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ABSTRACT

I n  t h e  o p e n in g  c h a p t e r ,  a  r e v ie w  i s  made o f  r e s o n a n t  

t u n n e l l i n g  i n  m u l t i p l e  b a r r i e r  A l x G a i_ x A s /G a A s  

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

e x p e r im e n t s  an d  t h e o r i e s .  A lt h o u g h  much w o rk h a s  r e c e n t l y  

b e e n  p e rfo rm e d  on t h e s e  s t r u c t u r e s ,  p a r t i c u l a r l y  f o r  t h e  

G a A s /A lx G a ^ _ x As s y s t e m , a  c l e a r  an d  u n i f i e d  p i c t u r e  o f  t h e  

r e s o n a n t  t u n n e l l i n g  m e ch an ism  i n  r e a l  s t r u c t u r e s  i s  s t i l l  

l a c k i n g .  T h e  m a j o r i t y  o f  e x p e r im e n t a l  w ork p e rfo rm e d  f o r  

t h i s  t h e s i s  h a s  u s e d  h y d r o s t a t i c  p r e s s u r e  a s  a m eans o f  

v a r y in g  t h e  b a r r i e r  h e ig h t  f o r  e le c t r o n  t u n n e l l i n g  i n  t h e  

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

F o r  t h e  G a A s /A lx G a ^ _ x As s y s t e m , t h e  r -X  b a r r i e r  an d  r - L  

b a r r i e r s  d e c r e a s e  u n d e r  p r e s s u r e ,  w h ile  t h e  r - r  b a r r i e r  i s  

th o u g h t  t o  be e s s e n t i a l l y  p r e s s u r e  in d e p e n d e n t . T h e r e f o r e ,  

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

t u n n e l l i n g  m e ch an ism  when a p r e s s u r e  d e p e n d e n t b a r r i e r  i s  

t h e  lo w e s t  i n  e n e r g y . T h i s  i s  t h e  c a s e  f o r  t h e  G a A s /A lA s  

s y s te m  w here t h e  r - X  b a r r i e r  i s  lo w e s t  a t  l b a r .  E x p e r im e n t a l  

m e a su re m e n ts o f  n e g a t iv e  d i f f e r e n t i a l  r e s i s t a n c e  (NDR) h a v e  

b e e n  p e rfo rm e d  a t  p r e s s u r e s  up t o  12 K b a r  an d  t e m p e r a t u r e s  

down t o  4 .2 K ,  i n  d o u b le  b a r r i e r  n - i - n  s t r u c t u r e s  and  

m u l t i p l e  b a r r i e r  p - i - n  s t r u c t u r e s  o f  b o th  G a A s /A lA s  an d  

G a A s /A lQ . 3 3 G a g . 6 7 A S . C h a p t e r  2 r e p o r t s  t h e  e x p e r im e n t a l  

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

r e s o n a n t  t u n n e l l i n g  d e v ic e s  fro m  t h e  w a f e r .

C h a p t e r  3 r e p o r t s  t h e  e f f e c t  o f  p r e s s u r e  on t h e  NDR o f  a

G a A s /A lA s  s y s te m  ( f i v e  b a r r i e r s )  e n c lo s e d  i n  t h e  i - r e g i o n  o f

a p - i - n  d e v i c e .  Th e f i v e  b a r r i e r s  become p r o g r e s s i v e l y
1



t h in n e r  an d  t h e  l a s t  t h r e e  do n o t  s i g n i f i c a n t l y  i n f l u e n c e  

t h e  e l e c t r o n  t r a n s p o r t  th r o u g h  t h e  s t r u c t u r e .  A lt h o u g h  t h e  

r e s u l t s  s u g g e s t  t h e  s t r o n g  in v o lv e m e n t  i n  t h e  e l e c t r o n  

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

e x p e r im e n t s  a r e  shown t o  be r e q u ir e d  t o  e l i m i n a t e  t h e  

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

p r o c e s s e s  w i l l  be r e l a t e d  t o  a  n o n -r e s o n a n t  le a k a g e  c u r r e n t  

a s s o c i a t e d  w it h  a h ig h  c o n c e n t r a t io n  o f  a c t i v e  im p u r it y  

s t a t e s  i n  t h e  A lA s  b a r r i e r s  ( th o u g h t  t o  be a r e s u l t  o f  no 

s p a c e r  l a y e r s  b e in g  in c lu d e d  i n  t h e  p - i - n  d e v ic e s )  o r  t o  

h o le  t u n n e l l i n g  i n  t h e  v a le n c e  b a n d .

C h a p te r  4 r e p o r t s  h ig h  p r e s s u r e  m e a su re m e n ts on a s i m i l a r  

G a A s /A lA s  s y s te m  t o  t h a t  w h ic h  d e t e r m in e s  t h e  NDR f e a t u r e  o f  

t h e  d e v ic e  d i s c u s s e d  i n  c h a p t e r  3 b u t  t h e  s y s te m  i s  e n c lo s e d  

i n  t h e  i - r e g i o n  o f  a  n - i - n  d e v ic e  and s p a c e r  l a y e r s  a r e  

in c lu d e d  b etw een  t h e  u ndoped b a r r i e r  l a y e r s  an d  th e  doped  

c l a d d in g  l a y e r s  e i t h e r  s i d e  o f  t h e  G a A s /A lA s  s t r u c t u r e .  The  

d e s ig n  o f  t h i s  d e v ic e  r e d u c e s  t h e  n o n -r e s o n a n t ,  im p u r it y  

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

p o s s i b i l i t y  o f  h o le  t u n n e l l i n g .  I n  a d d i t i o n ,  

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

o b t a in e d  f o r  t h i s  d e v ic e  a t  p r e s s u r e s  o f  l b a r  an d  5 K b a r . The  

e f f e c t  o f  v a r y in g  th e  w e l l  an d  b a r r i e r  d im e n s io n s  o f  t h e  

G a A s /A lA s  s y s te m  i s  a l s o  i n v e s t i g a t e d  i n  a d i f f e r e n t  n - i - n  

d e v i c e .  T h i s  d e v ic e  h a s  t h i c k e r  A lA s  b a r r i e r s  an d  a t h in n e r  

GaAs quantum  w e l l  and e x h i b i t s  no NDR f e a t u r e .  In d e e d , t h e  

d e v ic e  b e h a v e s  more l i k e  a s i n g l e  b a r r i e r  s t r u c t u r e  a n d , 

fro m  t h e r m io n ic  e m is s io n  m e a su re m e n ts , an  e s t im a t e  i s  made 

o f  t h e  T ( G a A s ) -X ( A lA s )  b a r r i e r  h e ig h t  an d  i t s  v a r i a t i o n
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w it h  p r e s s u r e .

C h a p t e r  5 r e p o r t s  t h e  e f f e c t  o f  p r e s s u r e  (u p  t o  1 2 K b a r )  on a  

G a A s /A lg . 3 3 G aQ . 6 7 AS s y s te m  e n c lo s e d  i n  t h e  i - r e g i o n  o f  a n -  

i - n  d e v i c e .  F o r  t h i s  s y s t e m , t h e  r ( G a A s ) - r ( A lA s ) i s  t h e  

lo w e s t  u n t i l  ~ 1 0 K b a r .  A bove lO K b a r , th e  r - L  an d  r - X  b a r r i e r s  

becom e lo w e r  i n  e n e r g y . T h i s  s u g g e s t s  t h a t  t h e  NDR i s  l e s s  

s e n s i t i v e  t o  p r e s s u r e s  b e lo w  lO K b a r  t h a n  t h e  s y s te m s  w it h  

A lA s  b a r r i e r s ,  a s  o b s e r v e d . I n  a d d i t i o n ,  t h e  se c o n d  p a r t  o f  

c h a p t e r  5 r e p o r t s  t h e  e f f e c t  o f  p r e s s u r e  on a sy m m e tric  

G a A s /A lA s  s u p e r l a t t i c e  ( f i v e  A lA s  b a r r i e r s )  e n c lo s e d  i n  th e  

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

t h a t  d e s c r ib e d  i n  c h a p t e r  3 b u t  a l l  t h e  b a r r i e r s  a r e  t h e  

same t h i c k n e s s .  The p r e s s u r e  b e h a v io u r  o f  t h e  NDR f e a t u r e s  

i s  d i s c u s s e d  and c o n t r a s t e d  t o  t h e  b e h a v io u r  o f  t h e  f e a t u r e  

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

b a r r i e r s .

