e c t i v i t y  m e a s u r e m e n t s  s i n c e  

as d i s c u s s e d  i n  c h a p t e r  3 t h e  s p u t t e r i n g / a n n e a l i n g  

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

16 “*s e m i - i n s u l a t i n g  s u b s t r a t e s  t o  n - t y p e  w i t h  n - 3 x 10 cm"

The r e s u l t  o f  t h e  e l e c t r i c a l  m e a s u r e m e n t s  was t h a t  t h e

17 —3Zn i o n - d o p e d  l a y e r s  we re  n - t y p e ,  w i t h  n « 10 cm and 

VI ~ 3 , 0 0 0  cm^ V ^ s ” ^ a t  3 0 OK, i r r e s p e c t i v e  o f  t h e  Zn 

i o n  c u r r e n t  d e n s i t y  used d u r i n g  e p i t a x i a l  l a y e r  g r o w t h .

4 . 6 . 4  C h e m i c a l  A n a l y s i s  o f  L a y e r s

A t o m i c  a b s o r p t i o n  s p e c t r o m e t r y  a n a l y s i s  was

p e r f o r m e d  on t h e  f u l l  r a n g e  o f  Zn i o n - d o p e d  f i l m s  i n

o r d e r  t o  d e t e r m i n e  t h e  l e v e l  o f  c h e m i c a l  i n c o r p o r a t i o n  o f

Zn i n  t h e  l a y e r s  as a f u n c t i o n  o f  Zn i o n  c u r r e n t  d e n s i t y

a t  t h e  s u b s t r a t e .  The ou t come  o f  t h i s  a n a l y s i s  was t h a t

a l l  t h e  f i l m s  had a Zn atom c o n c e n t r a t i o n  o f  

2 0 —33 X 10 cm , i r r e s p e c t i v e  o f  t h e  Zn i o n  c u r r e n t  

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



I 10

n e u t r a l s  we re  b e i n g  i n c o r p o r a t e d  i n t o  t h e  g r o w i n g  e p i -

2 0 -“ 3l a y e r s  s i n c e  Zn c o n c e n t r a t i o n s  as h i g h  as 3 x 10 cm 

were  n o t  p o s s i b l e  f r o m  t h e  measured  i o n  c u r r e n t  d e n s i t i e s  

a t  t h e  s u b s t r a t e .  The f o l l o w i n g  s e c t i o n  d e s c r i b e s  

e x p e r i m e n t s  w h i c h  we re  p e r f o r m e d  u s i n g  a n e u t r a l  Zn 

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

4 . 7  Neut raJ .  Zn d o p i n g  o f  InP

The Zn i o n c e l l  was used as t h e  s o u r c e  o f  a n e u t r a l  

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

t h e  Knudsen  oven  w i t h  z e r o  i o n i s i n g  power  p l a c e d  on t h e  

i o n c e l l .  1um t h i c k  Z n - d o p e d  f i l m s  were  g r own  o n t o  Fe -  

doped s e m i - i n s u l a t i n g  s u b s t r a t e s  w i t h  t h e  Zn c e l l  

t e m p e r a t u r e  b e i n g  v a r i e d  o v e r  a r a n g e  f r o m  190°C t o  360°C.

The s u b s t r a t e  t e m p e r a t u r e  was m a i n t a i n e d  a t  360 °C .

4 . 7 . 1  C h e m i c a l  A n a l y s i s  o f  L a y e r s

F i g .  4 . 1 9  shows a p l o t  o f  Zn atom c o n c e n t r a t i o n  i n

t h e  f i l m s  v e r s u s  t h e  r e c i p r o c a l  o f  t h e  Zn c e l l

t e m p e r a t u r e .  The e x p e r i m e n t a l  p o i n t s  were  o b t a i n e d  by

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

r e p r e s e n t s  t h e  t h e o r e t i c a l  Zn c o n c e n t r a t i o n  as c a l c u l a t e d

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

e f f u s i o n  ( s e e  c h a p t e r  2)  and a s s u m i n g  a u n i t y  s t i c k i n g

c o e f f i c i e n t  f o r  t h e  Zn a t o m s .  As can be seen  f r o m

F i g .  4 . 1 9  Zn i s  c h e m i c a l l y  i n c o r p o r a t e d  i n t o  I nP g rown by

MBE w i t h  a n e a r  u n i t y  s t i c k i n g  c o e f f i c i e n t  t o

19 —3c o n c e n t r a t i o n s  o f  'v 10 cm whence ,  w i t h  h i g h e r  Zn 

f l u x e s ,  t h e  Zn c o n t e n t  a p p e a r s  t o  s a t u r a t e  a t  an
2 0 _ 25

i n c o r p o r a t i o n  l e v e l  o f  ^ 6 x 10 cm" .
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4 . 7 . 2  C r y s t a l l o q r a p h i c  A s s e s s m e n t  o f  L a y e r s

The n e u t r a l  Zn doped f i l m s  were  m i r r o r - l i k e  and

f e a t u r e l e s s  and were  shown t o  be good q u a l i t y  s i n g l e

c r y s t a l  by b o t h  X - r a y  t e x t u r e  camera  and e l e c t r o n

c h a n n e l l i n g  a n a l y s e s .  F i g s .  4 . 2 0  and 4 . 2 1  show t e x t u r e

camera  and e l e c t r o n  c h a n n e l l i n g  p a t t e r n s ,  r e s p e c t i v e l y ,

o b t a i n e d  f r o m  a f i l m  h a v i n g  a Zn atom c o n c e n t r a t i o n  o f  

2 0 —33 X 10 cm . D o u b l e  c r y s t a l  X - r a y  d i f f r a c t o m e t r y

a n a l y s i s  ( s e e  r e f e r e n c e  4 . 1 6 ) ,  w h i c h  i s  c a p a b l e  o f

r e s o l v i n g  l a t t i c e  c o n s t a n t  chan ges  Aa /a  as s m a l l  as 

-310 ?o, f a i l e d  t o  r e v e a l  any  e v i d e n c e  f o r  l a t t i c e  s t r a i n

( as  j u d g e d  by a s m a l l  change  i n  t h e  l a t t i c e  c o n s t a n t )  i n

2 0 -  3f i l m s  w i t h  Zn a tom c o n c e n t r a t i o n s  i n  e x c e s s  o f  10 cm

A d o u b l e  c r y s t a l  d i f f r a c t o m e t r y t r a c e  w h i c h  i l l u s t r a t e s

t h e  ( 4 0 0 )  B r a g g  r e f l e c t i o n  o b t a i n e d  f r o m  a f i l m  w i t h  a
2 0

Zn atom c o n c e n t r a t i o n  o f  3 x 10 cm~ i s  shown i n  

F i g .  4 . 2 2 .  The f i g u r e  shows a s i n g l e  peak  w i t h  a h a l f ­

w i d t h  o f  8 s e c s ,  o f  a r c  w i t h  no a d d i t i o n a l  s i d e l o b e s  

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

m a t e r i a l .

4 . 7 . 3  E l e c t r i c a l  C h a r a c t e r i s a t i o n  o f  L a y e r s

E l e c t r i c a l  c h a r a c t e r i s a t i o n  by p l a s ma  r e f l e c t i v i t y  

m e a s u r e m e n t s  r e v e a l e d  t h a t  t h e  f i l m s  we re  n - t y p e ,  w i t h  

n « 10^^  cm ^ and y - 3 , 0 0 0  cm^ V ^ s~^  a t  300K,  

i r r e s p e c t i v e  o f  t h e  Zn f l u x  l e v e l  u sed .  Hence,  t h e

e l e c t r i c a l  a c t i v i t y  o f  Zn i n  a s - g r o w n  f i l m s  i s  j u d g e d  t o  

be l e s s  t h a n  1 ; 1 0 ^ ,



FIG. 4.20 : Texture c a m era  pat tern f rom

a Zn ( n e u t r a l )  doped 

I n P  f i lm.
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the f i lm = 3 x 10^^ cm



> •

V

FIG.4.21 : Electron channel l ing micrograph 

f rom a Zn doped InP fi lm.

Zn atom concent rat ion in 
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s i n c e  no a p p a r e n t  change  i n  c o m p e n s a t i o n  was d e t e c t e d  

( w h i c h  w o u l d  i n d i c a t e  t h e  p r e s e n c e  o f  a c c e p t o r s ) ,  

r e l a t i v e  t o  u n i n t e n t i o n a l l y  doped m a t e r i a l  ( s e e  c h a p t e r  3)

even  w i t h  a Zn atom c o n c e n t r a t i o n  w i t h i n  t h e  f i l m  as h i g h

2 0 -3as 4 X 10 cm

4 . 8  D i s c u s s i o n  o f  R e s u l t s

I n  c o n t r a s t  t o  t h e  e x p e c t e d  r e s u l t  n e u t r a l  Zn has

been shown t o  have a n e a r  u n i t y  s t i c k i n g  c o e f f i c i e n t  on

( 1 0 0 )  I nP g r own  by MBE a t  s u b s t r a t e  t e m p e r a t u r e s  a r o u n d

36D°C up t o  c o n c e n t r a t i o n s  o f  'v 10^^  cm~^.  W i t h  h i g h e r

Zn f l u x e s  t h e  Zn atom c o n c e n t r a t i o n  i n  t h e  l a y e r s  t e n d  t o

2 0 -3an a p p a r e n t  s a t u r a t i o n  l e v e l  o f  6 x 10 cm . I t  i s

2 0 - 3p o s s i b l e  t h a t  6 x 10 cm”  r e p r e s e n t s  t h e  s o l i d  

s o l u b i l i t y  l i m i t  o f  Zn i n  I nP g rown  u n d e r  n o n - e q u i l i b r i u m  

MBE g r o w t h  c o n d i t i o n s  w i t h  e x c e s s  Zn b e i n g  r e - e v a p o r a t e d  

a t  h i g h  Zn f l u x  l e v e l s  (> 3 x 1 0^ ^  cm” ^ s ” ^ ) .  A s t l e s

e t  a l  have r e p o r t e d  a s o l i d  s o l u b i l i t y  l i m i t  o f

~ 3 X 1 0 ^ ^  cm ^ f o r  Zn i n  I nP g r own  u n d e r  t h e  

t h e r m o d y n a m i c  e q u i l i b r i u m  c o n d i t i o n s  o f  LPE.  T h i s  r e s u l t  

r e i n f o r c e s  t h e  a s s u m p t i o n  t h a t  t h e  k i n e t i c  p r o c e s s e s  

c o n t r o l l i n g  c r y s t a l  g r o w t h  i n  MBE a r e  f a r  f r o m  t h o s e  

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

( s e e  c h a p t e r  2 ) ,

2 0 -  3Zn atom c o n c e n t r a t i o n s  as h i g h  as 4 x 10 cm have 

been a c h i e v e d  i n  MBE g rown  InP w i t h  no a p p a r e n t  d e g r a d a t i o n  

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

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



u

and X - r a y  t e x t u r e  camera  a n a l y s e s ,  r e s p e c t i v e l y .  The

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

4 / 7 . 2 )  p r o v i d e s  f u r t h e r  e v i d e n c e  t o  s u g g e s t  t h a t  h e a v i l y

Z n - d o p e d  l a y e r s  (> 1 0 ^ ^  cm ) a r e  s t r a i n - f r e e  s i n g l e

c r y s t a l s .  Casey  has r e p o r t e d  t h a t  a d o u b l e

c r y s t a l  d i f f r a c t o m e t r y  s t u d y  o f  b u l k  GaAs h e a v i l y  doped

w i t h  Zn f a i l e d  t o  r e v e a l  any  e v i d e n c e  f o r  l a t t i c e  s t r a i n

2 0i n d u c e d  by t h e  h i g h  Zn i m p u r i t y  c o n c e n t r a t i o n s  ('v 10 

cm ^ ) .  I n  mark ed  c o n t r a s t ,  S u l l i v a n  has  r e c e n t l y

shown f r o m  a Sn d o p i n g  s t u d y  o f  I nP g rown by MBE t h a t  t h e  

InP l a t t i c e  i s  d i s t o r t e d  by t w i n s  as a c o n s e q u e n c e  o f  Sn

c o n c e n t r a t i o n s  i n  t h e  m a t e r i a l ,  deduced  f r o m  H a l l

measu

( 3 . 2 )

m e a s u r e m e n t s ,  i n  e x c e s s  o f  ^ 5 x 10^^  cm” ^ .  S u l l i v a n

p o s t u l a t e s  t h a t  a t  h i g h  Sn d o p i n g  l e v e l s  a 

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

s i t e s  c a u s i n g  s t a c k i n g  f a u l t s  o r  m i c r o - t w i n s .

I n  a s - g r o w n  MBE Z n - I n P  l e s s  t h a n  one i n c o r p o r a t e d  

Zn atom i n  10^  i s  j u d g e d  t o  be e l e c t r i c a l l y  a c t i v e  w i t h  

no e v i d e n c e  h a v i n g  been f o u n d  t o  s u g g e s t  t h e  p r e s e n c e  o f  

an a p p r e c i a b l e  amoun t  o f  Zn o c c u p y i n g  s u b s t i t u t i o n a l  s i t e s .  

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

and Zn a t oms  i n  Z n - d i f f u s e d  InP has been r e p o r t e d  by 

s e v e r a l  a u t h o r s  i n c l u d i n g  Kunduk h ov  e t  a l  and

Hooper  and Tuck  Hooper  and Tuck  have

f o u n d  s u r f a c e  h o l e  c o n c e n t r a t i o n s  as l o w  as % 5 x 10^^  

cm ^ o b t a i n e d  by H a l l  m e a s u r e m e n t s  w h i l e  t h e  Zn atom 

c o n c e n t r a t i o n  a t  t h e  s u r f a c e  was f o u n d  u s i n g  a r a d i o t r a c e r  

t e c h n i q u e  ( a c t i v e  Zn^^  b e i n g  d i f f u s e d )  t o  be 2 x 1 0 ^ ^  cm~^.



I n  an a t t e m p t  t o  a c c o u n t  f o r  t h e  i n e q u a l i t y  f o u n d  i n  Z n -  

d i f f u s e d  InP b e t w e e n  t h e  number  o f  e l e c t r i c a l l y  a c t i v e  

c a r r i e r s  and t h e  t o t a l  number  o f  i n d i f f u s e d  Zn a toms 

Tuck  and Hooper  have  p r o p o s e d  a mode l  i n  w h i c h  mos t

o f  t h e  Zn o c c u r s  i n  t h e  f o r m  o f  t h e  c o m p l e x  VpZn^^V^  

w i t h  a s m a l l  p r o p o r t i o n  o f  Zn a toms a l s o  o c c u p y i n g  

s u b s t i t u t i o n  and i n t e r s t i t i a l  s i t e s .  (Vp = a v a c a n t  P 

s i t e  and Zn^ ^  = Zn on an I n  s i t e ) .  Zn p r e c i p i t a t i o n  i n  

h e a v i l y  Z n - d o p e d  m a t e r i a l  c o u l d  a l s o  c o n t r i b u t e  t o  a 

r e d u c t i o n  i n  t h e  f r e e  c a r r i e r  c o n c e n t r a t i o n .  Maha j an  

e t  a l  have  o b s e r v e d  f i n e  p r e c i p i t a t e s  i n  h i g h l y  Z n -

doped b u l k - g r o w n  I nP u s i n g  t r a n s m i s s i o n  e l e c t r o n  

m i c r o s c o p y .

Mg-doped  GaAs g r own  by MBE a l s o  e x h i b i t s  an 

i n e q u a l i t y  b e t w e e n  i m p u r i t y  atom and f r e e  c a r r i e r  

c o n c e n t r a t i o n s .  J oy c e  and Foxon f o u n d  t h a t  Mg

has a u n i t y  s t i c k i n g  c o e f f i c i e n t  on GaAs by a t o m i c  

a b s o r p t i o n  s p e c t r o m e t r y  w h e re a s  e a r l i e r  Cho and P a n i s h  

( 4 . 1 5 )  de d uc ed  a s t i c k i n g  c o e f f i c i e n t  o f  'v 1 0 ” ^ f r o m  

e l e c t r i c a l  m e a s u r e m e n t s  on GaAs f i l m s  g rown  i n  t h e  

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

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

c o e f f i c i e n t  b u t  o n l y  one i n c i d e n t  Mg atom i n  10^  i s  

e l e c t r i c a l l y  a c t i v e .

I t  i s  p o s t u l a t e d  t h a t  most  o f  t h e  Zn i n  Zn doped MBE

grown InP i s  t i e d  up i n  some f o r m  o f  c o m p l e x  s u c h  as t h a t  

p r o p o s e d  by Tuck and Hooper  t o  a c c o u n t  f o r  t h e  l a r i

c a r r i e r / a t o m  i n e q u a l i t y  i n  Z n - d i f f u s e d  I nP t h u s  r e n d e r i n g



t h e  Zn c o n t e n t  e l e c t r i c a l l y  i n - a c t i v e .  C l e a r l y ,  

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

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

f o u n d  i n  MBE g rown  Zn doped I n P .  An e x t e n d e d  

i n v e s t i g a t i o n  w o u l d  be r e q u i r e d  i n v o l v i n g  t h e  meas u r e me n t  

o f  t h e  c a r r i e r / a t o m  r a t i o  as a f u n c t i o n  o f  b o t h  t h e  

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

t o  o b t a i n  a g r e a t e r  a p p r e c i a t i o n  o f  t h e  mechan i sm i n v o l v e d .
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CHAPTER 5 

BERYLLIUM DOPING OF InP BY MBE

5 . 1  I n t r o d u c t i o  n

I l e g e m s  has r e p o r t e d  t h a t  Be beh a ve s  as an

i d e a l  p - t y p e  d o p a n t  i n  GaAs and A l ^ G a ^ _ ^ A s  g r own  by MBE, 

t h e  Be d o p i n g  l e v e l  ( a c c e p t o r  c o n c e n t r a t i o n )  i n  e p i t a x i a l

f i l m s  b e i n g  e a s i l y  c o n t r o l l e d  by v a r y i n g  t h e  Be oven

T1

( 4 . 2 )
t e m p e r a t u r e .  Be d o p i n g  l e v e l s  up t o  t h e ' m i d - 1 0 ^ ^  cm” ^

r a n g e  have  been a c h i e v e d  i n  b o t h  GaAs and A l ^ G a ^ _ ^ A s  

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

o b t a i n e d  i n  u n i n t e n t i o n a l l y  doped f i l m s .  F u r t h e r m o r e ,  

t h e  a c c e p t o r  c o n c e n t r a t i o n  i n  GaAs f i l m s  g r own  a t  a 

s u b s t r a t e  t e m p e r a t u r e  o f  ~ 6D0°C has been f o u n d  t o  be 

i n d e p e n d e n t  o f  g r o w t h  s t o i c h i o m e t r y  (As r i c h  o r  Ga r i c h )

( 4 . 2 )  i n d i c a t i n g  t h a t  Be i s  i n c o r p o r a t e d  as a s i m p l e  

s u b s t i t u t i o n a l  a c c e p t o r  on Ga s i t e s .  More r e c e n t l y ,

P l o o g  e t  a l  have r e p o r t e d  u s i n g  Be as t h e  p - t y p e

d o p a n t  i n  t h e i r  " n i p i "  GaAs c r y s t a l s  g r own  by MBE ( see  

s e c t i o n  1 . 1 ) .

S i n c e ,  as d i s c u s s e d  i n  c h a p t e r  2,  t h e  g e n e r a l  MBE

g r o w t h  mechan i sm a p p e a r s  t o  be s i m i l a r  f o r  mos t  I I I - V

compounds i t  i s  n o t  u n r e a s o n a b l e  t o  e x p e c t  Be t o  be 

i n c o r p o r a t e d  as an a c c e p t o r  i m p u r i t y  i n  I nP g rown  by MBE. 

The o b j e c t i v e  o f  t h e  wo rk  t o  be d e s c r i b e d  i n  t h e  f o l l o w i n g  

s e c t i o n s  was t o  i n v e s t i g a t e  t h e  i n c o r p o r a t i o n  b e h a v i o u r  o f

Be i n  InP g rown  by MBE w i t h  a v i e w  t o  p r o d u c i n g  p - t y p e  InP

e p i t a x i a l  f i 1 m s .



5 . 2  E x p e r i m e n t a l  A r r a n g e m e n t  and O b s e r v a t i o n s

I n  o r d e r  t o  f a c i l i t a t e  a Be d o p i n g  s t u d y  a s e p a r a t e

Knudsen  oven  c o n t a i n i n g  Be was i n c o r p o r a t e d  i n t o  t h e  MBE

g r o w t h  c h a m b e r ;  t h e  Be d o p i n g  a r r a n g e m e n t  i s  shown

s c h e m a t i c a l l y  i n  F i g .  5 . 1 .  The Knudsen  oven  d e s i g n  was

i d e n t i c a l  t o  t h a t  d e s c r i b e d  i n  s e c t i o n  3 , 3  and t h e r e f o r e

r e q u i r e s  no f u r t h e r  comment .  D e s p i t e  b e i n g  t h e  p u r e s t
§

m a t e r i a l  a v a i l a b l e  t h e  Be s o u r c e  m a t e r i a l  used i n  t h i s  

wo rk  c o n t a i n e d  t h e  f o l l o w i n g  i m p u r i t i e s :  C u ( 2 0 p p m ) ,  A l ( 2 D p p m ) ,  

F e ( 7 Oppm) , S i ( 2 Oppm) , Z n ( 1 OOppm) and Pb , Mg, Mn, Mo, Cr < lOppm,  

P r i o r  t o  c ommenc ing  t h e  d o p i n g  s t u d y  t h e  V.G.  QB 

q u a d r u p o l e  mass s p e c t r o m e t e r  was used t o  o b s e r v e  t h e  s p e c i e s  

e f f u s i n g  f r o m  t h e  Be o ve n .  F i g s .  5 . 2 ( a )  and 5 . 2 ( b )  show 

t h e  mass s p e c t r a  r e c o r d e d  w i t h  t h e  Be o v e n  s h u t t e r  i n  t h e  

c l o s e d  and open p o s i t i o n s ,  r e s p e c t i v e l y ,  w h i l e  t h e  oven 

t e m p e r a t u r e  was m a i n t a i n e d  a t  990° C.  I n  a d d i t i o n  t o  t h e  

r e s i d u a l  gases  d e t e c t e d  w i t h  t h e  s h u t t e r  c l o s e d  ( F i g .

5 . 2 ( a ) )  a s m a l l  s i g n a l  a t  a t o m i c  mass numbe r  9 was o b s e r v e d  

w i t h  t h e  s h u t t e r  i n  t h e  open p o s i t i o n  ( F i g .  5 . 2 ( b ) ) ,  

i n d i c a t i n g  t h e  p r e s e n c e  o f  Be i n  t h e  mass s p e c t r u m .  From 

t h e  Knudsen  e q u a t i o n  ( e q u a t i o n  2 . 9 )  the) t h e o r e t i c a l  Be 

f l u x  l e v e l ,  a t  an oven t e m p e r a t u r e  o f  990°C i s  o n l y

§ The Be was s u p p l i e d  by C . T .  Foxon o f  I P .R . L ,  

( R e d h i l l ,  S u r r e y ) .
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FIG . 5.2 : M ass  sp e c t r a  w i th  Be o v e n 
a t  9 9 ? C .

( a )  s h u t te r  c losed  (b )  s h u t te r  o p en .



2 X 1 0 ^ ^ c m “ ^ s ” ^ ( c . f .  3 X f o r  I n  a t  870° C,

f o r  e x a m p l e ) .  I t  can be c o n c l u d e d  f r o m  F i g s .  5 . 2 ( a )  

and 5 . 2 ( b )  t h a t  t h e  Be e v a p o r a t e d  as a c o l l i m a t e d  a t o m i c  

beam.

5 , 3  G r ow th  and C h a r a c t e r i s a t i o n  o f  Be Doped InP F i l m s  

lum t h i c k  Be doped InP f i l m s  were  g rown  o n t o  Fe 

doped s e m i “ i n s u l a t i n g  s u b s t r a t e s  c u t  2 °  o f f  t h e  [ 1 0 0 ]  

d i r e c t i o n  a t  a s u b s t r a t e  t e m p e r a t u r e  o f  360°C w i t h  t h e  

Be oven t e m p e r a t u r e  v a r i e d  o v e r  a r a n g e  f r o m  720°C t o  

B50°C.  The b a s i c  s u b s t r a t e  p r e p a r a t i o n  t e c h n i q u e s ,  b o t h  

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

c h a p t e r  3 were  e m p l o y e d .

5 , 3 . 1  C h e m i c a l  A n a l y s i s  o f  F i l m s

F i g .  5 . 3  i l l u s t r a t e s  a p l o t  o f  Be a tom c o n c e n t r a t i o n  

i n  t h e  f i l m s  v e r s u s  t h e  Be oven  t e m p e r a t u r e  d u r i n g  f i l m  

g r o w t h .  The e x p e r i m e n t a l  p o i n t s  shown i n  t h e  p l o t  were  

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

t h e  s o l i d  l i n e  r e p r e s e n t s  t h e  t h e o r e t i c a l  Be c o n c e n t r a t i o n  

as c a l c u l a t e d  u s i n g  t h e  Knudsen  e q u a t i o n  ( e q u a t i o n  2 . 9 )  

and a s s u m i n g  a u n i t y  s t i c k i n g  c o e f f i c i e n t  f o r  t h e  Be a toms 

As can be seen  f r o m  t h e  f i g u r e  t h e  e x p e r i m e n t a l  p o i n t s  l i e  

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

Be s t i c k i n g  c o e f f i c i e n t ,  i s  i n d e e d  u n i t y  o r ,  i n  o t h e r

w o r d s ,  t h e  i n c o r p o r a t i o n  r a t e  o f  Be a toms  i s  s i m p l y  e q u a l  

t o  t h e i r  a r r i v a l  r a t e  a t  t h e  s u b s t r a t e .  20°C was added 

t o  each o f  t h e  m o n i t o r e d  Be oven t e m p e r a t u r e  r e a d i n g s  i n
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o r d e r  t o  o b t a i n  t h e  e x p e r i m e n t a l  p o i n t s  shown i n  F i g .  5 . 3  

s i n c e ,  as d i s c u s s e d  i n  s e c t i o n  3 . 7 , 1 ,  t h e  a c t u a l  oven 

c h a r g e  t e m p e r a t u r e  i s  20°C h i g h e r  t h a n  t h e  m o n i t o r e d  

oven t e m p e r a t u r e  f o r  t h e  Knudsen oven d e s i g n  e m p lo y e d  i n  

t h e s e  e x p e r i m e n t s .

5 . 3 . 2  M i c r o s c o p i c  and C r y s t a l l o g r a p h i c  A s s e s s m e n t  o f  F i l m s

The s u r f a c e  o f  t h e  c o m p l e t e  r a n g e  o f  Be doped f i l m s

a p p e a r e d  m i r r o r - l i k e  ahd f e a t u r e l e s s  t o  t h e  n a k e d - e y e

w h i l e  t h e  s u r f a c e  m o r p h o l o g y  o b s e r v e d  u s i n g  N o m a r s k i  phase

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

u n i n t e n t i o n a l l y  doped InP f i l m s  even f o r  f i l m s  h a v i n g  a

Be atom c o n c e n t r a t i o n  > 10^ ^  cm” ^ .  Hence,  s u r f a c e

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

s e g r e g a t i o n  was n o t  a p p a r e n t .  The s u r f a c e  o f  Be doped

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

F i g .  5 . 4  shows an SEM m i c r o g r a p h  (x  1 OK mag) o f  t h e  s u r f a c e

1 9 - 3o f  a f i l m  h a v i n g  a Be atom c o n c e n t r a t i o n  o f  2 x 10 cm 

(The p a r t i c l e  t o  t h e  t o p  l e f t  hand c o r n e r  o f  t h e  m i c r o g r a p h  

was l o c a t e d  t o  a i d  f o c u s s i n g ) .

T e x t u r e  camera  a n a l y s i s  was used  t o  a s s e s s  t h e

c r y s t a l l o g r a p h i c  q u a l i t y  o f  t h e  Be doped I nP f i l m s .  The 

c o m p l e t e  r a n g e  o f  Be doped f i l m s  w i t h  Be c o n c e n t r a t i o n s  

r a n g i n g  f r o m  5 x l O^^cm ^ t o  2 x l O ^ ^ c m ” ^ we re  shown t o  be 

t w i n - f r e e  s i n g l e  c r y s t a l  p r o v i d i n g  t e x t u r e  camera  

d i f f r a c t i o n  p a t t e r n s  such  as t h a t  i l l u s t r a t e d  i n  F i g .  5 . 5  

w h i c h  was r e c o r d e d  f r o m  a f i l m  h a v i n g  a Be atom 

c o n c e n t r a t i o n  o f  2 x l O ^ ^ c m " ^ .
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F IG . 5.A : SEM m i c r o g r a p h  of s u r fa c e  of 

a Be doped I n P  f i l m .

Be a tom c o n c e n t r a t i o n
19 ~3

in the f i lm = 2 x 1 0  cm .



FIG. 5.5 • Texture camera pa t te rn  f rom 

a Be doped I n P  f i Im .

Be atom c o n c e n t r a t i o n

1 9  “ 3

in the f i lm = 2 x 1 0  c m .



5 . 3 . 3  E l e c t r i c a l  C h a r a c t e r i s a t i o n  o f  F i l m s

A g r e a t  d e a l  o f  d i f f i c u l t y  was e x p e r i e n c e d  i n  t r y i n g  

t o  make good e l e c t r i c a l  c o n t a c t  t o  t h e  Be doped  f i l m s  

w h i c h  was t h e  f i r s t  i n d i c a t i o n  t h a t  t h e  Be was h a v i n g  some 

e f f e c t  on t h e  e l e c t r i c a l  p r o p e r t i e s  o f  t h e  f i l m s .