F i n a l l y ,  a s e c o n d  t y p e  o f  s y s te m  w h ic h  e x h i b i t s  NDR i s  

a s s o c i a t e d  w it h  t h e  Gunn e f f e c t ,  and h a s  b e en  s t u d ie d  a s  a 

f u n c t io n  o f  p r e s s u r e  i n  n -t y p e  G a A s . Th e d e v ic e s  s t u d ie d  

i n c lu d e  a s t a n d a r d  n - i - n  GaAs h o m o s t r u c tu r e  an d  s t r u c t u r e s  

c o n t a in in g  a g ra d e d  b an d g ap  o f  A l x G a^_x As i n  th e  i  r e g io n .  

I n  c h a p t e r  6 , a  r e v ie w  i s  made o f  t h e  Gunn e f f e c t  f o llo w e d  

b y  a r e p o r t  o f  th e  e x p e r im e n t s  p e rfo rm e d  on t h e  d e v i c e s .
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CHAPTER 1

A REVIEW  OF RESONANT TUN NELLING IN  G a A s/ A ly G a ^ _y As M U LTIPLE  

B A R R IER  STRUCTURES

1 . 1  F o r m a t io n  an d  P r o p e r t i e s  o f  A l^ G a ^ ^ y A s /G a A s  
H e t e r e o s t r u c t u r e s  “

Th e r a p i d  a d v a n c e s  i n  t h e  g ro w th  o f  e p i t a x i a l  l a y e r s  o f  

s e m ic o n d u c t in g  m a t e r i a l  b y  M o le c u la r  Beam E p i t a x y  (MBE) and  

M e t a l O r g a n ic  C h e m ic a l V a p o u r D e p o s it io n  (MOCVD) h a v e  l e d  t o  

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

t u n n e l l i n g  d e v i c e s .  T h e s e  two g ro w th  t e c h n iq u e s  a l lo w  th e  

c r y s t a l  g ro w er t o  p ro d u c e  s e m ic o n d u c t in g  h e t e r o s t r u c t u r e s  

an d  m u l t i - l a y e r  s a n d w ic h  s t r u c t u r e s  ( s u c h  a s  s u p e r l a t t i c e s )  

i n  w h ic h  t h e  c o n d u c t io n  b an d  an d  v a le n c e  b a n d  p o t e n t i a l  

p r o f i l e s  a n d /o r  i m p u r it y  d i s t r i b u t i o n s  c a n  be c o n t r o l l e d  on  

a s c a l e  c o m p a ra b le  t o  t h e  in t e r a t o m ic  s p a c in g  ( » ln m ) .

When a h e t e r o s t r u c t u r e  i s  l a t t i c e  m a tc h e d , i . e . ,  when th e  

two s e m ic o n d u c t o r s  h a v e  a lm o s t  i d e n t i c a l  l a t t i c e  c o n s t a n t s ,  

t h e  i n t e r f a c e s  fo rm ed  a r e  v i r t u a l l y  f r e e  o f  s t r a i n  and  

d e f e c t s .  Th e m ost e x t e n s i v e l y  i n v e s t i g a t e d  sy s te m  t o  d a t e  i s  

t h e  G a A s /A lx G a ^ _ x As h e t e r o s t r u c t u r e .  I t  h a s  t h e  a d v a n ta g e  o f  

A l x G a ^ _ x As b e in g  c l o s e l y  l a t t i c e  m a tch e d  t o  GaAs t h r o u g h o u t  

t h e  f u l l  c o m p o s it io n a l  r a n g e  0 < x < l .  H o w ever, a v a r i e t y  o f  

o t h e r  s y s te m s  h a v e  a l s o  b e en  e x p lo r e d ,  l i k e  t h e  l a t t i c e  

m a tch e d  s y s te m s  I n y A l i _ y A s / I n x Ga;L_x As and I n x G a i_ x A s / I n P ,  

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

l a s e r s  an d  p h o t o d e t e c t o r s .  I n t e r e s t  i s  a l s o  c u r r e n t l y  

f o c u s e d  on t h e  I I / V I  s y s te m s  and on d e l i b e r a t e l y  n o n - l a t t i c e  

m a tch e d  s y s t e m s , e . g .  S i / G e  h e t e r o s t r u c t u r e s ,  i n  w h ic h  th e  

p r e s e n c e  o f  s t r a i n  i s  u s e d  a s  an a d d i t i o n a l  v a r i a b l e .
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F i g . 1 . 1  show s t h e  f a m i l i a r  d ia g r a m  f o r  c o n s i d e r i n g  t h e

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

Low d im e n s io n a l  s e m ic o n d u c t o r s  a r e  grown when t h i n  l a y e r s  o f

d i f f e r e n t  m a t e r i a l  a r e  grown e p i t a x i a l l y  i n  a  s i n g l e

c r y s t a l .  A quantum  w e l l  i s  p ro d u c e d  when a  t h i n  l a y e r  o f

s e m ic o n d u c to r  i s  s a n d w ic h e d  b etw een  a m a t e r i a l  o f  l a r g e r

b a n d g a p . B y p e r i o d i c a l l y  a l t e r n a t i n g  t h e  w id e  an d  n a rro w  gap

s e m ic o n d u c t o r s ,  a s u p e r l a t t i c e  c a n  be gro w n . Quantum  e f f e c t s

a r e  se e n  when t h e  w id t h  o f  t h e  w e l l  i s  c o m p a ra b le  t o  t h e  de

B r o g l i e  w a v e le n g th  o f  t h e  c a r r i e r s .  T h i s  r e q u i r e s  l a y e r s

n a rro w e r t h a n  20 0 A . F i g . 1 . 2  show s t h e  p o t e n t i a l  s t e p s  i n

th e  c o n d u c t io n  an d  v a le n c e  b an d  c r e a t e d  a t  t h e  i n t e r f a c e s  o f

a G a A s /A lx G a ^ _ x As h e t e r o s t r u c t u r e  ( 1 ) .  I t  i s  known t h a t  th e

b an d g ap  o f  A l x G a ^ _ x A s i s  l a r g e r  t h a n  t h a t  o f  G a A s , th e

d i f f e r e n c e  i n  b an d g ap  b e in g  d i s t r i b u t e d  b etw een  t h e  v a le n c e

an d  c o n d u c t io n  b a n d . A l x G a i_ x A s h a s  a s m a l l e r  e le c t r o n

a f f i n i t y  t h a n  GaAs so  t h a t  t h e  c o n d u c t io n  b an d  o f  t h e  n a rro w

b an d g ap  m a t e r i a l  l i e s  lo w e r i n  e n e r g y  t h a n  t h a t  o f  t h e  w id e

b an d g ap  s e m ic o n d u c t o r . The v a le n c e  b an d  o f  G a A s , on th e

o t h e r  h a n d , l i e s  h ig h e r  i n  e n e r g y  t h a n  i n  t h e  w id e  gap

m a t e r i a l .  F o r  t h i s  h e t e r o s t r u c t u r e ,  t h e r e  i s  e v id e n c e  t o

s u g g e s t  t h a t  m o st o f  S E g = E g ( A lx G a i_ x A s ) -E g ( G a A s ) , i s

accom m odated i n  t h e  c o n d u c t io n  b an d  ( 2 , 3 , 4 , 5 , 6 , ) .  T h e r e f o r e ,

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

h o l e s .  T y p i c a l  d o p in g  c o n c e n t r a t io n s  i n  t h e  d i f f e r e n t  l a y e r s

a r e  u s u a l l y  s m a l l  enough t o  e n s u r e  t h a t  b an d  b e n d in g  c a n  be

n e g le c t e d  ( 2 , 3 ) .  T h i s ,  w it h  t h e  f a c t  t h a t  t h e  t r a n s i t i o n

fro m  one m a t e r i a l  t o  a n o t h e r  c a n  now o c c u r  i n  one a to m ic

l a y e r ,  e n s u r e s  t h a t  t h e  s i d e s  o f  t h e  w e l l  a r e  s t e e p  an d  so

t h e  quantum  w e l l  c a n  be c o n s id e r e d  r e c t a n g u l a r .  I n  t h e
5



q uantum  w e l l ,  a num ber o f  d i s c r e t e  s u b -b a n d s  a r e  fo rm e d  

w hose e n e r g y  c a n  be e s t im a t e d  b y  s o l v i n g  t h e  S c h r o d in g e r  

e q u a t io n  f o r  t r a p p e d  c a r r i e r s  m o v in g  i n  t h e  d i r e c t i o n  

p e r p e n d ic u l a r  t o  t h e  l a y e r s  ( z ) .  E f f e c t s  d u e t o  t h e  c r y s t a l  

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

an  e f f e c t i v e  m a s s , m*. T h i s  i s  c a l l e d  t h e  e f f e c t i v e  m ass  

a p p r o x im a t io n . Th e s i m p l e s t  m o d el t a k e s  t h e  c o n d u c t io n  b an d  

d i s c o n t i n u i t y  ( o r  b a r r i e r  h e ig h t )  t o  b e i n f i n i t e .  T h i s  g i v e s

bo un d  s o l u t i o n s :

E n =  h 2 n 2 / 8 m * lz 2  .................................................. ( 1 . 1 )

w here l z i s  t h e  w id t h  o f  t h e  w e l l  an d  n = 1 , 2 , 3 , . . .