A l u m i n i u m  c o n t a c t s  w h i c h  were  n o r m a l l y  " o h m i c "  on 

u n i n t e n t i o n a l l y  doped (and  Zn dop e d )  I nP f i l m s  e x h i b i t e d  

r e c t i f y i n g  c h a r a c t e r i s t i c s .  Zn / Au  a l l o y e d  c o n t a c t s  were  

a t t e m p t e d  w h i c h  a r e  n o r m a l l y  " o h m i c "  on p - ' t y p e  InP b u t  

t h e s e  c o n t a c t s  we re  g e n e r a l l y  u n s u c c e s s f u l  on t h e  Be doped

f i l m s .  O n l y  one Be doped f i l m  h a v i n g  a Be atom

19 -3c o n c e n t r a t i o n  o f  2 x 10 cm was s u c c e s s f u l l y  c o n t a c t e d  

u s i n g  Zn / Au  a l l o y e d  c o n t a c t s  and H a l l - e f f e c t  m e a s u r e m e n t s

on t h i s  f i l m  showed t h e  l a y e r  t o  be n - t y p e  w i t h  i n

t h e  l o w - l G ^ ^  

c o m p e n s a t e d .

15 —3t h e  l o w - 1 0  cm r a n g e ,  i n d i c a t i n g  t h e  f i l m  t o  be h i g h l y

5 . 4  D i s c u s s i o n  o f  R e s u l t s

I t  has been e s t a b l i s h e d  t h a t  Be has a n e a r  u n i t y  

s t i c k i n g  c o e f f i c i e n t  on ( 1 0 0 )  I nP g rown  by MBE a t  s u b s t r a t e  

t e m p e r a t u r e s  a r o u n d  360 °C ,  t h e  i n c o r p o r a t i o n  r a t e  o f  Be 

a t oms  i n  g r o w i n g  I nP f i l m s  b e i n g  a p p r o x i m a t e l y  e q u a l  t o  

t h e i r  a r r i v a l  r a t e  a t  t h e  s u b s t r a t e .  Thu s ,  Be d o p i n g  

l e v e l s  can  be r e a d i l y  c o n t r o l l e d  by s e t t i n g  t h e  Be oven 

t e m p e r a t u r e  t o  p r o v i d e  t h e  r e q u i r e d  Be f l u x  l e v e l .  S i n c e  

Be doped f i l m s  we re  shown t o  be t w i n - f r e e  s i n g l e  c r y s t a l

by t e x t u r e  camer a  a n a l y s i s  o v e r  t h e  c o m p l e t e  r a n g e  o f  Be 

d o p i n g  l e v e l s ,  i e  5 x 10 - 2 x 1 0  cm ^ , i t  can  be c o n c l u d e d



I

t h a t  Be i s  e a s i l y  accommoda t ed  i n  t h e  I nP l a t t i c e  even
1 9 - 3 .  ( ' 3 ? ' )

a t  d o p i n g  l e v e l s  > 10 cm ( c . f .  Sn i n  MBE grown  InP ' ) .

M o r e o v e r ,  s u r f a c e  r o u g h e n i n g  due t o  Be s e g r e g a t i o n  a t

h i g h  d o p i n g  l e v e l s  was n o t  a p p a r e n t  f r o m  N o m a r s k i  phase

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

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

u n i n t e n t i o n a l l y  doped f i l m s .  C h a r a c t e r i s a t i o n  o f  t h e

e l e c t r i c a l  p r o p e r t i e s  o f  Be doped InP g rown  by MBE was

s e v e r e l y  h i n d e r e d  due t o  p r o b l e m s  e n c o u n t e r e d  i n  m ak ing

good e l e c t r i c a l  c o n t a c t  t o  t h e  f i l m s .  S i n c e  e v a p o r a t e d

A1 c o n t a c t s  w h i c h  were  " o h m i c "  on u n i n t e n t i o n a l l y  doped

f i l m s  e x h i b i t e d  r e c t i f y i n g  c h a r a c t e r i s t i c s  on Be doped

f i l m s  i t  i s  c o n c l u d e d  t h a t  t h e  Be c o n t e n t  was a t  l e a s t

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

e l e c t r i c a l  p r o p e r t i e s  o f  t h e  f i l m s .  The one s u c c e s s f u l

H a l l - e f f e c t  m e as u r e me n t  w h i c h  was made on a h i g h l y  doped

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

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

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

t h e  Be c o n t e n t .



CHAPTER 6.
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C H A P T E R  6 

DEEP LEVEL TRANSIENT SPECTROSCOPY

6 , 1  I n t r o d u c t i o n

Deep l e v e l s  i n  t h e  e n e r g y  gap o f  a s e m i c o n d u c t o r  

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

d o n o r  and a c c e p t o r  l e v e l s .  I m p u r i t i e s  r e s p o n s i b l e  f o r  

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

10^^  cm ^ - t o  10^ ^  cm ^ w h e re a s  deep l e v e l s  a r e  n o r m a l l y  

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

o r  l a t t i c e  d e f e c t s ,  such  as v a c a n c i e s ,  i n t e r s t i t i a l s  and 

v a c a n c y - c o m p l e x e s ,  h a v i n g  t y p i c a l  c o n c e n t r a t i o n s  i n  t h e  

r a n g e  10^ ^  cm ^ -  10^^  cm ^ . E n e r g y  l e v e l s  more t h a n  

0 . 1  eV removed  f r o m  t h e  band edges  can be t h o u g h t  o f  

as d e e p .

The i m p o r t a n c e  o f  deep l e v e l s  i n  p r a c t i c e  l i e s  w i t h  

t h e i r  r o l e  as g e n e r a t i o n - r e c o m b i n a t i o n  c e n t r e s  o r  c a r r i e r  

t r a p s .  As G~R c e n t r e s  t h e y  can be r e s p o n s i b l e  f o r  a 

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

l e n g t h  w h i c h  may,  f o r  e x a m p l e ,  l i m i t  b i p o l a r  t r a n s i s t o r  

p e r f o r m a n c e .  They g i v e  r i s e  t o  e x c e s s  l e a k a g e  c u r r e n t s  

i n  r e v e r s e - b i a s e d  p - n  j u n c t i o n s ,  d a r k  c u r r e n t  i n  IR 

d e t e c t o r s  o r  p h o t o - c a t h o d e s  and n o i s e  i n  Gunn d i o d e s .

One o f  t h e i r  more s e r i o u s  m a n i f e s t a t i o n s  i s  as n o n -  

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

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

A c o n v e n i e n t  and p o w e r f u l  t e c h n i q u e  f o r  c h a r a c t e r i s i n g  

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

m e as u r e me n t  o f  t h e  c a p a c i t a n c e  o f  a p - n  j u n c t i o n  o r
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S c h o t t k y  b a r r i e r  d i o d e .  The s o - c a l l e d  c a p a c i t a n c e  

t r a n s i e n t  t e c h n i q u e  w h i c h  was f i r s t  used by W i l l i a m s  

^  ̂ p r o v i d e s  a s e n s i t i v e  measure  o f  t h e  c h a r g e  s t a t e  

o f  a deep t r a p .  I n f o r m a t i o n  a b o u t  a deep l e v e l  i n  t h e  

d e p l e t i o n  r e g i o n  o f  a p - n  j u n c t i o n  o r  S c h o t t k y  b a r r i e r  

d i o d e  can be o b t a i n e d  by o b s e r v i n g  t h e  c a p a c i t a n c e  

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

e q u i l i b r i u m  o f  t h e  o c c u p a t i o n  o f  t h e  l e v e l  f o l l o w i n g  an 

i n i t i a l  n o n - e q u i l i b r i u m  c o n d i t i o n .  The t i m e  c o n s t a n t  

o f  t h e  t r a n s i e n t  can be meas ur ed  as a f u n c t i o n  o f  

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

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

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

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

t r a n s i e n t  t e c h n i q u e  was d e v e l o p e d  by Lang and i s

known as deep l e v e l  t r a n s i e n t  s p e c t r o s c o p y  ( D LT S ) .  The 

e s s e n t i a l  f e a t u r e  o f  DLTS i s  t h e  a b i l i t y  t o  s e t  an 

e m i s s i o n - r a t e  w i ndow such  t h a t  t h e  m ea s u r e m e n t  a p p a r a t u s  

o n l y  r e s p o n d s  when i t  sees  a c a p a c i t a n c e  t r a n s i e n t  w i t h  

a r a t e  w i t h i n  t h i s  w i n d o w .  The DLTS t e c h n i q u e  i s  a b l e  

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

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

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

a d d i t i o n  t h e  t e c h n i q u e  i s  s p e c t r o s c o p i c  i n  n a t u r e  i n  t h e  

sens e  t h a t  t h e  s i g n a l s  due t o  d i f f e r e n t  t r a p s  can  be 

r e s o l v e d  f r o m  one a n o t h e r  and a r e  r e p r o d u c i b l e  i n  

p o s i t i o n  when p l o t t e d  a g a i n s t  a s i n g l e  v a r i a b l e ,  n a m e l y ,  

t h e  s amp l e  t e m p e r a t u r e .  DLTS i s  a l s o  c a p a b l e  o f
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m e a s u r i n g  t r a p s  o v e r  a w i d e  r a n g e  o f  d e p t h s ,  i n c l u d i n g  

b o t h  r a d i a t i v e  and n o n - r a d i a t i v e  c e n t r e s .

As i s  t h e  case  f o r  d o p i n g  s t u d i e s  o f  I I I - V  

s e m i c o n d u c t o r s  g rown by MBE i t  i s  GaAs w h i c h  has been 

t h e  most  e x t e n s i v e l y  s t u d i e d  m a t e r i a l  w i t h  r e g a r d  t o  deep 

t r a p s .  F i f t e e n  d i f f e r e n t  e l e c t r o n  t r a p s  w i t h  t h e r m a l  

a c t i v a t i o n  e n e r g i e s  t o  t h e  c o n d u c t i o n  band r a n g i n g  f r o m 

0 . 8 3  eV t o  0 . 1 5  eV have been c h a r a c t e r i s e d  i n  VPE, MBE 

and b u l k - g r o w n  GaAs f r o m  DLTS e x p e r i m e n t s .  These t r a p s  

have been c a t a l o g u e d  by M a r t i n  e t  a l  ' . I n  c o n t r a s t

no e l e c t r o n  t r a p s  have been d e t e c t e d  i n  u n i n t e n t i o n a l l y  

doped LPE grown  m a t e r i a l .  One o f  t h e  s t r i k i n g  r e s u l t s  

o f  t h e  wo rk  on GaAs i s  t h a t  many d i f f e r e n t  e l e c t r o n  t r a p s  

a r e  f o u n d  i n  VPE, MBE and b u l k - g r o w n  m a t e r i a l s  b u t  o n l y  

a f ew o f  them a r e  common t o  t h e  d i f f e r e n t  me t hods  o f  

c r y s t a l  g r o w t h .

I t  has a l s o  been shown i n  t h e  case  o f  e p i t a x i a l  

GaAs t h a t  g r o w t h  p a r a m e t e r s  such  as s u b s t r a t e  g r o w t h  

t e m p e r a t u r e  and s u r f a c e  s t o i c h i o m e t r y  d u r i n g  g r o w t h ,  can 

have a p r o f o u n d  e f f e c t  on t h e  c o n c e n t r a t i o n  o f  deep t r a p s .  

Fo r  e x a m p l e ,  S t a l l  e t  a l   ̂^ ^   ̂ have r e p o r t e d  an i n c r e a s e  

i n  t h e  c o n c e n t r a t i o n s  o f  t h r e e  t r a p s ,  t e r m e d  M l ,  M2 and 

M3, i n  MBE g rown  GaAs as t h e  g r o w t h  t e m p e r a t u r e  i s  

l o w e r e d  b e l o w  a- 500^C,  t h e  n o r m a l  g r o w t h  t e m p e r a t u r e  

b e i n g  'v 6 50 ° C .  T r ap  M3, f o r  i n s t a n c e ,  i n c r e a s e s  i n
l o  _ 3  1 5  _ 3

c o n c e n t r a t i o n  f r o m  10 cm t o  2 x 10 cm as t h e  

s u b s t r a t e  g r o w t h  t e m p e r a t u r e  i s  l o w e r e d  f r o m  550°C t o  

430 °C .
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I n  c o n t r a s t  t o  t h e  e x t e n s i v e  wo rk  on GaAs t h e  s t u d y

o f  deep t r a p s  i n  I nP i s  o n l y  i n  i t s  i n f a n c y .  S e v e r a l

deep e l e c t r o n  t r a p s  have a l r e a d y  been d e t e c t e d ,  h o w e v e r ,

i n  VPE and b u l k - g r o w n  InP by DLTS as r e p o r t e d  by W h i t e

e t  a l  and Wada e t  a l  O n l y  one o f  t h e  t r a p s

d e t e c t e d  i n  I nP has been a s s i g n e d  t o  a p a r t i c u l a r

i m p u r i t y  o r  l a t t i c e  d e f e c t .  R e c e n t l y ,  Bremond e t  a l  

( 6 7 ) have shown t h a t  a common ly  f o u n d  t r a p  i n  b o t h  VPE 

and b u l k - g r o w n  InP h a v i n g  a t h e r m a l  a c t i v a t i o n  e n e r g y  o f  

0 . 6 3  eV t o  t h e  c o n d u c t i o n  band i s  due t o  a r e s i d u a l  Fe 

i m p u r i t y .  To d a t e ,  h o w e v e r ,  no r e s u l t s  have  a p p e a r e d  

i n  t h e  l i t e r a t u r e  on deep t r a p  s t u d i e s  o f  I nP g rown  by 

t h e  MBE t e c h n i q u e .

The a im o f  t h e  wo rk  t o  be d e s c r i b e d  i n  c h a p t e r  6 

was t o  c o n s t r u c t  a DLTS s y s t e m  i n  o r d e r  t o  f a c i l i t a t e  

t h e  d e t e c t i o n  and p o s s i b l e  i d e n t i f i c a t i o n  o f  deep t r a p s  

i n  MBE g r own  I n P .  A p r i n c i p l e  o b j e c t i v e  b e h i n d  t h i s  

wo rk  was t o  p r o v i d e  f e e d b a c k  i n f o r m a t i o n  t o  i m p r o v e  t h e  

q u a l i t y  o f  InP g rown  by MBE.

6 . 2  P r i n c i p l e s  o f  DLTS

B e f o r e  b e g i n n i n g  a d i s c u s s i o n  on t h e  p r i n c i p l e s  o f  

DLTS an e x p l a n a t i o n  i s  r e q u i r e d  c o n c e r n i n g  t h e  two t y p e s  

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

c a r r i e r  t r a p s .  I n  t h e  case  o f  n - t y p e  m a t e r i a l  m a j o r i t y  

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

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

t e r m i n o l o g y  a p p l i e s  t o  p - t y p e  m a t e r i a l .  Thus ,  when
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S c h o t t k y - b a r r i e r s  a r e  e m p l o ye d  on n - t y p e  m a t e r i a l  o n l y  

maj o r i t y - c a r r 1 e r  o r  e l e c t r o n  t r a p s  can be o b s e r v e d  s i n c e  

S ' c h o t t k y - b a r r i e r  d i o d e s  a r e  ma j  o r i t y - c a r r  i e r  d e v i c e s .  

M i n o r i t y - c a r r i e r  o r  h o l e  t r a p s ,  h o w e v e r ,  can  be d e t e c t e d  

u s i n g  p ^ ^ n  j u n c t i o n s  s i n c e  h o l e s  can be i n j e c t e d  i n t o  

t h e  n - t y p e  m a t e r i a l  by f o r w a r d  b i a s i n g  t h e  p"* ~n j u n c t i o n .

C o n s i d e r  a S c h o t t k y - b a r r i e r  o r  p ’*'-n j u n c t i o n  

c o n t a i n i n g  a s h a l l o w  l e v e l  w i t h  n e t t  d o n o r  c o n c e n t r a t i o n  

Np-N^  and a deep l e v e l  e l e c t r o n  t r a p  a t  an e n e r g y  Ey 

b e l o w  t h e  c o n d u c t i o n  band h a v i n g  a c o n c e n t r a t i o n  Ny.  A 

s c h e m a t i c  band d i a g r a m  o f  suc h  a j u n c t i o n  u n d e r  r e v e r s e -  

b i a s  i s  shown i n  F i g .  6 . 1 .  I n  t h e  DLTS t e c h n i q u e  t h e  

d i o d e  i s  r e p e t i t i v e l y  p u l s e d  e i t h e r  f r o m  a r e v e r s e - b i a s  

l e v e l  t o  z e r o - b i a s  ( f o r  t h e  case  o f  maj o r i t y - c a r r i e r  

t r a p s )  o r  p u l s e d  i n t o  f o r w a r d - b i a s  ( f o r  t h e  case  o f  

m i n o r i t y - c a r r i e r  t r a p s  i n  p ’̂ -n  j u n c t i o n s ) .  The d i o d e  

t r a n s i e n t  c a p a c i t a n c e  r e s p o n s e s  f o r  b o t h  t h e s e  c a s es  a r e  

shown i n  F i g .  6 . 2 .

As m e n t i o n e d  i n  t h e  i n t r o d u c t i o n  t h e  e s s e n t i a l  

f e a t u r e  o f  DLTS i s  t h e  a b i l i t y  t o  s e t  an e m i s s i o n - r a t e  

w i ndow suc h  t h a t  t h e  m e as u r e me n t  a p p a r a t u s  o n l y  r e s p o n d s  

when i t  sees  a c a p a c i t a n c e  t r a n s i e n t  w i t h  a r a t e  w i t h i n

t h i s  w i n do w .  Thus ,  i f  t h e  e m i s s i o n - r a t e  ( o r  t h e

r e c i p r o c a l  o f  t h e  c a p a c i t a n c e  t r a n s i e n t  t i m e  c o n s t a n t )  

i s  v a r i e d  by v a r y i n g  t h e  s am p l e  t e m p e r a t u r e ,  tLie 

i n s t r u m e n t  w i l l  show a r e s p o n s e  peak  a t  t h e  t e m p e r a t u r e  

when t h e  t r a p  e m i s s i o n - r a t e  i s  w i t h i n  t h e  w i n do w .  The

DLTS a p p a r a t u s  d e s c r i b e d  i n  d e t a i l  i n  s e c t i o n  6 . 3  makes
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FIG. 6.1 Energy  band d i a g r a m  for a 
r e v e r s e  - b iased  Schot tky
b a r r i e r  or p^-n j u n c t i o n  
i n d i c a t i n g  the s t a t e s  of the 
t r a p s  in the deplet ion reg ion 
W : 0 t r aps  empty and e t r a p s  
f i l l e d  w i t h  electrons.

V = b i a s  vo l t a ge  
Vp = d i f f u s i o n  v o l t a g e
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use o f  two s a m p l e - a n d - h o l d  c i r c u i t s  t r i g g e r e d  by a 

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

w i ndow t o  be p r e c i s e l y  d e t e r m i n e d .  The o u t p u t s  o f  t h e  

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

a m p l i f i e r  ( see  s e c t i o n  6 . 3 )  w h i c h  o u t p u t s  a s i g n a l  

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

r e a d i n g s  AC measu r ed  a t  two t i m e s ,  t ^  and t ^  on t h e  

t r a n s i e n t .  The f o r m a t i o n  o f  a DLTS r e s p o n s e  peak  i s  

i l l u s t r a t e d  i n  F i g .  6 . 3 .

t h e

v a l u e  o f  T ( t h e  c a p a c i t a n c e  t r a n s i e n t  t i m e  c o n s t a n t )  a t

t h e  maximum v a l u e  o f  C ( t ^ )  -  C ^ t g )  ( see  F i g .  6 . 3 )  f o r  a

p a r t i c u l a r  t r a p ,  and t h e  two s a m p l i n g  t i m e s ,  t ^  and t ^ .

The q u a n t i t y  w h i c h  has been l o o s e l y  r e f e r r e d  t o  as t h e

' r a t e  w i n d o w '  i s  now d e f i n e d  t o  be t As sumi ngmax ^

t h e  t r a n s i e n t  t o  be a p u r e  e x p o n e n t i a l  t h e n  C ( t ^ )  -  

[ ( t g )  i s  g i v e n  by

A r e l a t i o n s h i p  can be d e r i v e d  b e t we e n  x ,max'

C ( t ^ )  -  [ ( t g )  = AC = c o n s t .  exp ( - t ^ / x )

-  exp ( - t 2 / x ) ( 6 . 1 )

D i f f e r e n t i a t i n g  AC w i t h  r e s p e c t  t o  x and e q u a t i n g  d ( A C ) /  

dx t o  z e r o  y i e l d s  t h e  r e s u l t  t h a t  AC i s  a maximum when

( 6 . 2 )(Ü2 -  )

max I n  ( t ^ / t ^ )

From t h e  p r i n c i p l e  o f  d e t a i l e d  b a l a n c e  t h e  e l e c t r o n  

t h e r m a l  e m i s s i o n  f r o m  a t r a p  can be w r i t t e n  as

a V t ^ Nc g  . exp a l
kT ( 6 . 3 )



f o r  t h e  c as e  o f  e l e c t r o n s  e m i t t i n g  t o  t h e  c o n d u c t i o n  

band w i t h  a t h e r m a l  a c t i v a t i o n  e n e r g y  AE. The o t h e r  

t e r m s  i n  e q u a t i o n  3 a r e  as f o l l o w s ;

v ^ ^  = mean t h e r m a l  v e l o c i t y  o f  t h e  e l e c t r o n s ,  

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

= d e n s i t y  o f  s t a t e s  i n  t h e  c o n d u c t i o n  band ,  

g = d e g e n e r a c y  o f  t h e  t r a p  l e v e l .

A s i m i l a r  e x p r e s s i o n  h o l d s  f o r  h o l e s  e m i t t i n g  t o  

t h e  v a l e n c e  ban d ,  and v^j^ a r e  b o t h  t e m p e r a t u r e

d e p e n d e n t  and a r e  g i v e n  by

N 2um^kT
3/ -

t h  = 3kT

m

1 /,

( 6 . 4 )

( 6 . 5 )

where  m. and m a r e  t h e  d e n s i t y  o f  s t a t e s  mass and

c o n d u c t i v i t y  mass,  r e s p e c t i v e l y ,  

'^ th  ^c  y be w r i t t e n  as

Thus ,  t h e  p r o d u c t

" t h  " c A.T (6.6 )

where  A i s  a c o n s t a n t  t e r m  g i v e n  by 

A = 2 2nm, k 2 ' 3kd .
""c2

h

1 /.
( 6 . 7 )

The e m i s s i o n  t i m e  c o n s t a n t  can t h e r e f o r e  be c o r r e c t e d  

f o r  t h e  t e m p e r a t u r e  d ep e nde nc e  o f  t h e  p r e - f a c t o r  i n  

e q u a t i o n  3 and t h e  d e t a i l e d  b a l a n c e  e q u a t i o n  can be
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w r i t t e n  as

a l
kT

(6 .8 )

a s s u m i n g  t h e  t r a p  c a p t u r e  . c r o s s - s e c t i o n  a t o  be 

i n d e p e n d e n t  o f  t e m p e r a t u r e .

S i n c e  t h e  e m i s s i o n  t i m e  c o n s t a n t  c o r r e s p o n d i n g

t o  t h e  maximum o f  a t r a p  peak  o b s e r v e d  i n  a DLTS t h e r m a l  

sc an  i s  a - p r e c i s e l y  d e f i n e d  q u a n t i t y  g i v e n  by e q u a t i o n  6 , 2  

t h e  d e t a i l e d  b a l a n c e  e q u a t i o n  can be s p e c i f i c a l l y  w r i t t e n  

as

T T^max p

(A a g)  . exp A£ ( 6 . 9 )

w h e r e ,  T^ = T e m p e r a t u r e  a t  w h i c h  AC i s  a maximum.

2An A r r h e n i u s  p l o t  o f  I n  ( t T ) v e r s u s  1 /1  t h e r e f o r e  

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

w h i l e  t h e  t r a p  c a p t u r e  c r o s s - s e c t i o n  a can s u b s e q u e n t l y  

be c a l c u l a t e d  u s i n g  e q u a t i o n  6 . 9 .

6 . 3  DLTS Meas ur emen t  Sys tem

The DLTS a p p a r a t u s  i s  shown i n  F i g .  6 . 4  w h i l e  t h e  

s y s t e m  i s  i l l u s t r a t e d  i n  b l o c k  d i a g r a m  f o r m  i n  F i g .  6 , 5 .  

The f u n c t i o n s  o f  t h e  v a r i o u s  c o mpon en t s  o f  t h e  DLTS 

m ea su r em en t  s y s t e m  a r e  now d e s c r i b e d  w i t h  r e f e r e n c e  t o  

F i g . 6 . 5 .

A d i o d e  i s  t h e r m a l l y  s c an n ed  t h r o u g h  a r a n g e  f r o m  77K t o  

400K by means o f  t h e  v a r i a b l e  t e m p e r a t u r e  c r y o s t a t .



FIG .6.4 : Photograph of DLTS a p p a r a tu s .
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The d i o d e  t e m p e r a t u r e  i s  m o n i t o r e d  by t h e  d i g i t a l  

t h e r m o m e t e r ,  t h e  a n a l o g u e  o u t p u t  o f  w h i c h  i s  used t o  

d r i v e  t h e  X-movement  o f  t h e  X-Y r e c o r d e r .  The l e a d i n g  

edge o f  a p u l s e  f r o m  t h e  s i n g l e  p u l s e  g e n e r a t o r  i s  used 

t o  t r i g g e r  b o t h  t h e  o p t o - i s o l a t o r  c i r c u i t  ( shown i n  

d e t a i l  i n  F i g .  6 . 7 )  and t h e  d o u b l e  p u l s e  g e n e r a t o r .

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

s t e a d y - s t a t e  r e v e r s e - b i a s  l e v e l  t o  z e r o - b i a s  f o r  t h e  

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

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

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

d i o d e  a t  a p a r t i c u l a r  r e v e r s e - b i a s  v o l t a g e ,  t o  a new 

l e v e l  c o r r e s p o n d i n g  t o  t h e  d i o d e  c a p a c i t a n c e  a t  z e r o -  

b i a s .  I f  a deep t r a p  i s  p r e s e n t  t h e  c a p a c i t a n c e  s i g n a l  

f r o m  t h e  m e t e r  w i l l  be t r a n s i e n t  i n  n a t u r e  as t h e  d i o d e  

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

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

i n d e p e n d e n t  o u t p u t  p u l s e s  o f  p u l s e  w i d t h  20 ys a f t e r  

s p e c i f i c  t i m e  i n t e r v a l s  f r o m  t h e  l e a d i n g  edge o f  t h e  

t r i g g e r i n g  p u l s e  f r o m  t h e  s i n g l e  p u l s e  g e n e r a t o r .  The 

t wo  p u l s e s  a r e  used t o  t r i g g e r  s a m p l e - a n d - h o l d  u n i t s  

c o n t a i n e d  i n  t h e  s i g n a l  a n a l y s e r  ( see  F i g .  6 . 6 ) .  T h i s  

r e s u l t s  i n  t h e  c a p a c i t a n c e  t r a n s i e n t  b e i n g  s am p l e d  a t  

two p r e d e t e r m i n e d  p o i n t s  i n  t i m e .  The c a p a c i t a n c e  

t r a n s i e n t  s i g n a l  a n a l y s e r  shown i n  F i g .  6 . 6  w h i c h  i s  a 

m o d i f i e d  v e r s i o n  o f  t h e  c i r c u i t  p r o p o s e d  by G u l d b e r g  

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

i n  t h e  c a p a c i t a n c e  r e a d i n g s  a t  t h e  two s a m p l i n g  t i m e s .
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S i n c e  t h e  c a p a c i t a n c e  m e t e r  r e q u i r e s  t h a t  i t s  t e s t  

t e r m i n a l s  be f l o a t i n g  a t  a l l  t i m e s  a d i o d e  p u l s i n g  

c i r c u i t  was d e s i g n e d  w h i c h  e m p l o ys  an o p t o - i s o l a t o r  I C,

The o p e r a t i o n  o f  t h e  o p t o - i s o l a t o r  c i r c u i t  w h i c h  i s  shown 

i n  F i g .  6 , 7  i s  as f o l l o w s :  When t h e  s i g n a l  f r o m  t h e

s i n g l e  p u l s e  g e n e r a t o r  i s  LOW t h e  L . E . D .  i s  OFF and 

t h e r e f o r e  t h e  t r a n s i s t o r  i s  OFF. Thus ,  p o i n t  A s i t s  a t  

+V v o l t s  and t h e  d i o d e  s a m p le  i s  i n  r e v e r s e - b i a s .  When 

t h e  p u l s e  i s  ON t h e  t r a n s i s t o r  c o n d u c t s  and hence  t h e  

2 . 2 n F  c a p a c i t o r  can d i s c h a r g e  t h r o u g h  t h e  Iks i r e s i s t o r .  

B i a s  can  be a p p l i e d  t o  t h e  d i o d e  v i a .  b i a s  t e r m i n a l s  a t  

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

as shown ( n o t e  t h e  p o l a r i t y )  p o i n t  A d r o p s  t o  z e r o  v o l t s  

when b o t h  DC s u p p l i e s  a r e  e q u a l .  Hence,  f o r  t h e  d u r a t i o n  

o f  t h e  p u l s e  t h e  d i o d e  i s  a t  z e r o  b i a s .  When t h e  p u l s e  

goes LOW t h e  d i o d e  i s  r e t u r n e d  t o  t h e  r e v e r s e - b i a s  l e v e l .  

I t  s h o u l d  be n o t e d  h e r e  t h a t  w i t h  t h e  a r r a n g e m e n t  shown 

i n  F i g .  6 . 7  d i o d e s  c o u l d  n o t  be f o r w a r d - b i a s e d  and 

t h e r e f o r e  m i n o r i t y  c a r r i e r  t r a p s  were  n o t  o b s e r v e d  i n  

t h e  e x p e r i m e n t s  d e t a i l e d  i n  t h i s  c h a p t e r .

6 . 4  DLTS o f  GaAs Grown by VPE

I n i t i a l  e x p e r i m e n t s  we re  p e r f o r m e d  on VPE g rown  

n - t y p e  GaAs l a y e r s  s u p p l i e d  by D. A l l e n  o f  t h e  B r i t i s h  

Te l ecom R e s e a r c h  L a b o r a t o r i e s ,  M a r t l e s h a m  H e a t h .  These 

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

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

i n  t e r m s  o f  deep t r a p s .