M o tio n  i n  t h e  x  an d  y  d i r e c t i o n s  i s  u n c o u p le d  t o  t h a t  i n  t h e  

z d i r e c t i o n  so  t h a t ,  ig n o r in g  a n is o t r o p y  i n  t h e  c a r r i e r  

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

i s  g iv e n  b y

E t o t  =  E n +  h 2 ( k x 2 + k y 2 ) / 8 n 2 m*................ ( 1 . 2 )

F i g . 1 . 3  show s t h e  e ig e n v a lu e s  an d  e ig e n f u n c t io n s  f o r  a one

d im e n s io n a l  w e l l  o f  i n f i n i t e  b a r r i e r  h e ig h t  a lt h o u g h  t h e  two

w e l l s  shown h a v e  f i n i t e  b a r r i e r s  a s  f o r  e l e c t r o n s  an d  h o le s

i n  a  A l x G a ^ _ x A s /G a A s  s y s t e m . F o r  a f i n i t e  b a r r i e r  h e ig h t  t h e

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

c a r r i e r s  a r e  no lo n g e r  p e r f e c t l y  c o n f in e d  an d  so  w i l l  s u f f e r

a p h a s e  c h a n g e  upon r e f l e c t i o n  a t  a b a r r i e r .  The a llo w e d

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

b etw een  s u c c e s s i v e  r e f l e c t i o n s .  I t  c a n  be shown t h a t  t h e

e n e r g y  l e v e l s  a r e  g iv e n  b y  ( 7 )

2 1 ZV( 2rcm1 E /h )  + 4 a r c t a n ( V [ m 2 E /m 1  (V Q- E )  ] } = 2 n u . . ( 1 . 3 )

w here m^ 2  i s  t h e  c a r r i e r  e f f e c t i v e  m ass i n  t h e  w e l l  an d

b a r r i e r  r e s p e c t i v e l y ,  and V 0  i s  t h e  b a r r i e r  h e ig h t .  Th e

f i r s t  te rm  i s  t h e  p la n e  wave p h a se  ch a n g e  on t r a v e l l i n g  t o
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an d  f r o  i n  t h e  w e l l ,  an d  t h e  s e c o n d  te rm  i s  t h e  p h a s e  ch a n g e  

due t o  r e f l e c t i o n  from  b o th  b a r r i e r s  w h ic h  c a n  b e  fo u n d  b y  

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

an  i n t e r f a c e .

I n  s e m ic o n d u c t o r  h e t e r o s t r u c t u r e s ,  t h e  b a r r i e r  h e ig h t s  a r e  

g e n e r a l l y  o f  t h e  o r d e r  o f  a few  h u n d re d  meV an d  t h e  i n f i n i t e  

w e l l  a p p r o x im a t io n  i s  n o t  g o o d , e x c e p t  f o r  v e r y  t h i c k  w e l ls  

when a l a r g e  c o n tin u u m  o f  s t a t e s  r e s u l t s  and t h e  sy s te m  i s  

no lo n g e r  i n  t h e  quantum  l i m i t .  F o r  a t h i n  quantum  w e l l  

( e . g . l z < 5 0 A,  f o r  c o n d u c t io n  e l e c t r o n s  i n  GaAs quantum  

w e l l s ) ,  t h e  e n e r g y  s p e c tru m  c o n s i s t s  o f  a s i n g l e  bound l e v e l  

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

g iv e n  b y  E q n . 1 . 3 .

D in g le  e t  a l .  ( 2 , 3 )  com puted t h e  c o n f in e d  l e v e l s  a s  a

f u n c t io n  o f  b a r r i e r  h e ig h t .  As t h e  b a r r i e r  h e ig h t  i s

lo w e r e d , th e  c a r r i e r s  c a n  p e n e t r a t e  more e a s i l y  i n t o  th e

b a r r i e r s  an d  s o ,  b y  a n a lo g y  w it h  f r e e  e l e c t r o n s , t h e  c a r r i e r

w a v e le n g th  i n c r e a s e s  and t h e  e n e r g y  l e v e l  d r o p s . Th e number

o f  bound s t a t e s  a l s o  d e c r e a s e s  w it h  V Q , b u t  t h e  n = l  l e v e l

a lw a y s  e x i s t s .  T h e e l e c t r o n i c  s t r u c t u r e  o f  a s u p e r l a t t i c e

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

w id e  b a r r i e r s ,  t h e r e  i s  no o v e r la p  o f  t h e  c a r r i e r

w a v e f u n c t io n s  i n  a d ja c e n t  w e l ls  an d  so  t h e  s u p e r l a t t i c e  c a n

be c o n s id e r e d  a s  a c o l l e c t i o n  o f  s i n g l e  quantum  w e l l s  an d  i s

t h e r e f o r e  c a l l e d  a m u l t i p l e  quantum  w e l l .  D in g le  e t  a l .

( 2 , 3 )  c o n s id e r e d  s t a t e s  i n  s u p e r l a t t i c e s  w it h  n arro w

b a r r i e r s .  He fo u n d  t h a t  f o r  a s u p e r l a t t i c e  o f  j  quantum

w e l l s ,  t h e  n a rro w  r e s o n a n c e s  o f  a s i n g l e  quantum  w e l l  a r e

s p l i t  i n t o  j  c l o s e l y  s p a c e d  l e v e l s .  I n  th e  l i m i t  o f  la r g e
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j , t h e  l e v e l s  fo rm  a b r o a d  b an d  o f  c l o s e l y  s p a c e d  a llo w e d  

s t a t e s  a n a lo g o u s  t o  t h e  K r o n ig -P e n n e y  m odel ( 8 ) .

T h e  b a n d g a p  d i s c o n t i n u i t y  ( o r  b a r r i e r  h e ig h t )  i s  a  c r i t i c a l  

p a r a m e te r  o f  quantum  w e l l s  an d  s u p e r l a t t i c e s .  T h is  

d i s c o n t i n u i t y  i n  t h e  A l x G a i_ x A s /G a A s  sy s te m  i s  c u r r e n t l y  th e  

s u b j e c t  o f  much d i s c u s s i o n  and w o u ld  be v e r y  u s e f u l  t o  know 

f o r  t h e  d e s ig n  o f  d e v i c e s .  I t  i s  t h o u g h t  t h a t  t h e  r a t i o  

S E C : 6 E V i s  in d e p e n d e n t  o f  t h e  A lu m in iu m  c o n t e n t  ( x ) .  I n i t i a l  

e x p e r im e n t s  b y  D in g le  e t  a l .  ( 2 , 3 )  on i n f r a r e d  a b s o r p t io n  o f  

A I q . 2 Ga 0 . 8 A s / GaAs m u l t i p l e  quantum  w e l l  s t r u c t u r e s ,  g a v e  

6 E C : 6 E V = 8 5 : 1 5 .  H o w e ve r, more r e c e n t  e x p e r im e n t s  b y  Duggan  

e t  a l .  ( 4 ) ,  u s in g  a s i m i l a r  e x p e r im e n t a l  m e th o d , e s t im a t e  

t h e  r a t i o  t o  be 6 5 : 3 5 .  B y s t u d y in g  p h o t o lu m in e s c e n c e  i n  

p a r a b o l i c  quantum  w e l l s ,  M i l l e r  e t  a l .  ( 5 )  h a v e  m e a su re d  i t  

t o  be 5 7 : 4 3 ,  and W o lfo rd  e t  a l .  ( 6 ) h a v e  e s t im a t e d  i t  t o  be  

6 8 : 3 2  b y  i n v e s t i g a t i n g  p h o t o lu m in e s c e n c e  i n  r e c t a n g u l a r  

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

num ber o f  d i f f e r e n t  x - v a l u e s .