I'DQ

DLTS m e a s u r e m e n t s  we re  made on n - t y p e  GaAs 

( s u l p h u r  d o p e d ,  n - 3 x 1 0^ ^  cm~^)  g rown  by VPE o n t o  

n ' ^ ' - t ype  s u b s t r a t e s .  S c h o t t k y  d i o d e s  w i t h  a b a r r i e r  

h e i g h t  o f  'v 0 . 8  eV we re  f o r m e d  by e v a p o r a t i n g  500 yrfi 

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

( t h r o u g h  a m e c h a n i c a l  mask)  w h i l e  a AuGeNi  e u t e c t i c  

was used t o  f o r m  an ohmic  c o n t a c t  t o  t h e  s u b s t r a t e .

D i o d e s  so f o r m e d  were  bonded o n t o  T05 h e a d e r s  ( see  

s e c t i o n  6 . 5 . 1 )  w i t h  c o n d u c t i n g  e p o x y , '  m oun t ed  i n  t h e  

v a r i a b l e  t e m p e r a t u r e  c r y o s t a t ,  and a c o p p e r - c o n s t a n t a n  

t h e r m o c o u p l e  was s p o t - w e l d e d  o n t o  t h e  h e a d e r .

The GaAs S c h o t t k y  d i o d e s  were  p u l s e d  f r o m  a r e v e r s e -  

b i a s  l e v e l  ( t y p i c a l l y  1 v o l t  r e v e r s e - b i a s )  t o  z e r o - b i a s  

a t  a lOHz r e p e t i t i o n  r a t e  and 5ms p u l s e  d u r a t i o n ,  and 

t h e r m a l l y  s c a n n e d  f r o m  77K t o  AOOK.

6 . 4 . 1  R e s u l t s

A t y p i c a l  DLTS s p e c t r u m  o b t a i n e d  f r o m  VPE grown

GaAs i s  shown i n  F i g .  6 . 8 .  The e m i s s i o n  t i m e  c o n s t a n t

''^max 6 . 4 9  ms r e s u l t i n g  f r o m  s a m p l i n g  t i m e s ,  t^^ and

t ^  o f  3 . 2 6  ms and 1 1 . 3 6  ms, r e s p e c t i v e l y .

The p r e s e n c e  o f  a s i n g l e  deep e l e c t r o n  t r a p  i s

i n d i c a t e d  f r o m  F i g .  6 . 8  w i t h  t h e  DLTS s p e c t r u m  p e a k i n g

a t  T = 3 8 1 K. No o t h e r  deep t r a p s  were  d e t e c t e d  i n  t h e  
P

r a n g e  7 7 K t o  3 0 OK. F i g .  6 . 9  i l l u s t r a t e s  a s e t  o f  DLTS

s p e c t r a  r e c o r d e d  f o r  v a r i o u s  s e t t i n g s  o f  x . I n^ max

o r d e r  t o  v a r y  x b o t h  t ,  and t ^  were c h a n g e d ;  h o w e v e r ,  rn 3 X JL z

t h e  r a t i o  t g / t ^  was k e p t  c o n s t a n t .  By e m p l o y i n g  t h e
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c o n s t a n t  t g / t ^  r a t i o  t e c h n i q u e  t h e  peak  shap e  r e m a i n s  

u n ch ange d  f o r  d i f f e r e n t  r a t e - w i n d o w  s e t t i n g s .

The t e m p e r a t u r e  d ep ende nc e  o f  t h e  e m i s s i o n  t i m e

c o n s t a n t  f o r  t h e  t r a p  i s  shown F i g .  6 . 1 0  w h i c h  i s  an 

A r r h e n i u s  p l o t  o f  I n  ( xT ) v e r s u s  1 / T .  The e x p e r i m e  

p o i n t s  on t h e  p l o t  were  o b t a i n e d  f r o m  t h e  v a l u e s  o f  x max

and Tp f o r  each o f  t h e  peaks  r e c o r d e d  i n  F i g .  6 . 9 .  A 

l e a s t - s q u a r e  r e g r e s s i o n  a n a l y s i s  o f  t h e  e x p e r i m e n t a l  

d a t a  shown'  i n  F i g .  6 . 1 0  y i e l d s  a t h e r m a l  a c t i v a t i o n  

e n e r g y  f o r  t h e  t r a p  o f  0 . 8 2  eV ± 0 . 0 2  eV.

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

s e c t i o n  6 . 2 ,  e q u a t i o n  6 . 9  and a s s u m i n g  e m i s s i o n  o f  e l e c t r o n s  

f r o m  t h e  deep l e v e l  t a k e s  p l a c e  t o  t h e  L c o n d u c t i o n  band 

m i n i m a  r a t h e r  t h a n  t h e  l o w e r  r  band min imum ( s e e  t h e  

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

by

A (GaAs)  = 4 x1 0 ^ 1  c m " ^ s “ ^K“ ^

s i n c e ,  m^ = 0 . 5 5  m ' d e

and m^ = 0 . 1 1  m ( 6 - 1 0 )  
c e

w h e r e ,  m i s  t h e  e l e c t r o n  r e s t  mass,  e

Hence ,  u s i n g  x = 6 , 4 9  ms and T = 381K,  f o r  ^ max p ’

e x a m p l e ,  and g = 1 ( 6 . 9 ) ^  t h e  t r a p  c a p t u r e  c r o s s -

s e c t i o n  a i s  c a l c u l a t e d  f r o m  e q u a t i o n  6 . 9  t o  be

a = 4 . 5  X 1 0 " ^ ^  cm^
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6.4.2 Discussion

A deep e l e c t r o n  t r a p  has been f o u n d  i n  GaAs g rown

by VPE h a v i n g  a t h e r m a l  a c t i v a t i o n  e n e r g y  o f  0 . 8 2  eV 2

-14 20 . 0 2  eV and a c a p t u r e  c r o s s - s e c t i o n  o f  4 . 5  x 10 cm . 

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

a 0 . 8 3  eV deep e l e c t r o n  t r a p  commonly  f o u n d  i n  b o t h  VPE 

and b u l k - g r o w n  GaAs 6 . 1 1 ) ^  ^ c o m p a r i s o n  can  be

made w i t h  d a t a  r e p o r t e d  on t h e  0 . 8 3  eV t r a p  f r o m  o t h e r  

l a b o r a t o r i e s  by p l o t t i n g  t h e  I n  (tT')' v e r s u s  1 / T  c u r v e  

p r e s e n t e d  h e r e  t o g e t h e r  w i t h  t h o s e  c u r v e s  o b t a i n e d  by 

o t h e r  l a b o r a t o r i e s  on a s i n g l e  g r a p h ;  F i g .  6 . 1 1  

i l l u s t r a t e s  such  a g r a p h .  I n  a d d i t i o n  t o  t h e  a u t h o r ' s  

r e s u l t s  t h e  l i n e s  shown i n  F i g .  6 . 1 1  were  o r i g i n a l l y  

c a t a l o g u e d  by M a r t i n  e t  a l

A c o m p a r i s o n  o f  t h e  t y p e  shown i n  F i g .  6 . 1 1  i s  t h e  

b e s t  way t o  r e l a t e  t r a p s  o b s e r v e d  i n  d i f f e r e n t  l a b o r a t ­

o r i e s ,  The DLTS peak  p o s i t i o n  a t  a f i x e d  r a t e - w i n d o w  

i s  more s p e c i f i c  o f  a p a r t i c u l a r  deep l e v e l  t h a n  i s  t h e  

e n e r g y  l e v e l  a l o n e  s i n c e  t h e  DLTS peak  p o s i t i o n  c o n t a i n s  

i n f o r m a t i o n  on t h e  c a p t u r e  c r o s s - s e c t i o n  as w e l l  as t h e  

t h e r m a l  a c t i v a t i o n  e n e r g y  o f  t h e  t r a p .

M a j e r f e l d  and B h a t t a c h a r y a  have  shown t h a t

e l e c t r o n  e m i s s i o n  f r o m  t h e  0 , 8 3  eV l e v e l  i n  GaAs o c c u r s  

t o  t h e  L band m i n i ma  r a t h e r  t h a n  t o  t h e  l o w e r  r 

c o n d u c t i o n  band min i mum,  hence  t h e  r e a s o n  L band d a t a  

was used  i n  c a l c u l a t i n g  t h e  c o n s t a n t  t e r m  A i n  t h e  

d e t a i l e d  b a l a n c e  e q u a t i o n  ( e q u a t i o n  6 . 9 ) .

Much e f f o r t  has been d e v o t e d  t o  t h e  i d e n t i f i c a t i o n
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o f  t h e  0 . 8 3  eV l e v e l  i n  GaAs,  h o w e v e r ,  t h e  o r i g i n  o f

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

oxyge  

( 6 . 1 3 )

v a r i o u s l y  a s s i g n e d  t o  i m p u r i t y  ox y gen  and a

G a - v a c a n c y  o r  v a c a n c y  c o m p l e x

6 . 5  DLTS o f  I nP Grown by MBE

I n i t i a l l y ,  u n i n t e n t i o n a l l y  doped I nP f i l m s  were  

g rown by MBE o n t o  n ’̂ - t y p e  s u b s t r a t e s  ( S n - d o p e d ,  10^^  cm ^ ) 

i n  o r d e r  t o  f a c i l i t a t e  DLTS meas u r e me n t s  on t h e  

m a t e r i a l .  The f o r m a t i o n  o f  l o w - l e a k a g e  S c h o t t k y -  

b a r r i e r s  on t h e  a s - g r o w n  e p i - l a y e r s ,  h o w e v e r ,  p r o v e d  t o  

be a d i f f i c u l t  p r o b l e m .  S e v e r a l  m e t a l s  we re  d e p o s i t e d  

by vacuum e v a p o r a t i o n  o n t o  t h e  e p i - l a y e r s ,  i n c l u d i n g  A l ,  

Au,  Ag and Sn.  These c o n t a c t s ,  h o w e v e r ,  e x h i b i t e d  

ohmic  b e h a v i o u r  w h i c h  i s  i n  c o n t r a s t  w i t h  t h e  b e h a v i o u r  

o f  m e t a l - G a A s  c o n t a c t s  w h i c h  n o r m a l l y  r e s u l t  i n  S c h o t t k y -  

b a r r i e r s .  R e c t i f y i n g  c o n t a c t s  were  o b t a i n e d  by vacuum 

d e p o s i t i o n  o f  t h e  m e t a l s  m e n t i o n e d  above  o n t o  MBE grown 

InP e p i - l a y e r s  w h i c h  were  h e l d  a t  'v 250°C f o r  5 m i ns  i n  

a 10 ^T vacuum p r i o r  t o  t h e  m e t a l  e v a p o r a t i o n  p r o c e s s .  

These c o n t a c t s ,  h o w e v e r ,  e x h i b i t e d  v q r y  ' l e a k y '  r e v e r s e -  

b i a s  c h a r a c t e r i s t i c s .

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

good ,  l o w - l e a k a g e  S c h o t t k y - b a r r i e r s  on a s - g r o w n  I n P ,  

f i l m s  we re  s u b s e q u e n t l y  g rown  o n t o  p ’^ - t y p e  s u b s t r a t e s  i n  

o r d e r  t o  f o r m  p'*’ -n  j u n c t i o n s ,  t h e r e f o r e  o b v i a t i n g  t h e  

need f o r  S c h o t t k y - b a r r i e r s , The f o l l o w i n g  s e c t i o n

d e s c r i b e s  t h e  g r o w t h  o f  p ’**-n I nP j u n c t i o n s  by MBE.



é . 5 . 1  InP p~' -n J u n c t i o n  F a b r i c a t i o n

F o r  t h e  p u r p o s e  o f  DLTS m e a s u r e m e n t s ,  2ym t h i c k  

u n i n t e n t i o n a l l y  doped InP l a y e r s  ( r e s i d u a l  n - t y p e ,  N|^- 

= 10^ ^  -  10^ ^  cm ^ we re  grown o n t o  a r g o n - i o n  s p u t t e r -  

c l e a n e d  p ^ - t y p e  s u b s t r a t e s  ( Z n - d o p e d ,  2 x 1 0 ^ ^  cm~^)  , 

The g r o w t h  c o n d i t i o n s  were  i d e n t i c a l  t o  t h o s e  d e s c r i b e d  

i n  c h a p t e r  3,  i e ,  a  P - r i c h  g r o w t h  c o n d i t i o n  was 

m a i n t a i n e d  t h r o u g h o u t .  The s u b s t r a t e  g r o w t h  

t e m p e r a t u r e  h o w e v e r ,  was v a r i e d  o v e r  a r a n g e  f r o m  250°C 

t o  3 6 0 °C .  Ohmic c o n t a c t s  we re  f o r m e d  on b o t h  t h e  n -  

and p ^ - t y p e  s u r f a c e s  o f  t h e  s a m p l e s  u s i n g  S n / N i  and Z n /

Au e v a p o r a t e d  c o n t a c t s ,  r e s p e c t i v e l y .  A n n e a l i n g  o f  t h e  

ohm i c  c o n t a c t s  was done a t  30G°C f o r  1 - 2  m i ns  i n  a 

f o r m i n g  gas a m b i e n t .  The p"^-n j u n c t i o n  d i o d e  a r e a  was 

d e f i n e d  by t h e  e p i - l a y e r  ohmic  c o n t a c t  d i m e n s i o n  (1mm 

d i a .  d o t ) ,  w i t h  t h e  p * ^ - t y pe  ohmic  c o n t a c t  c o v e r i n g  t h e  

w h o l e  o f  t h e  back  s u b s t r a t e  s u r f a c e  a r e a .  F i g ,  6 . 1 2 ( a )  

shows a s c h e m a t i c  d i a g r a m  o f  t h e  InP p ^ - n  j u n c t i o n  d i o d e .  

D i o d e s  so f o r m e d  were  bonded o n t o  T05 h e a d e r s  u s i n g  

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

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

t e c h n i q u e .  F i g .  6 . 1 2  ( b )  shows a s am p l e  bonded  o n t o  a 

T05 h e a d e r  r e a d y  f o r  DLTS m e a s u r e m e n t s .

The I - V  c h a r a c t e r i s t i c s  o f  a d i o d e  g r own  a t  360°C 

a r e  shown i n  F i g .  6 . 1 3 .  As can be seen  f r o m  t h e  f i g u r e  

t h e  d i o d e  has a goo d ,  l o w - l e a k a g e  r e v e r s e - b i a s  

c h a r a c t e r i s t i c ,  t h e  l e a k a g e - c u r r e n t  a t  2 V r e v e r s e - b i a s .
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f o r  e x a m p l e ,  b e i n g  lOpA .  The r e v e r s e - b i a s  

c h a r a c t e r i s t i c ,  h o w e v e r ,  was f o u n d  t o  d e t e r i o r a t e  

r a p i d l y  f o r  d i o d e s  g rown  a t  t e m p e r a t u r e s  <300^C and 

c o n s e q u e n t l y  DLTS m e a s u r e m e n t s  were  o n l y  made on d i o d e s  

g rown i n  t h e  t e m p e r a t u r e  r a n g e  f r o m  300°C -  3 60 °C .

Room t e m p e r a t u r e  C-V m e as u r e me n t s  ( s e e  A p p e n d i x  A. 3)  

were  made on t h e  d i o d e s  p r i o r  t o  m o u n t i n g  them i n  t h e  

DLTS r i g  i n  o r d e r  t o  d e t e r m i n e  t h e  s h a l l o w  d o n o r

— 2c o n c e n t r a t i o n s  i n  t h e  f i l m s .  F i g .  14 shows a C~ 

v e r s u s  V p l o t  f o r  a d i o d e  g rown  a t  360 °C .  The s l o p e  o f  

t h e  s t r a i g h t  l i n e  i n  t h e  f i g u r e  y i e l d s  a n e t t  d o n o r  

c o n c e n t r a t i o n ,  N^ - N^  f o r  t h e  f i l m  o f  4 x 1 0 ^ ^  cm” ^ .

T h i s  r e s u l t  c ompa r es  f a v o u r a b l y  w i t h  H a l l  e f f e c t  

m e a s u r e m e n t s  on f i l m s  g rown a t  360°C ( s e e  c h a p t e r  3 ) .

6 . 5 . 2  DLTS R e s u l t s

I nP p ’* '-n j u n c t i o n s  we re  p u l s e d  f r o m  I V  r e v e r s e -  

b i a s  ( t y p i c a l l y )  t o  z e r o - b i a s  a t  a lOHz r e p e t i t i o n  r a t e  

and 500pis p u l s e  d u r a t i o n ,  and t h e r m a l l y  s c a n n e d  f r o m  77K 

t o  300K,  D i o d e s  we re  n o t  h e a t e d  above  3QDK s i n c e  l e a k ­

age c u r r e n t s  we re  f o u n d  t o  i n c r e a s e  r a p i d l y  bey ond  room 

t e m p e r a t u r e  due t o  t h e  l ow c o n t a c t  p o t e n t i a l  ( 0 . 5  eV)  o f  

t h e  d i o d e s .

F i g .  6 . 1 5  shows a t y p i c a l  DLTS s p e c t r u m  o b t a i n e d  

f r o m  u n i n t e n t i o n a l l y  doped I nP g rown by MBE. The 

s a m p l i n g  t i m e s ,  t ^  and t ^  were  5ms and 25ms,  r e s p e c t i v e l y ,  

r e s u l t i n g  i n  an e m i s s i o n  t i m e  c o n s t a n t  o f  1 2 . 4  ms.

The p r e s e n c e  o f  a s i n g l e  deep e l e c t r o n  t r a p  i s
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i n d i c a t e d  w i t h  t h e  DLTS s p e c t r u m  p e a k i n g  a t  = 238K.

No o t h e r  deep t r a p s  were  d e t e c t e d  i n  t h e  t e m p e r a t u r e  

r a n g e  f r o m  77K t o  300K,

The t e m p e r a t u r e  d ep e nde nc e  o f  t h e  e m i s s i o n  t i m e

c o n s t a n t  f o r  t h e  t r a p  i s  shown i n  F i g .  6 . 1 6 .  A l e a s t -

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

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

t r a p  o f  0 . 5 9  eV + 0 . 0 2  e V . A g a i n  r e f e r r i n g  t o  t h e  

d e t a i l e d  b a l a n c e  e q u a t i o n  g i v e n  i n  s e c t i o n  6 . 2 ,  

e q u a t i o n  6 . 9  and a s s u m i n g  t h e  t r a p  c o u p l e s  w i t h  t h e  L band 

m i n i m a  r a t h e r  t h a n  w i t h  t h e  l o w e r r  band min imum ( s e e  t h e  

f o l l o w i n g  d i s c u s s i o n )  t h e  c o n s t a n t  t e r m  A f o r  I nP i s  

g i v e n  by

A = A . 77 X c m " 2 g - l K - 2
I I ( 6 . 1 A )

s i n c e ,  m , = 0 . 7 8  m and m = 0.22m d e c e

Thus ,  u s i n g  r  = 1 2 . 4  ms and T„  = 238K,  f o r- m s X p

e x a m p l e ,  and g = 1 / 2 ,  t h e  t r a p  c a p t u r e  c r o s s - s e c t i o n  a

i s  c a l c u l a t e d  f r o m  e q u a t i o n  6 . 9  t o  be

a = 1 . 8  X I c r ^ Z  ^^2

The t r a p  c o n c e n t r a t i o n  N j  i n  t h e  d e p l e t i o n  r e g i o n  

can be e s t i m a t e d  f r o m  an e x p r e s s i o n  g i v e n  by Lang 

as

Ny = 2 ( N ĵ - N ^ ) a C / C o ( 6 . 1 0 )

where  AC i s  t h e  c a p a c i t a n c e  change  a t  t i m e  t  = 0,  

c o r r e s p o n d i n g  t o  t h e  f a l l i n g  edge o f  t h e  b i a s  p u l s e ,  and
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Co i s  t h e  d i o d e  c a p a c i t a n c e  u n d e r  q u i e s c e n t  c o n d i t i o n s .  

F i g .  6 . 1 8  shows a p l o t  o f  Ny v e r s u s  t h e  s u b s t r a t e  g r o w t h  

t e m p e r a t u r e  f o r  t h r e e  v a l u e s  i n  t h e  t e m p e r a t u r e  r a n ge

f r o m  300°C t o  360° C.

6 . 6  D i s c u s s i o n  o f  R e s u l t s

A d o m i n a n t  deep e l e c t r o n  t r a p  has been d e t e c t e d  f o r

t h e  f i r s t  t i m e  i n  I nP g rown by MBE h a v i n g  a t h e r m a l

a c t i v a t i o n  e n e r g y  o f  0 . 5 9  eV and a t r a p  c a p t u r e  c r o s s -
_ 12 2

s e c t i o n  o f  1 , 8  x 10 cm . The t r a p  i s  s i m i l a r  t o  t h a t  

o b s e r v e d  by W h i t e  e t  a l  l a b e l l e d  as t r a p  S, and by

Wada e t  a l   ̂^ ^ \  l a b e l l e d  as t r a p  D, i n  VPE and b u l k -  

g rown I n P .  Wada e t  a l  have f o u n d  e v i d e n c e  t o  s u g g e s t  

t h a t  t h e i r  t r a p  D ( AE = 0 . 5 9  eV, a = 1 . 9  x 10 ^^  cm^ ) 

c o u p l e s  w i t h  t h e  L c o n d u c t i o n  band m in i ma  r a t h e r  t h a n  w i t h  

t h e  l o w e r  r c o n d u c t i o n  band min imum.  The c o n c l u s i o n s  o f  

Wada e t  a l  w i t h  r e g a r d  t o  t h e  i n t e r a c t i o n  o f  t h r e e  deep

l e v e l s ,  n a m e l y ,  A, D and E a t  0 . 3 4  eV,  0 . 5 9  eV and 0 . 6 3  eV,

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

s u m ma r i s e d  i n  F i g .  6 . 1 7 .  As can be seen f r o m  t h e  f i g u r e

t r a p s  A and D c o u p l e  w i t h  t h e  L band m i n i m a  w h i l e  t r a p  E

c o u p l e s  w i t h  t h e  l o w e r  r  c o n d u c t i o n  band m in i mum.

The c o n c e n t r a t i o n  o f  t h e  0 . 5 9  eV t r a p  i n  MBE grown 

InP has been f o u n d  t o  be d e p e n d e n t  on t h e  s u b s t r a t e  

g r o w t h  t e m p e r a t u r e .  Fo r  e x a m p l e ,  t h e  t r a p  c o n c e n t r a t i o n  

i n c r e a s e s  f r o m  9 x 1 0^ ^  cm” ^ t o  3 x 10^ ^  cm"^  as t h e  

s u b s t r a t e  g r o w t h  t e m p e r a t u r e  i s  l o w e r e d  f r o m  360°C t o  

3 00 °C .  I t  i s  p o s t u l a t e d  i n  d i r e c t  a n a l o g y  w i t h  r e s u l t s
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r e p o r t e d  on t h e  s u b s t r a t e  g r o w t h  t e m p e r a t u r e  dep ende nc e  

o f  t r a p  c o n c e n t r a t i o n s  i n  GaAs g rown  by MBE t h a t

t h e  0 , 5 9  eV t r a p  i n  MBE grown  InP i s  due t o  I n - v a c a n c i e s  

o r  I n - v a c a n c y  c o m p l e x e s  f o r m e d  d u r i n g  e p i t a x i a l  f i l m  

g r o w t h .  I n - v a c a n c i e s  o r  c o m p l e x e s  i n v o l v i n g  I n - v a c a n c i e s  

and i m p u r i t i e s  a r e  e x p e c t e d  t o  be c r e a t e d  i n  f i l m s  grown 

u n d e r  P - r i c h  g r o w t h  c o n d i t i o n s ,  i e ,  w i t h  e x c e s s  P p r e s e n t  

d u r i n g  g r o w t h .  The f o r m a t i o n  o f  such  d e f e c t s  w i l l  be 

en h anc ed  a t  l o w e r  s u b s t r a t e  g r o w t h  t e m p e r a t u r e s  due t o  

an i n c r e a s e  i n  t h e  P s u r f a c e  p o p u l a t i o n .

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

g e n e r a t i o n  i s  n o t  c o n f i n e d  t o  t h e  MBE g r o w t h  t e c h n i q u e .

For  i n s t a n c e ,  t h e  c o n c e n t r a t i o n  o f  t ne 0 . 8 3  eV e l e c t r o n  

t r a p  i n  VPE grown  GaAs has been f o u n d  t o  depend  on b o t h  

t h e  s u b s t r a t e  g r o w t h  t e m p e r a t u r e  and t h e  A s C l ^  mo le  

f r a c t i o n  i n  t h e  r e a c t o r  t u b e  d u r i n g  g r o w t h .  O z e k i  e t

a l   ̂ have  o b s e r v e d  an i n c r e a s e  i n  t h e  0 . 8 3  eV t r a p

1 2 —3 1 4 . —3c o n c e n t r a t i o n  f r o m  5 x 10 cm t o  5 x 10 cm as t h e

g r o w t h  t e m p e r a t u r e  i s  r e d u c e d  f r o m  1030°C t o  9 00 °C .

These a u t h o r s  a l s o  r e p o r t  an i n c r e a s e  i n  t h e  t r a p

c o n c e n t r a t i o n  f r o m  1 x 1 0 ^ ^  cm~^ t o  2 x 1 0 ^ ^  cm~^ as t h e

A s C l j  mo le  f r a c t i o n  i s  i n c r e a s e d  f r o m  1 x 1 0 ” ^ t o  9 x lOT^.

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  no e l e c t r o n  t r a p s  have 

been d e t e c t e d  i n  e i t h e r  GaAs o r  InP g rown  by t h e  LPE 

t e c h n i q u e  w h i c h  c o r r e s p o n d s  t o  t h e  e x t r e m e  l i m i t  o f  

g r o u p  I l l - r i c h  g r o w t h  c o n d i t i o n s .

The c r e a t i o n  o f  l a t t i c e  v a c a n c i e s  o r  v a c a n c y -  

c o m p l e x e s  d u r i n g  e p i t a x i a l  l a y e r  g r o w t h  i s  o f
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f u n d a m e n t a l  i m p o r t a n c e  w i t h  r e g a r d  t o  mec han i s ms  

g o v e r n i n g  t h e  i n c o r p o r a t i o n  o f  e l e m e n t s  as d o n o r s  a n d / o r  

a c c e p t o r s .  The i n t e r p l a y  o f  v a c a n c y  g e n e r a t i o n  and 

i m p u r i t y  e l e m e n t  i n c o r p o r a t i o n  as a f u n c t i o n  o f  s u r f a c e  

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

i n  c h a p t e r  2.



Amendment to section 6.5

A t o t a l  o f  t e n  2^m t h i c k  u n i n t e n t i o n a l l y  doped f i l m s

were  g rown  o n t o  Zn doped p - t y p e  s u b s t r a t e s  i n  t h e

t e m p e r a t u r e  r a n g e  f r o m  300 -  360°C and ohm ic  c o n t a c t s

were  made on a l l  t e n  s a m p l e s .  Of  t h e  t e n  d i o d e s

f a b r i c a t e d  s ev en  were  f o u n d  t o  be s u i t a b l e  f o r  DLTS

2m e a s u r e m e n t s ,  e x h i b i t i n g  I - V  and 1 /C -V c h a r a c t e r i s t i c s  

suc h  as t h o s e  i l l u s t r a t e d  i n  F i g s .  6 , 1 3  and 6 . 1 4 .  S i n c e  

t h e  DLTS s p e c t r a  o b t a i n e d  f r o m  t h e  s ev en  ' g o o d '  d i o d e s  

peaked  a t  t h e  same t e m p e r a t u r e  f o r  a f i x e d  r a t e  w indow 

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

mea su r em en t  b e i n g  -  0 . 5 K ,  i t  was c o n c l u d e d  t h a t  t h e  t r a p  

was i d e n t i c a l  i n  a l l  b u t  d e n s i t y  ( t r a p  d e n s i t y  b e i n g  a 

f u n c t i o n  o f  peak  h e i g h t  r a t h e r  t h a n  peak  p o s i t i o n )  i n  each 

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

p l o t  i l l u s t r a t e d  i n  F i g .  6 . 1 6  was o n l y  p l o t t e d  o nc e .  The 

e r r o r s  g i v e n  i n  t h e  e s t i m a t i o n  o f  AE and a a r o s e  f r o m  t h e  

l e a s t - s q u a r e  r e g r e s s i o n  a n a l y s i s  o f  t h e  e x p e r i m e n t a l  p o i n t s  

i n  t h i s  a c t i v a t i o n  e n e r g y  p l o t .
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CHAPTER 7

CONCLUSIONS

7 . 1  G row th  and C h a r a c t e r i s a t i o n  o f  U n i n t e n t i o n a l l y  
ed In i

I t  has been shown t h a t  t h e  common ly  a d o p t e d  i n - v a c u o

s u b s t r a t e  c l e a n i n g  t e c h n i q u e  o f  a r g o n  i o n  s p u t t e r i n g

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

t h e  s u r f a c e  o f  s e m i - i n s u l a t i n g  InP s u b s t r a t e s .  The

c o n d u c t i n g  l a y e r  i s  n - t y p e  as measu r ed  by t h e  H a l l - e f f e c t

w i t h  - N^ i n  t h e  r a n g e  l O ^ ^ - l O ^ ^ c m  ^ . S u l l i v a n  and 

(7 1 )P a r k  ’ have  r e c e n t l y  f o u n d  t h e  l a y e r  t o  be an n - t y p e
o

s p i k e  w i t h  an a p p r o x i m a t e  h a l f - w i d t h  o f  1 , 0 0 0 A  u s i n g  a

B . T . R . L .  a u t o m a t i c  C-V p r o f i l e r  The l a y e r  has

a l s o  been shown t o  c o n t a i n  deep l e v e l  c a r r i e r  t r a p s  w h i c h

a c t  as n o n - r a d i a t i v B  r e c o m b i n a t i o n  c e n t r e s  as deduced

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

f r o m  s p u t t e r - c l e a n e d  n ^ - t y p e  InP s u b s t r a t e s .  A c o n s e q u e n c e

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

b o t h  t h e  e l e c t r i c a l  and o p t i c a l  p r o p e r t i e s  oF s u b s e q u e n t l y

d e p o s i t e d  MBE f i l m s  i s  s e r i o u s l y  i n f l u e n c e d  by t h e  p r e s e n c e

o f  t h e  s u b s t r a t e / f i l m  i n t e r f a c e  l a y e r .  I t  has been

d e m o n s t r a t e d  t h a t  H a l l - e f f e c t  mea su r em en t s  on < l ym t h i c k