1 . 2  P r o p o s a l  an d  O b s e r v a t io n  o f  R e s o n a n t  T u n n e l l in g  

I n  1 9 7 3 ,  T s u  an d  E s a k i  com puted t h e  r e s o n a n t  t r a n s m is s io n  

c o e f f i c i e n t ,  T * T , f o r  a m u lt i -q u a n t u m  w e l l  s t r u c t u r e  ( 9 ) .  

U s in g  t h e  e f f e c t i v e  m ass a p p r o x im a t io n , th e  t h r e e  

d im e n s io n a l  S c h r o d in g e r  e q u a t io n  may be s e p a r a t e d  i n t o  

l o n g i t u d i n a l  ( 1 ) ,  p e r p e n d ic u la r  t o  t h e  l a y e r s ,  and

t r a n s v e r s e  ( t )  p a r t s ;  i . e . ,  t h e  t o t a l  e n e r g y  i s  w r it t e n  a s  

E t o t  =  E ^ ( V )  + h 2 k t 2 / 8 n 2 m* . . . ( 1 . 4 )

w here V i s  t h e  p e r i o d i c  p o t e n t i a l .  The w a v e f u n c t io n s  a r e  

e x p r e s s e d  a s

® t o t  = $ l * t  8
(1.5)



B y m a t c h in g  t h e  w a v e f u n c t io n s  an d  p a r t i c l e  f l u x  a t  e a c h  

i n t e r f a c e  and i n t e g r a t i n g  o v e r  t h e  i n c i d e n t  c a r r i e r  e n e r g y ,  

an  e x p r e s s io n  f o r  t h e  t u n n e l  c u r r e n t  i s  d e r iv e d  ( 9 ) .  T s u  and  

E s a k i ' s  c a l c u l a t i o n  may be a p p l ie d  t o  a n y  num ber o f  w e l l s .

F i g . 1 . 4  show s ln ( T * T )  p l o t t e d  a s  a f u n c t io n  o f  e n e r g y  f o r  

o n e , two an d  f o u r  w e l ls  ( 1 Z= 5 0 A , V o=500m eV an d  b a r r i e r  

t h ic k n e s s = 2 0 A ) . T h e  e n e r g y  p o s i t i o n s  o f  th e  p e a k s  c o r r e s p o n d  

t o  t h e  e n e r g y  l e v e l s  i n  t h e  quantum  w e l l s .  I n  t h e  l i m i t  o f  

l a r g e  j  (num ber o f  quantum  w e l l s )  i n  t h e  c o u p le d  w e l l  

s u p e r l a t t i c e  r e g im e , a  b a n d - l i k e  c o n d it io n  i s  a c h ie v e d ,  

a n a lo g o u s  t o  t h e  one d im e n s io n a l  K r o n ig -P e n n e y  c r y s t a l .  The  

s u p e r l a t t i c e  im p r e s s e s  a p e r i o d i c  p o t e n t i a l  on t h e  s t r u c t u r e  

t h a t  i s  c o n s i d e r a b l y  l a r g e r  t h a n  a t o m ic  d im e n s io n s  an d  th e  

B r i l l o u i n  zo n e i s  r e d u c e d  i n t o  a s e r i e s  o f  m in i -z o n e s  and  

g a p s i n  t h e  E - k  d i s p e r s i o n  c u r v e  i n  t h e  d i r e c t i o n

p e r p e n d ic u la r  t o  t h e  l a y e r s .  T s u  and E s a k i  p r e d ic t e d  

e a r l i e r  ( 1 0 ) t h a t  an i n f i n i t e  s u p e r l a t t i c e  w it h  a p e r io d  

s h o r t e r  t h a n  t h e  e l e c t r o n  mean p a t h  s h o u ld  show u n u s u a l  

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

r e s i s t i v i t y  (NDR) and B lo c h  o s c i l l a t i o n s ,  a s s u m in g  a one  

d im e n s io n a l  s u p e r l a t t i c e .

From  th e  c a l c u l a t e d  T * T  c o e f f i c i e n t  v e r s u s  e n e r g y , th e

c u r r e n t - v o l t a g e  ( I - V )  c h a r a c t e r i s t i c s  c a n  be d e r iv e d  u s in g

t h e  a s s u m p t io n  o f  c o n s e r v a t io n  o f  e le c t r o n  e n e r g y  and

t r a n s v e r s e  momentum. F i g . 1 . 5  show s how an a p p l ie d  v o lt a g e

a c r o s s  a d o u b le  b a r r i e r  s t r u c t u r e  c r e a t e s  an  e l e c t r i c  f i e l d

w h ic h  c a u s e s  t h e  b a n d s  t o  t i l t .  Th e I - V  c h a r a c t e r i s t i c s  a r e

d e p e n d e n t on t h e  F e r m i e n e r g y  b u t  i n  e a c h  c a s e  (o n e ,tw o  and

f o u r  w e l ls )  i n d i c a t e  r e g io n s  o f  NDR. The c u r r e n t  m axim a
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o c c u r  a t  v o lt a g e s  s u c h  t h a t  t h e  r e s o n a n t  e n e r g ie s  a p p r o a c h  

t h e  F e rm i e n e r g y  o f  t h e  e l e c t r o n s  a t  t h e  l e f t  o f  th e  

b a r r i e r .  The f a l l  i n  c u r r e n t  on i n c r e a s i n g  t h e  v o lt a g e  i s  a 

r e s u l t  o f  t h e  f a c t  t h a t  e n e r g y  an d  t r a n s v e r s e  momentum m u st  

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

I n  1 9 7 4 ,  Ch ang e t  a l .  r e p o r t e d  t h e  f i r s t  o b s e r v a t io n s  o f  

r e s o n a n t  t u n n e l l i n g  i n  a d o u b le  b a r r i e r ,  MBE grow n s t r u c t u r e  

a t  7 7 K  ( 1 1 ) .  Th e s t r u c t u r e  was c o m p r is e d  o f  a  50A G aAs w e l l  

sa n d w ic h e d  b etw een  two 80A G a Q .3 A l Q . 7 As b a r r i e r s .  B y h e a v i l y  

d o p in g  th e  e m it t e r  an d  c o l l e c t o r  r e g io n s  e i t h e r  s i d e  o f  t h e  

d o u b le  b a r r i e r  n - t y p e ,  s t r u c t u r e  i n  th e  c o n d u c t a n c e , d l / d V ,  

v e r s u s  v o lt a g e  c u r v e  was fo u n d  t o  be c o n s i s t e n t  w it h  two 

bound e le c t r o n  s t a t e s  i n  t h e  GaAs w e l l .  B y  lo o k in g  a t  a 

s i m i l a r  s t r u c t u r e  w it h  40A w id e  b a r r i e r s  an d  a 40A w id e  

w e l l ,  t h e s e  s t a t e s  w ere shown t o  be d e p e n d e n t on t h e  w e l l  

an d  b a r r i e r  w id t h s ,  a s  e x p e c t e d . F i g . 1 . 5  i l l u s t r a t e s  th e  

p ro p o s e d  r e s o n a n t  t u n n e l l i n g  m e ch an ism  o f  T s u  an d  E s a k i  f o r  

s u c h  a d o u b le  b a r r i e r  s t r u c t u r e .  The bound s t a t e s  f o r  th e  

two c o n f i g u r a t i o n s  a r e  com puted u s in g  t h e  t r a n s m is s io n  

e x p r e s s io n  i n  ( 9 ) .  T h e i r  a s s u m p t io n  o f  e l e c t r o n  t u n n e l l i n g ,  

m* = 0 .1m o , t h e  b a r r i e r  h e ig h t ,  V Q ^ S E ^  =400m eV, and

r e c t a n g u l a r  b a r r i e r s  a p p e a r s  r e a s o n a b le .