InP f i l m s  g r own  by MBE o n t o  s p u t t e r e d  and a n n e a l e d

s e m i - i n s u l a t i n g  s u b s t r a t e s  a r e  n o t  r e p r e s e n t a t i v e  o f  t h e

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

u n i n t e n t i o n a l l y  doped m a t e r i a l  b e i n g  N p - N ^ -  3 x 10 cm"*
2 —I — 1

and y < l , 0 0 0 c m  V s a t  R . T .  The r e s u l t s  o b t a i n e d  f r o m



1 8 1

p l as ma  r e f l e c t i v i t y  m e a s u r e m e n t s ,  on t h e  o t h e r  hand ,  a r e  

more r e p r e s e n t a t i v e  o f  t h e  f i l m s  s i n c e  t h e  i n f r a r e d  

r a d i a t i o n  o n l y  p e n e t r a t e s  ~ 0.5pm i n t o  t h e  f i l m s  a t  t h e  

r e s o n a n t  f r e q u e n c y .  S i n c e  h i g h e r  R . T .  e l e c t r o n  m o b o l i t i e s  

were  o b t a i n e d  u s i n g  t h e  p l as ma  r e f l e c t a n c e  t e c h n i q u e ,  

t y p i c a l l y  i n  t h e  r a n g e  2,  500 •> 3 , 0 0 0  cm^V  ̂s  ̂ w i t h  

N p - N A - l O ^ ^ c m  ^ , i t  i s  c o n c l u d e d  t h a t  H a l l - e f f e c t  

m e a s u r e m e n t s  a r e  d e g r a d e d  on a c c o u n t  o f  t h e  s u b s t r a t e /  

f i l m  i n t e r f a c e  l a y e r .  The i n t e r f a c e  l a y e r  w h i c h  has 

been shown t o  c o n t a i n  n o n - r a d i a t i v e  r e c o m b i n a t i o n  c e n t r e s  

i s  a l s o  t h o u g h t  t o  be r e s p o n s i b l e  f o r  t h e  e x t r e m e l y  weak 

p h o t o l u m i n e s c e n c e  y i e l d  ( o n l y  d e t e c t a b l e  a t  7K)  f r o m  

< l ym t h i c k  InP f i l m s  g rown o n t o  s p u t t e r e d  and a n n e a l e d  

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

t h a t  S t a n l e y  has r e c e n t l y  g rown InP f i l m s

e x h i b i t i n g  e f f i c i e n t  R . T .  p h o t o l u m i n e s c e n c e  w h i c h  were 

g rown  by MBE o n t o  h e a t - c l e a n e d  s u b s t r a t e s  as opposed  t o  

a r g o n  i o n  s p u t t e r e d  and a n n e a l e d  s u b s t r a t e s .  The h e a t -  

c l e a n i n g  t e c h n i q u e  e m p l o ye d  by S t a n l e y  c o n s i s t e d  o f  

r a i s i n g  t h e  s u b s t r a t e  t e m p e r a t u r e  t o  'v 5D0*^C f o r  a few 

m i n u t e s  u n d e r  e x p o s u r e  t o  a l a r g e  p h o s p h o r u s  f l u x .  The 

g r o w t h  o f  e p i t a x i a l  u n i n t e n t i o n a l l y  doped InP f i l m s ,  

h o w e v e r ,  has been d e m o n s t r a t e d  o n t o  s p u t t e r e d  and a n n e a l e d  

s u b s t r a t e s  as i n d i c a t e d  by t e x t u r e  camera  and e l e c t r o n  

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

s u b s t r a t e  s u r f a c e s  a r e  c r y s t a l l o g r a p h i c a l l y  undamaged on 

a m a c r o s c o p i c  l e v e l .
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1 . 2 G r ow th  and C h a r a c t e r i s a t i o n  oF Zn and Be Doped InP

C o n t r a r y  t o  t h e  e x p e c t e d  r e s u l t ,  Zn has been shown

t o  have  a n e a r  u n i t y  s t i c k i n g  c o e f f i c i e n t  on ( 1 0 0 )  InP

grown by MBE a t  s u b s t r a t e  t e m p e r a t u r e s  a r o u n d  360°C up

19 ” 3t o  c o n c e n t r a t i o n s  o f   ̂ 10 cm . T h i s  r e s u l t  i s

u n e x p e c t e d  on a c c o u n t  o f  t h e  h i g h  v a p o u r  p r e s s u r e  o f  Zn

a t  360°C ( 2 x1 0  ^ T o r r )  and a l s o  i n  v i e w  o f  t h e  f a c t  t h a t

Zn has a z e r o  s t i c k i n g  c o e f f i c i e n t  on GaAs a t

t e m p e r a t u r e s  > 1 0 0 ° C ^ ^ * ^ \  W i t h  Zn f l u x ’ l e v e l s  a t  t h e  

11 “2 ""1s u b s t r a t e  >3x10 cm s t h e  Zn c o n c e n t r a t i o n  i n  f i l m s

2 0 — 3t e n d s  t o  an a p p a r e n t  s a t u r a t i o n  l e v e l  o f  '^6x10 cm" .

2 0 -  3I t  i s  c o n c l u d e d  t h a t  6x10  cm r e p r e s e n t s  t h e  s o l i d

s o l u b i l i t y  l i m i t  o f  Zn i n  InP g rown u n d e r  t h e  n o n -

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

a r o u n d  360 °C .  Zn c o n c e n t r a t i o n s  i n  I nP f i l m s  as h i g h  

2 0 -3as 4x10  cm have been a c h i e v e d  w i t h  no a p p a r e n t

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

s t r u c t u r e  r e l a t i v e  t o  u n i n t e n t i o n a l l y  doped m a t e r i a l .

F u r t h e r m o r e ,  X - r a y  d o u b l e  c r y s t a l  d i f f r a c t o m e t r y a n a l y s i s

o f  h e a v i l y  Zn doped MBE grown  InP showed t h e  f i l m s  t o  be

s t r a i n - f r e e  and hence  i t  i s  c o n c l u d e d  t h a t  t h e  Zn i s

c o m f o r t a b l y  a c c o m o d a t e d  i n  t h e  InP l a t t i c e  even  a t  Zn

2 0 -  3c o n c e n t r a t i o n s  e x c e e d i n g  10 cm , S i n c e  p l as ma  

r e f l e c t i v i t y  m e a s u r e m e n t s  i n d i c a t e d  t h a t  t h e  e l e c t r i c a l  

p r o p e r t i e s  o f  Zn doped f i l m s  a r e  a l m o s t  i d e n t i c a l  t o  

t h o s e  o f  u n i n t e n t i o n a l l y  doped f i l m s  i t  i s  a p p a r e n t  t h a t  

v e r y  l i t t l e  o r  p e r h a p s  none o f  t h e  Zn c o n t e n t  i s  

s u b s t i t u t i o n a l  on I n  s i t e s .  I t  i s  p o s t u l a t e d  t h a t  mos t
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o f  t h e  Zn i s  t i e d  up i n  some f o r m  o f  c o m p l e x  s u ch  as

t h a t  p r o p o s e d  by Tuck  and Hooper  t o  a c c o u n t  f o r

t h e  l a r g e  c a r r i e r / a t o m  i n e q u a l i t y  i n  Z n - d i f f u s e d  I n P .

Tuck and Hooper  have s u g g e s t e d  t h a t  mos t  o f  t h e

Zn i n  Z n - d i f f u s e d  InP o c c u r s  i n  t h e  f o r m  o f  t h e  c o m p le x

V ZnT V . C l e a r l y ,  h o w e v e r ,  t h e r e  i s  i n s u f f i c i e n t  d a t a  p I n  p

t o  p r o p o s e  a mode l  t o  a c c o u n t  f o r  t h e  c a r r i e r / a t o m  

i n e q u a l i t y  f o u n d  i n  MBE grown  Zn doped I n P .  An e x t e n d e d  

i n v e s t i g a t i o n  w o u l d  be r e q u i r e d  i n v o l v i n g  t h e  meas u r e me n t  

o f  t h e  c a r r i e r / a t o m  r a t i o  as a f u n c t i o n  o f  b o t h  t h e  

s u r f a c e  s t o i c h i o m e t r y  d u r i n g  g r o w t h  (3p r a t i o )  and

s u b s t r a t e  t e m p e r a t u r e  i n  o r d e r  t o  o b t a i n  a g r e a t e r  

a p p r e c i a t i o n  o f  t h e  mechan i sm i n v o l v e d .  Such an 

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

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

u n i n t e n t i o n a l l y  doped MBE f i l m s  a r e  c r i t i c a l l y  d e p e n d e n t  

on b o t h  t h e  s u r f a c e  s t o i c h i o m e t r y  and s u b s t r a t e  

t e m p e r a t u r e .

Be has been shown t o  have a n e a r  u n i t y  s t i c k i n g  

c o e f f i c i e n t  on ( 1 0 0 )  I nP g rown by MBE a t  s u b s t r a t e  

t e m p e r a t u r e s  a r o u n d  360°C w i t h  Be c o n c e n t r a t i o n s  i n  f i l m s  

b e i n g  a c h i e v e d  r a n g i n g  f r o m  5 x 1 0 ^ ^  t o  2 x l 0 ^ ^ c m " ^ .  T h i s  

r e s u l t  i s  e x p e c t e d  s i n c e  Be has an e x t r e m e l y  l o w  v a p o u r  

p r e s s u r e  a t  360°C ( < 10~^^Tor r )  and c o n s e q u e n t l y  s h o u l d  

have a n e a r  i n f i n i t e  s u r f a c e  l i f e t i m e  on s u b s t r a t e s  h e l d  

a t  t h i s  t e m p e r a t u r e .  The Be doped f i l m s  we re  f o u n d  t o  

be e p i t a x i a l  as i n d i c a t e d  by t e x t u r e  camera  a n a l y s i s  and 

had e x c e l l e n t  s u r f a c e  m o r p h o l o g i e s ,  i m p l y i n g  t h a t  Be i s
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r e a d i l y  i n c o r p o r a t e d  i n t o  t h e  InP l a t t i c e .  A t  t h i s  

s t a g e  i t  i s  d i f f i c u l t  t o  d raw d e f i n i t e  c o n c l u s i o n s  

r e g a r d i n g  t h e  e l e c t r i c a l  p r o p e r t i e s  o f  Be doped InP 

f i l m s  g rown  by MBE s i n c e  H a l l - e f f e c t  m e a s u r e m e n t s  

l a r g e l y  p r o v e d  u n s u c c e s s f u l  and t h e  r e s u l t s  f r o m  p l asma  

r e f l e c t i v i t y  m e a s u r e m e n t s  were  n o t  a v a i l a b l e  a t  t h e  t i m e  

o f  w r i t i n g .  I t  seems a p p a r e n t ,  h o w e v e r ,  t h a t  t h e  Be i s  

a c t i v a t e d  t o  some e x t e n t  s i n c e  t h e  e l e c t r i c a l  p r o p e r t i e s  

o f  Be doped f i l m s  a r e  m a r k e d l y  d i f f e r e n t  f r o m  t h o s e  o f  

u n i n t e n t i o n a l l y  doped f i l m s .

To s u m m a r i s e ,  i t  has been c o n c l u s i v e l y  shown t h a t  

Zn i s  u n s u i t a b l e  as a p - t y p e  d o p a n t  w h e t h e r  e v a p o r a t e d  as 

Zn*** o r  n e u t r a l  Zn on a c c o u n t  o f  i t s  e l e c t r i c a l  i n - a c t i v i t y  

i n  a s - g r o w n  f i l m s  w h i l e  Be a p p e a r s  t o  be a c t i v a t e d  t o  

some e x t e n t  a l t h o u g h  t h e  n o n - t r i v i a l  e l e c t r i c a l  c o n t a c t  

p r o b l e m  r e m a i n s  t o  be s o l v e d  b e f o r e  Be doped f i l m s  can 

be more r i g o r o u s l y  c h a r a c t e r i s e d .

7 . 3  DLTS S t u d y  o f  MBE- InP

I t  has been e s t a b l i s h e d  f rom DLTS m e a s u r e m e n t s  t h a t  

u n i n t e n t i o n a l l y  doped ( 1 0 0 )  InP g rown by MBE i n  t h e  

s u b s t r a t e  t e m p e r a t u r e  r a n g e  3 0 0 - 3 6 0 ° C  c o n t a i n s  a d o m i n a n t  

deep l e v e l  e l e c t r o n  t r a p  h a v i n g  a t h e r m a l  a c t i v a t i o n

— 1 7 ‘
e n e r g y  o f  0 . 5 9 e V  and a c a p t u r e  c r o s s - s e c t i o n  o f  1 . 8 x 1 0 "  cm' 

S i n c e  t h e  c o n c e n t r a t i o n  o f  t h e  t r a p  has been shown t o  

i n c r e a s e  w i t h  d e c r e a s i n g  s u b s t r a t e  t e m p e r a t u r e s  i t  i s  

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

d e f e c t  i n  t h e  c r y s t a l  r a t h e r  t h a n  an i m p u r i t y .  I t  i s
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p o s t u l a t e d  t h a t  t h e  deep l e v e l  i s  due t o  I n - v a c a n c i e s  

o r  I n - v a c a n c y  c o m p l e x e s  f o r m ed  d u r i n g  e p i t a x y ,  t h e  

i n c r e a s e  i n  t h e  t r a p  c o n c e n t r a t i o n  r e s u l t i n g  f r o m  an 

i n c r e a s e  i n  t h e  P s u r f a c e  p o p u l a t i o n  a t  l o w e r  s u b s t r a t e  

t e m p e r a t u r e s .