E s a k i  and Chang s u b s e q u e n t ly  s t u d ie d  e l e c t r o n  t r a n s p o r t

p r o p e r t i e s  o f  a f i f t y  p e r io d  n -t y p e  s t r u c t u r e  c o m p r is in g  45A

w id e  w e l ls  o f  G aAs an d  40A w id e  b a r r i e r s  o f  A lA s  ( 1 2 ) .  The

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

h a v e  two n a rro w  b a n d s a t  e s s e n t i a l l y  th e  same e n e r g y  a s  th e

s i n g l e  quantum  w e l l  s t r u c t u r e .  F i g . 1 . 6  show s th e

c o n d u c t a n c e -v o lt a g e  c h a r a c t e r i s t i c  o f  t h i s  s t r u c t u r e .  A t low
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t e m p e r a t u r e s , t h e  c u r r e n t - v o l t a g e  c u r v e  show s a sm ooth  

i n c r e a s e  w it h  v o lt a g e  f o llo w e d  b y  a  s a t u r a t i o n  r e g io n  an d  

t h e n , a t  h ig h e r  v o l t a g e s ,  a r e g io n  o f  o s c i l l a t o r y  b e h a v io u r .  

T h e  low  v o lt a g e  d a t a  i s  i n t e r p r e t e d  a s  b an d  c o n d u c t io n  b u t  

a t  h ig h e r  f i e l d s ,  i n  e x c e s s  o f  lO K V /c m , b a n d  c o n d u c t io n  i s  

no lo n g e r  s u s t a i n e d  th r o u g h  t h e  s u p e r l a t t i c e  an d  a n a rro w ,  

h i g h - f i e l d  d o m ain  i s  s p o n t a n e o u s ly  g e n e r a t e d . F i g . 1 . 7  show s 

t h e  a lig n m e n t  an d  m is a lig n m e n t  o f  t h e  e n e r g y  b a n d s  a c r o s s  

t h e  d o m ain  an d  how t h i s  c a n  p r o d u c e  a c u r r e n t  o s c i l l a t i o n  

w it h  a p e r io d  e q u a l  t o  th e  s e p a r a t io n  o f  t h e  e n e r g y  b a n d s ,  

E i  an d  E 2 , i n  a g re e m e n t w it h  E s a k i  e t  a l . ’ s  c a l c u l a t i o n s .

S in c e  t h e  f i r s t  r e p o r t  o f  r e s o n a n t  t u n n e l l i n g  i n  A l x G a i_  

x A s /G a A s  d o u b le  b a r r i e r  s t r u c t u r e s ,  m a t e r i a l  q u a l i t y  h a s  

im p ro v e d  r a p i d l y .  I n  a s i m i l a r  s t r u c t u r e ,  NDR was o b s e r v e d  

d i r e c t l y  i n  t h e  I - V  c h a r a c t e r i s t i c  a t  77 K  an d  i n  t h e  d l / d V - V  

c h a r a c t e r i s t i c  a t  room t e m p e r a t u r e  b y  S o l l n e r  e t  a l .  ( 1 3 ) ,  

an d  V o ja k  e t  a l .  ( 1 4 )  o b s e r v e d  NDR i n  a m u l t i l a y e r  A l x G a i_  

x A s s t r u c t u r e  grow n b y  MOCVD u s in g  a p -n  j u n c t i o n  f o r  

c a r r i e r  i n j e c t i o n .  More r e c e n t l y ,  NDR h a s  b e e n  o b s e r v e d  i n  

t h e  I - V  c h a r a c t e r i s t i c  a t  room t e m p e r a t u r e  ( 1 5 )  and e v e n  

r e s o n a n t  t u n n e l l i n g  o f  h o le s  h a s  b een  r e p o r t e d  ( 1 6 )  i n  

A lA s /G a A s  d o u b le  b a r r i e r  s t r u c t u r e s  s a n d w ic h e d  b etw een  

h e a v i l y  doped p - t y p e  r e g io n s .  Th e b e t t e r  q u a l i t y  o f  m a t e r i a l  

grow n b y  MBE an d  MOCVD i s  a l s o  r e f l e c t e d  i n  t h e  e v e r  

i n c r e a s i n g  p e a k  t o  v a l l e y  c u r r e n t  r a t i o s  ( A / B )  o b s e r v e d ,  

e . g .  3 / 1  a t  room t e m p e r a t u r e  ( 1 7 , 1 8 )  and 9 / 1  a t  7 7 K  ( 1 8 ) .

H o w e ve r, t h e s e  r a t i o s  a r e  s t i l l  much s m a l l e r  th a n  t h o s e  

p r e d ic t e d  b y  t h e  s im p l e s t  t h e o r y .

I n i t i a l  o b s e r v a t io n s  o f  r e s o n a n t  t u n n e l l i n g  i n  m u l t i p l e
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b a r r i e r  A l x G a i_ x A s /G a A s  s t r u c t u r e s  h a s  s t im u l a t e d  much 

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

r e s o n a n t  t u n n e l l i n g  m e ch a n ism . I n  w hat f o l l o w s ,  th e  m o d e ls  

w i l l  be d i s c u s s e d  and t h e i r  r e l a t i v e  m e r it s  a n a ly s e d  when 

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

e x p e r im e n t a l  f i n d i n g s .

1 . 3  C o h e r e n t  T h e o r y  o f  R e s o n a n t  T u n n e l l in g

A s T s u  and E s a k i  h a v e  shown ( 9 ) ,  NDR i n  d o u b le  b a r r i e r  

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

quantum  w e l l  an d  t h e  c o n s e r v a t io n  o f  e l e c t r o n  e n e r g y  an d  

t r a n s v e r s e  momentum. R e so n a n c e  o c c u r s  when th e  e l e c t r o n  

w a v e f u n c t io n  r e f l e c t e d  a t  t h e  w a l l s  o f  t h e  quantum  w e l l  

i n t e r f e r e  c o n s t r u c t i v e l y  o r ,  e q u i v a l e n t l y ,  when th e  e n e r g y  

o f  t h e  e l e c t r o n s  i n  th e  e m it t e r  i s  d e g e n e r a t e  w it h  an  

u n o c c u p ie d  s t a t e  i n  t h e  quantum  w e l l .  T h i s  i s  a n a lo g o u s  t o  

t h e  o p t i c a l  i n t e r f e r e n c e  i n  a F a b r y -P e r o t  r e s o n a t o r  i n  t h a t  

c o h e r e n c e  o f  t h e  e le c t r o n  w a v e f u n c t io n  i s  r e q u ir e d  a c r o s s  

t h e  e n t i r e  d o u b le  b a r r i e r  r e g io n .

U s in g  t h i s  m o d e l, R ic c o  and A z b e l  c o n s i d e r ,  i n  d e t a i l ,  th e  

p ro b le m  o f  r e s o n a n t  t u n n e l l i n g  th r o u g h  a o n e -d im e n s io n a l  

d o u b le  p o t e n t i a l  e n e r g y  b a r r i e r ,  o f  a r b i t r a r y  d im e n s io n s , b y  

c o n s id e r in g  t h e  g l o b a l  t r a n s m is s io n  o f  t h e  w h o le  s t r u c t u r e  

( 1 9 ) .  T h e y  f i n d  t h a t  t h e  p e a k  t o  v a l l e y  c u r r e n t  r a t i o  ( A / B )  

i s  g iv e n  b y

A /B  « 1 / T m a x 2 ..................................... ( 1 . 6 )

w here Tmax i s  t h e  l a r g e r  o f  T]_ ( t r a n s m is s io n  c o e f f i c i e n t  o f

l e f t  b a r r i e r )  an d  T r  ( t r a n s m is s io n  c o e f f i c i e n t  o f  r i g h t

b a r r i e r )  and i s  g e n e r a l l y  e x p e c t e d  t o  be v e r y  l a r g e .  The

g l o b a l  t r a n s m is s io n  c o e f f i c i e n t , T a i s  g iv e n  b y
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( 1 . 7 )T o f f r e s  ~ T l * T r  

an d  t h e  r e s o n a n t  t r a n s m is s io n  ( T r e s ) i s  g iv e n  b y

T r e s  ~ T m in /T m ax.................................. ( 1 . 8 )

w here Tm^ n i s  t h e  s m a l l e r  o f  and T r . B y  c o m p a rin g  E q n . 1 . 7

a n d  E q n . 1 . 8 ,  a r e s o n a n c e  a lw a y s  i m p l ie s  an  in c r e a s e d  

t r a n s m is s io n  c o e f f i c i e n t .  T h i s  c o r r e s p o n d s  t o  a s t e a d y  

s t a t e  i n  w h ic h  t h e  e l e c t r o n  w a v e f u n c t io n  h a s  a t t a i n e d  an  

a p p r o p r ia t e  a m p lit u d e  i n  t h e  quantum  w e l l ,  i . e . ,  th e  

e l e c t r o n  p r o b a b i l i t y  d e n s i t y ,  $ * $ ,  m u st be p e a k e d  i n  th e  

w e l l .  T h e r e f o r e ,  i f  i n i t i a l l y  t h e r e  a r e  no e l e c t r o n s  i n  th e  

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

a p p l ie d  v o lt a g e  a c r o s s  t h e  d o u b le  b a r r i e r  s t r u c t u r e ,  i t  

t a k e s  a c e r t a i n  t im e  c o n s t a n t  t o  b u i l d  up t h e  p r o b a b i l i t y  

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

a c h ie v e  h ig h  t r a n s m is s io n  a t  r e s o n a n c e . T h i s  r e s o n a t o r  

c h a r g in g  t im e  i s  o f  t h e  o r d e r  o f  t h e  r e s o n a n t - s t a t e  

l i f e t i m e ,  h / 6 E ,  w here 6 E i s  t h e  w id t h  o f  t h e  r e s o n a n t  s t a t e .  

F o r  a quantum  w e l l  o f  GaAs bounded b y  a 5 0 A -w id e  

A I q #3 5 G a Q #6 5 As  b a r r i e r ,  L u r y i  ( 2 0 ) e s t im a t e d  t h e  maximum 

f r e q u e n c y  o f  a c t i v e  o s c i l l a t i o n s  t o  be i n  t h e  low  g ig a h e r t z  

r a n g e . A t  h ig h e r  f r e q u e n c ie s ,  t h e  e l e c t r o n  w a v e f u n c t io n  

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

a v a r i a t i o n  i n  th e  e l e c t r i c  f i e l d  t o  p r o v id e  r e s o n a n t  

en h an cem e n t o f  th e  t r a n s m is s io n  c o e f f i c i e n t .  The

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

R ic c o  and A z b e l  p o in t e d  o u t  a n o t h e r  im p o r t a n t  c o n s i d e r a t i o n  

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

t u n n e l l i n g .  T h e a c h ie v e m e n t  o f  n e a r  u n i t y  r e s o n a n t

t r a n s m is s io n  a t  a l l  t h e  r e s o n a n t  p e a k s  r e q u i r e s  t h e
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t r a n s m is s io n  o f  t h e  l e f t  an d  r i g h t  b a r r i e r s  t o  be e q u a l  a t  

a l l  t h e  s u b -b a n d  e n e r g ie s  i n  t h e  quantum  w e l l  ( Tm in =T max^* 

T h i s  c o n d i t i o n  i s  n o t  f u l f i l l e d  f o r  b a r r i e r s  d e s ig n e d  t o  be  

s y m m e tric  i n  t h e  a b s e n c e  o f  a n  a p p l i e d  v o l t a g e .  A p p l i c a t i o n  

o f  a  v o lt a g e  t o  a  s y m m e tric  d o u b le  b a r r i e r  s t r u c t u r e  

in t r o d u c e s  a d i f f e r e n c e  b e tw ee n  t h e  t r a n s m is s io n  o f  t h e  

b a r r i e r s .  T h e r e f o r e ,  t h e  o v e r a l l  t r a n s m is s io n  i s  

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

r e s u l t i n g  i n  a  r e d u c e d  A /B .  U n it y  t r a n s m is s io n  c a n  be  

r e a l i z e d  i f  t h e  b a r r i e r s  a r e  d e s ig n e d  t o  be s y m m e tric  a t  t h e  

r e s o n a n t  v o lt a g e  b y  c h o o s in g  a p p r o p r ia t e  b a r r i e r  w id t h s .  

H o w e ve r, u n i t y  t r a n s m is s io n  c a n  th e n  o n ly  be a c h ie v e d  f o r  

one r e s o n a n c e . To c o u n t e r  t h i s ,  a r e s o n a n t  t u n n e l l i n g  

s t r u c t u r e  was p ro p o s e d  b y  C a p a s s o  an d  K i e h l  ( 2 1 )  i n  w h ic h  

r e s o n a n c e  i s  a c h ie v e d ,  n o t  b y  a p p ly in g  a  v o lt a g e  t o  th e  

b a r r i e r s ,  b u t  b y  m in o r it y  c a r r i e r  i n j e c t i o n  i n t o  th e  

quantum  w e l l .  T h i s  m ethod d o e s  n o t  a l t e r  t h e  t r a n s m is s io n  o f  

t h e  two b a r r i e r s  an d  s h o u ld  le a d  t o  n e a r  u n i t y  t r a n s m is s io n  

a t  a l l  r e s o n a n t  p e a k s  and t o  l a r g e r  p e a k  t o  v a l l e y  r a t i o s . 

T h e  p ro p o s e d  s t r u c t u r e  i s  a h e t e r o ju n c t io n  b i p o l a r  

t r a n s i s t o r  w it h  a  h e a v i l y  do ped e m it t e r  an d  a  s y m m e tric  

d o u b le  b a r r i e r  b u i l t  i n t o  t h e  b a s e .  The c o l l e c t o r  c u r r e n t  a s  

a f u n c t io n  o f  t h e  b a s e -e m i t t e r  v o lt a g e  e x h i b i t s  a s e r i e s  o f  

p e a k s  c o r r e s p o n d in g  t o  r e s o n a n t  t u n n e l l i n g  th r o u g h  th e  

q u a s i -b o u n d  s t a t e s  o f  th e  w e l l .

I n  1 9 8 3 ,  S o l l n e r  e t  a l .  fo u n d  t h a t  a d o u b le  b a r r i e r  

A-^-0.25G a0 . 7 5 A s / G aAs s t r u c t u r e  t h a t  e x h i b i t s  p ro n o u n c e d  NDR 

a t  low  t e m p e r a t u r e s  ( A /B = 6 / l  a t  2 5 K ) , c o u ld  be u se d  a s  a  

d e t e c t o r  an d  m ix e r  o f  f a r  i n f r a r e d  r a d i a t i o n  a t  f r e q u e n c ie s

up t o  2 .5 T H z  ( 1 3 ) .  S u b s e q u e n t ly ,  S o l l n e r  e t  a l .
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d e m o n s t r a t e d , f o r  t h e  f i r s t  t im e ,  a c t i v e  o s c i l l a t i o n s  o f  a  

s i m i l a r  s t r u c t u r e  m ounted i n  a r e s o n a n t  c a v i t y  ( 2 2 ) .  Th e  

d e v ic e  o s c i l l a t e d  i n  th e  n e g a t iv e  d i f f e r e n t i a l  r e g io n  a t  

f r e q u e n c ie s  up t o  18G H z w it h  a d c  t o  r f  c o n v e r s io n  

e f f i c i e n c y  o f  2 . 4 %  a t  t e m p e r a t u r e s  up t o  2 0 0 K . T h e y  

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

c o a x i a l  c i r c u i t  and t h a t  s t i l l  h ig h e r  f r e q u e n c ie s  c o u ld  be  

a c h ie v e d  i n  a d i f f e r e n t  m icro w a v e  s e t  u p . O b s e r v a t io n  o f  

o s c i l l a t i o n s  a t  t h i s  f r e q u e n c y  i s  c o n s i s t e n t  w it h  L u r y i ' s  

e s t im a t e  f o r  t h e  f r e q u e n c y  l i m i t  o f  s u c h  a d e v ic e  u s in g  

t h e  c o h e r e n t  t u n n e l l i n g  m o d e l. H o w e ve r, t h i s  e s t im a t e  r u l e s  

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

s i m i l a r  d e v ic e  a t  t e r a h e r t z  f r e q u e n c ie s ,  t h a t  i s ,  t h e  t im e  

r e q u ir e d  t o  s t o r e  enough c a r r i e r s  i n  th e  w e l l  t o  r e a c h  t h e  

r e s o n a n t  re g im e  a p p e a r s  t o  b e to o  lo n g  t o  be c o m p a t ib le  w it h  

t h e  h ig h  f r e q u e n c ie s  d e t e c t e d  b y  S o l l n e r  e t  a l .