7 . 4  F u t u r e  Work

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

s u b s t r a t e  c l e a n i n g  t e c h n i q u e  has been, shown t o  s e r i o u s l y  

i n f l u e n c e  t h e  c h a r a c t e r i s a t i o n  o f  MBE f i l m s  i t  i s  s t r o n g l y  

s u g g e s t e d  t h a t  t h i s  t e c h n i q u e  be abandon ed  i n  f a v o u r  o f  

t h e  h e a t - c l e a n i n g  t e c h n i q u e  r e c e n t l y  d e v e l o p e d  by b o t h  

R o b e r t s  and S t a n l e y ^ ^ ^ ^  \  i n v o l v i n g  h e a t i n g

s u b s t r a t e s  t o  ~ 500°C u n d e r  e x p o s u r e  t o  a p h o s p h o r o u s  

beam. I n  t h e  e a r l y  s t a g e s  o f  an i n v e s t i g a t i o n  o f  h e a t -  

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

s u b s t r a t e  c l e a n l i n e s s  u s i n g  Auger  e l e c t r o n  s p e c t r o s c o p y  

and t h e r e f o r e  an AES f a c i l i t y  w o u l d  have  t o  be 

i n c o r p o r a t e d  i n  t h e  s y s t e m .  W i t h  r e g a r d  t o  f u r t h e r  

p - t y p e  d o p i n g  s t u d i e s  i t  i s  s u g g e s t e d  t h a t  Mg and Mn be 

t e s t e d  as p o t e n t i a l  d o p a n t s  i n  MBE g r own  InP i n  a d d i t i o n  

t o  r e - i n v e s t i g a t i n g  t h e  i n c o r p o r a t i o n  o f  Zn and Be i n  I nP 

g r own  by MBE o n t o  h e a t - c l e a n e d  s u b s t r a t e s .  F i n a l l y ,  i n  

o r d e r  t o  v e r i f y  t h a t  t h e  0 . 5 9 e V  deep t r a p p i n g  l e v e l  i n  

MBE grown I nP i s  due t o  I n - v a c a n c i e s  o r  I n - v a c a n c y  

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

f i l m s  be m eas u r ed  by DLTS as a f u n c t i o n  o f  t h e  p h o s p h o r u s  

f l u x  l e v e l  a t  t h e  s u b s t r a t e  d u r i n g  g r o w t h .  A n o t h e r



I o u

i n t e r e s t i n g  a r e a  o f  s t u d y  wo u l d  be t o  compare  t h e  DLTS 

s p e c t r a  o b t a i n e d  f r o m  InP f i l m s  g rown u s i n g  and P^ 

m o l e c u l a r  beams.  The P^ +p 2 c r a c k i n g  c e l l  d e v e l o p e d  by 

R o b e r t s  w o u l d  be i d e a l  as t h e  s o u r c e  o f  b o t h  P^

and P^ m o l e c u l e s  f o r  t h e s e  e x p e r i m e n t s .
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hFJMPÆA ANALYTICAL TECHNIQUES

A .1 X-Ray  C y l i n d r i c a l  T e x t u r e  Camera

The a toms  c o n s t i t u t i n g  a c r y s t a l l i n e  s e m i c o n d u c t o r  

e f f e c t i v e l y  f o r m  a d i f f r a c t i o n  g r a t i n g  and c o n s e q u e n t l y  

X - r a y  t e c h n i q u e s  w h i c h  make use o f  t h e  B r ag g  c o n d i t i o n  

can be e m p l o y e d  i.n o r d e r  t o  d e t e r m i n e  i n t e r p l a n a r  

s p a c i n g s  and t h u s  i d e n t i f y  c r y s t a l l o g r a p h i c  p l a n e s .  One 

such  X - r a y  d i f f r a c t i o n  t e c h n i q u e  w h i c h  i s ’ common l y  used 

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

c o n d u c t o r  f i l m s  i s  t h e  c y l i n d r i c a l  t e x t u r e  camera  

t e c h n i q u e   ̂^ ^ \  T h i s  t e c h n i q u e  i s  p a r t i c u l a r l y  s u i t e d  

t o  t h e  a n a l y s i s  o f  t h i n  c r y s t a l l i n e  f i l m s  g r own  on f l a t  

s u b s t r a t e s  s i n c e  d i f f r a c t i o n  s p o t s  ( o r  l i n e s )  due t o  t h e  

u n d e r l y i n g  s u b s t r a t e  a r e  g r e a t l y  a t t e n u a t e d  and can  be 

d i s t i n g u i s h e d  f r o m  t h o s e  due t o  t h e  f i l m

The t e x t u r e  camera  a r r a n g e m e n t  shown s c h e m a t i c a l l y  

i n  F i g .  A . 1 . 1  c o n s i s t  o f  a c y l i n d r i c a l  c a s s e t t e  w i t h  

c o l l i m a t o r  and beam s t o p  t u b e s  c o n c e n t r i c  w i t h  t h e  camera  

a x i s .  The s p e c i m e n  i s  moun t ed  on a d i s c  w h i c h  r o t a t e s  

t h e  s p e c i m e n  i n  i t s  own p l a n e ;  t h e  a n g l e  b e t w e e n  t h e  

d i s c  n o r m a l  and camera  a x i s  b e i n g  6 0 ° .  A c y l i n d r i c a l  

p h o t o g r a p h i c  f i l m  moun t ed  on t h e  i n s i d e  o f  t h e  c a s s e t t e  

r e c o r d s  t h e  d i f f r a c t i o n  p a t t e r n .  I n t e r p r e t a t i o n  o f  t h e  

d i f f r a c t i o n  s p o t s  ( o r  l i n e s )  i s  made by a p p l i c a t i o n  o f  

B r a g g ' s l a w ,

2 d s i n e = n X  ( A . 1 . 1 )

whe re  d i s  t h e  i n t e r p l a n a r  s p a c i n g  and X i s  t h e  w a v e l e n g t h
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pro jec t i on  of specimen
sho dow

à i Z
spec 1 men

Cr  Kcx
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ax i s of  rot  at ion
of the specimen

FIG ■ A.1.1 : Schemat i c  of cy l i nd r i ca l  
t ex t u r e  c amer  a.

( Ref. A.1 )
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o f  t h e  i n c i d e n t  X - r a y  r a d i a t i o n .  The p o s i t i o n  o f  a 

s p o t  y a l o n g  t h e  camera  a x i s  i s  r e l a t e d  t o  t h e  a n g l e  0 

b e t w e e n  t h e  i n c i d e n t  X - r a y  beam and t h e  d i f f r a c t i n g  

p l a n e  by t h e  e q u a t i o n ,

y = R co t 2e  ( A . 1 . 2 )

where  R i s  t h e  camera  r a d i u s .  Hence by m e a s u r i n g  t h e  

p o s i t i o n s  o f  t h e  s p o t s  t h e  i n t e r p l a n a r  s p a c i n g s  d may be 

d e t e r m i n e d .  The a n g l e  o f  i n c i d e n c e  ( 9 0 ° - ï )  s e t s  a 

l o w e r  l i m i t  t o  t h e  v a l u e  o f  2e,  i n  t h i s  cas e  3 0 ° ,  w h i l e  

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

2 0 = 9 0 ° .  S i n g l e  d i f f r a c t i o n  s p o t s  a r e  o b t a i n e d  

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

i s  moun t ed  suc h  t h a t  t h e  ( 1 0 0 )  c r y s t a l  p l a n e  n o r m a l  i s  

i n  same p l a n e  as t h e  i n c i d e n t  X - r a y  beam. I f  t h e  s p e c i m e n  

i s  m oun t ed  s l i g h t l y  o f f - a x i s  m u l t i p l e  s p o t s  a r e  o b t a i n e d  

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

p l a n e s .  D i f f r a c t i o n  p a t t e r n s  i l l u s t r a t i n g  b o t h  t h e s e  

c a s e s  a r e  p r e s e n t e d  i n  t h i s  t h e s i s  ( s e e ,  f o r  e x a m p l e ,

F i g s .  3 . 2 0  and 4 . 1 7 ) .
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A .2 H a l l " E f f e c t  Mea su r em en t s

E x p l o i t a t i o n  o f  t h e  H a l l - e f f e c t  i a  t h e  most

commonly  used means o f  d e t e r m i n i n g  t h e  m a j o r i t y  c a r r i e r  

p o l a r i t y  ( n -  o r  p - t y p e ) ,  m o b i l i t y  and c a r r i e r  c o n c e n t r a t i o n  

i n  a s e m i c o n d u c t o r .  B r i e f l y  t h e  H a l l - e f f e c t  r e l i e s  on 

t h e  f a c t  t h a t  when a m a g n e t i c  f i e l d  i s  a p p l i e d  a t  r i g h t  

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

c a r r i e r s  w h i c h  c o n s t i t u t e  t h e  c u r r e n t  ( e l e c t r o n s  o r  h o l e s )  

e x p e r i e n c e  a f o r c e  ( t h e  L o r e n t z  f o r c e )  p r o p o r t i o n a l  t o  

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

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

and c u r r e n t  f l o w  d i r e c t i o n s .

The H a l l - e f f e c t  meas ur emen t  a r r a n g e m e n t  used i n  

t h i s  wo rk  i s  shown s c h e m a t i c a l l y  i n  F i g .  A . 2 . 1 ,  A 5 pad 

c o n t a c t  p a t t e r n  o f  A1 e l e c t r o d e s  was d e p o s i t e d  by vacuum 

e v a p o r a t i o n  o n t o  t h e  s u r f a c e  o f  I nP f i l m s  g rown  by MBE 

o n t o  s e m i - i n s u l a t i n g  s u b s t r a t e s ,  h i g h  r e s i s t i v i t y  

s u b s t r a t e s  b e i n g  r e q u i r e d  t o  p r e v e n t  e l e c t r i c a l  " s h o r t  

c i r c u i t i n g "  o f  t h e  f i l m s .  The A l - I n P  c o n t a c t s  we re  shown 

t o  be " o h m i c "  a t  b o t h  300K and 77K.  E l e c t r i c a l  c o n t a c t  

was made t o  t h e  A1 e l e c t r o d e s  v i a  g o l d  w i r e  a t t a c h e d  w i t h  

s i l v e r  c o n d u c t i n g  p a s t e  and bonded s a m p l e s  were  i mmers ed  

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

f i e l d  o f  f l u x  d e n s i t y  0 . 2  T e s l a .

The f i l m  c o n d u c t i v i t y  a i s  d e t e r m i n e d  by p a s s i n g  a 

known c u r r e n t  I t h r o u g h  t h e  f i l m  b e t we en  c o n t a c t s  3 and 4 

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

be t we e n  c o n t a c t s  1 and 2.  The c o n d u c t i v i t y  i s  c a l c u l a t e d
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1 0 M*a

s a m p l e

0 V h

FIG ■ A.2.1 : H a l l - e f f e c t  c o n t a c t
p a t t e r n .
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f r o m

I . d
V. wt (A-2-1)

where  t  i s  t h e  f i l m  t h i c k n e s s .  The v o l t a g e  g e n e r a t e d  

b e t w e e n  c o n t a c t s  1,  2 and 5 i s  known as t h e  H a l l  v o l t a g e  

V|_| w h i c h  i s  used i n  c a l c u l a t i n g  t h e  H a l l  c o e f f i c i e n t

g i v e n  by

„ t ü T  ( A . 2 . 2 )
■ I  B

where  B i s  t h e  m a g n e t i c  f l u x  d e n s i t y .  Ch arge  c a r r i e r  

d e n s i t y  i s  t h e n  g i v e n  by
-1

n = r ( q R ^ )  ( A . 2 . 3 )

whe re  r  i s  a c o r r e c t i o n  f a c t o r  w h i c h  i s  d e p e n d e n t  on t h e

s c a t t e r i n g  m e ch an i sm .  Fo r  phonon s c a t t e r i n g  r  = 1 . 1 8 .

F i n a l l y ,  t h e  H a l l  m o b i l i t y  i s  o b t a i n e d  f r o m

= R|..jCJ ( A . 2 . 4 )

I t  s h o u l d  be n o t e d  t h a t  t h e  H a l l  m o b i l i t y  w^ d i f f e r s  f r o m  

t h e  d r i f t  m o b i l i t y  by  t h e  f a c t o r  r  s uc h  t h a t

( A . 2 . 5 )

Hence by m e a s u r i n g  and b o t h  t h e  c a r r i e r  c o n c e n t r a t i o n  

and m o b i l i t y  i n  f i l m s  can be d e t e r m i n e d .  The c a r r i e r  

t y p e  can a l s o  be o b t a i n e d  by n o t i n g  t h e  p o l a r i t y  o f
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A .3 C a p a c i t a n c e  -  V o l t a g e  ( C - V )  P r o f i l i n g

The d o p i n g  p r o f i l e  o f  t h i n  s e m i c o n d u c t o r  f i l m s  i s

commonly  d e t e r m i n e d  by m e a s u r i n g  t h e  c a p a c i t a n c e  C o f  a

S c h o t t k y  d i o d e  o r  p ’̂ - n  j u n c t i o n  ( f o r  t h e  case  o f  n - t y p e

f i l m s )  as a f u n c t i o n  o f  r e v e r s e  b i a s  v o l t a g e  Vp̂  -  s ee ,

f o r  e x a m p l e ,  r e f e r e n c e s  A . 3 -  A , 6.

C o n s i d e r  an i d e a l  S c h o t t k y  b a r r i e r  ( i e ,  n e g l e c t i n g

i n t e r f a c e  s t a t e s )  o r  p ’*' -n j u n c t i o n  u n d e r  r e v e r s e  b i a s

c o n d i t i o n s ;  t h e  e n e r g y  band d i a g r a m  f o r  s uc h  a d i o d e  i s

i l l u s t r a t e d  i n  F i g ,  A . 3 . 1 .  I t  can be shown t t i a t

t h e  e l e c t r i c  f i e l d  s t r e n g t h  K a t  t h e  i n t e r f a c e  i s^ max

given by
(max = [ ( Z q W c T / ' s  ( V ^ - k T / q ) ]   ̂ ( A .  3 . 1 )

where  Vp i s  t h e  d i f f u s i o n  v o l t a g e  a s s o c i a t e d  w i t h  t h e  

r e v e r s e  b i a s  and Np i s  t h e  d o n o r  d e n s i t y  i n  t h e  n - t y p e  

m a t e r i a l .  From G a u s s ' s  t h e o r e m  t h e  c h a r g e  i n  t h e  d e p l e t i o n  

r e g i o n  due t o  t h e  i o n i s e d  d o n o r s  i s  g i v e n  by

%  = ^  (max = ‘  X T / q ) ’' ^ ^  ( A . 3 . 2 )

t h a t  BQg

I / o  - I / o
= ( q C g N p / 2 )  ^ (Vp -  k T / q )  ^ ( A . 3 . 3 )

S i n c e  Vp = Vqq + V^,  where  Vpg i s  t h e  d i f f u s i o n  v o l t a g e  

a t  z e r o  b i a s ,  e q u a t i o n  A . 3 . 3  may be w r i t t e n

1 / o  - 1 / ?
C = ( q C g N p / 2 )  (Vp^ + VpQ -  k T / q )  ( A . 3 . 4 )
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2
E q u a t i o n  A . 3 . 4  shows t h a t  a g r a p h  o f  1 /C  as a f u n c t i o n  

o f  Vp s h o u l d  be a s t r a i g h t  l i n e  w i t h  a s l o p e  o f  2 / q c ^ N p  

and a n e g a t i v e  i n t e r c e p t  on t h e  Vp a x i s  e q u a l  t o

-Vpo  ( k T / q ) .  Hence Np can be d e t e r m i n e d  f r o m  such  a

p l o t  w i t h  Vpg b e i n g  a d d i t i o n a l l y  a v a i l a b l e .  I f  t h e  g r a p h  

o f  1 /C v e r s u s  Vp i s  n o t  a s t r a i g h t  l i n e  t h e n  Np i s  n o t  

u n i f o r m  t h r o u g h o u t  t h e  s e m i c o n d u c t o r  f i l m .  I n  suc h  a 

c as e  t h e  d o n o r  d e n s i t y  can be d e t e r m i n e d  a t  any  d e p t h

R
^  r* I I T* \ f o  T  h  c& rics

hence  t h e  d e p t h  i n t o  t h e  f i l m  a t  a p a r t i c u l a r  r e v e r s e

b i a s  v o l t a g e  can t h e n  be c a l c u l a t e d  f r o m

l AW = (ZCg/qNg (V̂  + VgQ - kT/q)) (A.3.5)

7i n t o  t h e  f i l m  by o b t a i n i n g  3 ( 1 / C  ) / a V p  a t  - s p e c i f i c  p o i n t s  

7on t h e  l / C *  v e r s u s  Vp c u r v e .  The d e p l e t i o n  w i d t h  W and
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