1 . 4  S e q u e n t ia l  T h e o r y  o f  R e s o n a n t  T u n n e l l in g  

S o l l n e r ' s  a n o m a lo u s h ig h  f r e q u e n c y  r e s u l t  an d  t h e  f a c t  t h a t  

e x p e r im e n t a l  p e a k  t o  v a l l e y  c u r r e n t  r a t i o s  ( A / B )  a r e  s t i l l  

f a r  b e lo w  t h o s e  p r e d ic t e d  b y  t h e  c o h e r e n t  t u n n e l l i n g  m o d el 

( CTM) i n  t h e  p r e s e n c e  o f  an  a p p l i e d  e l e c t r i c  f i e l d ,  e v e n  i n  

good q u a l i t y  m a t e r i a l s ,  l e d  L u r y i  ( 20)  t o  p ro p o se  h i s  

s e q u e n t i a l  t u n n e l l i n g  m odel ( STM) .  L u r y i  s u g g e s t e d  t h a t  t h e  

F a b r y -P e r o t  c o h e r e n t  t u n n e l l i n g  m odel (CTM) p l a y s  a m in o r  

r o l e  i n  t h e  m e ch an ism  o f  n e g a t iv e  d i f f e r e n t i a l  r e s i s t a n c e .  

I n s t e a d  o f  c a l c u l a t i n g  a g l o b a l  t r a n s m is s io n  c o e f f i c i e n t  o f  

th e  w h o le  d o u b le  b a r r i e r  s t r u c t u r e ,  L u r y i  c o n s id e r e d  two 

s u c c e s s i v e  t r a n s i t i o n s ;  one fro m  th e  e m it t e r  e le c t r o d e  i n t o  

t h e  q u a s i -b o u n d  s t a t e  i n  t h e  quantum  w e l l ,  an d  th e  o t h e r
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fro m  t h e  w e l l  i n t o  t h e  c o l l e c t o r  e l e c t r o d e ,  h e n c e  t h e  name 

s e q u e n t i a l  t u n n e l l i n g .  F i g . 1 . 8  show s t h e  F e r m i s e a  o f  

e l e c t r o n s  i n  a  h e a v i l y  do ped e m i t t e r .  A ssu m in g  t h a t  t h e  

A l x G a i_ x As b a r r i e r  i s  f r e e  o f  i m p u r i t i e s  and  

in h o m o g e n e it ie s ,  t h e  t r a n s v e r s e  e l e c t r o n  momentum (kx,ky) i s  

c o n s e r v e d  i n  t u n n e l l i n g .  T h i s  m eans t h a t  f o r  E c <E 0 < E f ,  w here  

E c  i s  t h e  e n e r g y  a t  t h e  b o tto m  o f  t h e  c o n d u c t io n  b an d  i n  t h e  

e m i t t e r ,  E 0  i s  t h e  e n e r g y  o f  t h e  s u b -b a n d  i n  t h e  quantum  

w e l l  and E f  i s  t h e  F e r m i e n e r g y , t u n n e l l i n g  i s  p o s s i b l e  o n ly  

f o r  e l e c t r o n s  w hose momentum i n  t h e  z ( l o n g i t u d i n a l )  

d i r e c t i o n  i s  e q u a l  t o  k Q ( t h e  sh a d e d  d i s k  i n  F i g . 1 . 8 ) ,  w here  

h 2 k 0 2 / 8 ri2 m*=E0 - E c . O n ly  t h e s e  e l e c t r o n s  c a n  t u n n e l  i n t o  

a v a i l a b l e  s t a t e s  i n  t h e  quantum  w e l l  an d  c o n s e r v e  momentum. 

E l e c t r o n s  t h e n  t u n n e l  o u t  o f  t h e  w e l l  i n t o  em pty s t a t e s  i n  

t h e  c o l l e c t o r  e l e c t r o d e .  As t h e  e m i t t e r -b a s e  p o t e n t i a l  

i n c r e a s e s ,  so  d o e s t h e  num ber o f  e l e c t r o n s  w h ic h  c a n  t u n n e l  

i n t o  t h e  s u b -b a n d  a t  e n e r g y  E 0 . Th e s h a d e d  d i s k  m oves 

downward t o  t h e  e q u a t o r i a l  p la n e  o f  t h e  F e r m i s p h e r e  u n t i l  

t h e  number o f  e l e c t r o n s  w h ic h  c a n  t u n n e l  r e a c h e s  a  maximum, 

t h a t  i s  k o= 0 . When E c  r i s e s  ab o v e  E 0 , th e n  a t  T = 0 ,  t h e r e  a r e  

no e le c t r o n s  i n  th e  e m it t e r  w h ic h  c a n  t u n n e l  i n t o  t h e  

quantum  w e l l  w h ile  c o n s e r v in g  t h e i r  t r a n s v e r s e  momentum. 

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

i . e . ,  n e g a t iv e  d i f f e r e n t i a l  r e s i s t a n c e .  NDR a r i s e s  a s  a  

r e s u l t  o f  e l e c t r o n s  t u n n e l l i n g  fro m  th e  t h r e e -d im e n s io n a l  

s t a t e s  i n  t h e  e m it t e r  i n t o  t h e  t w o -d im e n s io n a l  s t a t e s  i n  t h e  

w e l l .  I n  t h i s  m o d e l, t h e  c u r r e n t -  v o lt a g e  ( I - V )  

c h a r a c t e r i s t i c  i s  a p p r o x im a t e ly  t r i a n g u l a r ;  t h e  c u r r e n t  

s t a r t s  to  r i s e  when t h e  F e rm i e n e r g y  i n  th e  e m it t e r  

c o i n c id e s  w it h  E 0 , c o n t in u e s  t o  r i s e  a s  th e  b i a s  i s
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i n c r e a s e d ,  an d  th e n  f a l l s  a b r u p t ly  when E 0  i s  b ia s e d  j u s t  

b e lo w  t h e  b o tto m  o f  t h e  e m it t e r  c o n d u c t io n  b a n d . T h a t  i s ,  

f o r  t h e  v o lt a g e  d ro p p e d  e n t i r e l y  a c r o s s  a s y m m e tric  d o u b le  

b a r r i e r  s t r u c t u r e ,  t h e  c u r r e n t  s t a r t s  t o  r i s e  a t  and

p e a k s  a t  Vp s u c h  t h a t

e V t h  = 2 ( E 0  -  E f ) ............................. ( 1 . 9 )

eVp = 2 E 0  ................................( 1 . 1 0 )

T h e s e  t h e o r e t i c a l  v a lu e s  c o n t r a s t  w it h  T s u  an d  E s a k i ’ s  

r e s o n a n c e  c o n d i t i o n  (9 )

eVp = 2 (E 0  -  E f ) .................................. ( 1 . 1 1 )

E v e n  th o u g h  L u r y i  d o e s n o t  in v o k e  a new p h y s i c a l

i n t e r a c t i o n ,  he c l a im s  t h a t  t h e  two m o d e ls  s h o u ld  be 

e x p e r im e n t a l ly  d i s t i n g u i s h a b l e .  I n  t h e  CTM, T r e s ~ Tm in /Tmax 

w h e re a s i n  t h e  STM, T r e s ~ T l T r =T maxTm in ' s i n c e  b o th  b a r r i e r s  

ad d  t h e i r  e f f e c t  in d e p e n d e n t ly .  T h en  a  c h a n g e  i n  Tmax from  

t h e  c a s e  o f  Tmf n=T max s h o u ld  le a d  t o  i n c r e a s e d  t r a n s m is s io n  

f o r  s e q u e n t i a l  t u n n e l l i n g  i n  c o n t r a s t  t o  t h e  CTM w h ic h  

p r e d i c t s  a d e c r e a s e  i n  t r a n s m i s s i o n .  A ls o  i t  may i n i t i a l l y  

a p p e a r  t h a t  th e  two m o d e ls  a r e  d i s t i n g u i s h a b l e

e x p e r im e n t a l ly .  T h is  i s  b e c a u s e  i n  t h e  CTM, t h e  t r a n s m is s io n  

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

w h ile  i n  t h e  S T M ,th e  t r a n s m is s io n  w i l l  be v e r y  low  s i n c e

T]_ , T r  ~ exp ( - a d ) ..................................... ( 1 . 1 2 ) ,

w here d i s  t h e  w id th  o f  t h e  b a r r i e r s ,  a  =  2 ttV (  2m* . V Q ) / h  

( 1 9 )  i s  t h e  d e c a y  c o n s t a n t  o f  t h e  b a r r i e r ,  V q i s  th e  b a r r i e r  

h e ig h t  an d  g e n e r a l l y  a d  « 1 .  H o w ever, i n  t h e  n e x t  s e c t i o n ,  

an  e q u iv a le n c e  betw een t h e  two m o d e ls  i s  d i s c u s s e d .

1 . 5  C o m p a riso n  o f  th e  S e q u e n t ia l  T u n n e l l in g  M odel and  

C o h e r e n t  T u n n e l l in g  M odel

A lt h o u g h  t h e  t r a n s m is s io n  c o e f f i c i e n t s  w i l l  d i f f e r
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s u b s t a n t i a l l y  i n  m a g n itu d e  f o r  t h e  two m o d e ls , t h e  a c t u a l  

m a g n itu d e  o f  t h e  t o t a l  c u r r e n t  h a s  b e e n  shown t o  be  

e q u iv a l e n t  f o r  t h e  two m o d e ls  a ro u n d  t h e  r e s o n a n c e . T h i s  was 

a c h ie v e d  in d e p e n d e n t ly  b y  P a y n e  ( 2 3 )  an d  W e il  an d  V i n t e r  

( 2 4 ) .  T h e y  r e a l i s e d  t h a t  t h e  e q u iv a le n c e  o f  th e  two m o d e ls  

i s  r e a l i s e d  when t h e  c u r r e n t  i n  t h e  CTM i s  o b t a in e d  b y  

i n t e g r a t i n g  t h e  t r a n s m is s io n  c o e f f i c i e n t  o v e r  a  f i n i t e  

e n e r g y  ra n g e  a ro u n d  t h e  r e s o n a n t  e n e r g y , i . e . ,  t h e  t o t a l  

c u r r e n t  i s  n o t  e q u a l  t o  t h e  s q u a r e  o f  t h e  t r a n s m is s io n  

c o e f f i c i e n t  a t  a s i n g l e  e n e r g y  b u t  i s  an  i n t e g r a l  o f  th e  

s q u a r e  o f  t h e  t r a n s m is s io n  c o e f f i c i e n t  o v e r  th e  ra n g e  o f  

e n e r g ie s  o f  t h e  i n c i d e n t  e l e c t r o n s .  Th e m a g n itu d e  o f  th e  

NDR p r e d ic t e d  b y  t h e  STM ( 2 4 )  i s  much s m a l le r  t h a n  t h a t  

p r e d ic t e d  b y  t h e  CTM w it h  a s i n g l e  i n c i d e n t  e l e c t r o n  e n e r g y .  

I n  a d d i t i o n ,  t h e  STM was a b le  t o  e x p l a i n  S o l l n e r ’ s  t e r a h e r t z  

r e s u l t s  ( 2 5 )  s i n c e  r e c t i f i c a t i o n  o f  an  e x t e r n a l  s i g n a l  b y  a 

d o u b le  b a r r i e r  s t r u c t u r e  r e q u i r e s  r e a d ju s t m e n t  o f  o n ly  th e  

p h a se  o f  t h e  e l e c t r o n  w a v e f u n c t io n  an d  n o t  i t s  a m p lit u d e , so  

t h a t  t h e  o p e r a t io n  o f  a d e t e c t o r  i s  n o t  l i m i t e d  b y  a F a b r y -  

P e r o t  c h a r g in g  t im e . T h e s e  two p o in t s  s u g g e s t  t h a t  L u r y i ' s  

m o d el h a s  o verco m e t h e  d e f i c i e n c i e s  o f  t h e  CTM.

B u t t i k e r  c o n s id e r s  c o h e r e n t  and s e q u e n t i a l  t u n n e l l i n g  i n  a 

m o d el i n  w h ic h  e l e c t r o n s ,  s c a t t e r e d  d u r in g  t h e  t u n n e l l i n g  

p r o c e s s ,  a r e  i n  e q u i l i b r iu m  w it h  a " c h a r g e  r e s e r v o i r "  ( 2 6 ) .  

The r e s e r v o i r  d o e s n o t  draw  o r  s u p p ly  a n e t  c u r r e n t  b u t  

p e r m it s  i n e l a s t i c  e v e n t s  and p h a se  r a n d o m is a t io n .  He o b t a in s  

a c o n d u c t a n c e  f o r m u la  w h ic h  c o n t a in s  c o n t r i b u t i o n s  due t o  

c o h e r e n t  t u n n e l l i n g  ( i n  w h ic h  c a r r i e r s  u n d e rg o  o n ly  e l a s t i c  

s c a t t e r i n g  an d  h e n c e  r e a c h  th e  c o l l e c t o r  w it h  a p h a s e  w h ic h
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h a s  a d e f i n i t e  r e l a t i o n s h i p  t o  t h e  p h a s e  o f  t h e  i n c i d e n t  

c a r r i e r s )  an d  s e q u e n t i a l  o r  in c o h e r e n t  t u n n e l l i n g  ( i n  w h ic h  

a  c a r r i e r  t u n n e ls  t h r o u g h  one o f  t h e  b a r r i e r s  c o h e r e n t ly  b u t  

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

m e m o ry). B u t t i k e r  c o n s id e r s  t h e  l i m i t i n g  r e g im e s  o f  

c o m p le t e ly  c o h e r e n t  t u n n e l l i n g  an d  c o m p le t e ly  in c o h e r e n t  

t u n n e l l i n g  an d  t h e  t r a n s i t i o n  b e tw ee n  t h e  tw o . H i s  f i n d i n g s  

c o n t r a d i c t  r e c e n t  a s s e r t i o n s  t h a t  c o h e r e n t  an d  s e q u e n t i a l  

t u n n e l l i n g  g iv e  r i s e  t o  c o m p a ra b le  c u r r e n t s .  H o w e ve r, a s  

P a y n e  p o i n t s  o u t  ( 2 3 ) ,  t h e  two m o d e ls  a r e  e q u iv a l e n t  f o r  th e  

m a g n itu d e  o f  t h e  t o t a l  t u n n e l  c u r r e n t .  I f  t h e  f o r m u la  

B u t t i k e r  d e r iv e s  f o r  t h e  t r a n s m is s io n  c o e f f i c i e n t  i s  

i n t e g r a t e d  o v e r  t h e  e n e r g y  o f  t h e  i n c i d e n t  c a r r i e r s ,  th e n  

t h e  c u r r e n t  w o u ld  be fo u n d  t o  be e q u iv a l e n t  f o r  t h e  two 

m o d e ls .

S in c e  L u r y i ' s  s e q u e n t i a l  t u n n e l l i n g  m o d el c a n  e x p l a i n  NDR b y

e l e c t r o n s  t u n n e l l i n g  i n t o  a  t w o -d im e n s io n a l  sy s te m  o f  s t a t e s

w h i l s t  c o n s e r v in g  t h e i r  e n e r g y  an d  t r a n s v e r s e  momentum, th e n

NDR s h o u ld  be o b s e r v a b le  i n  s i n g l e  b a r r i e r  s t r u c t u r e s  i n

w h ic h  t u n n e l l i n g  o c c u r s  i n t o  a  t w o -d im e n s io n a l  s y s te m  o f

s t a t e s .  T h i s  was a c t u a l l y  o b s e r v e d  b y  M orkoc e t  a l .  u s in g  a

s t r u c t u r e  i n  w h ic h  e l e c t r o n s  t u n n e l  fro m  a h e a v i l y  doped

e m it t e r  i n t o  a  quantum  w e l l  bo unded on t h e  o t h e r  s i d e  b y  a

t h i c k  n o n - t u n n e l l i n g  b a r r i e r  ( 1 8 ) .  E l e c t r o n s  a r e  rem oved

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

c o n t a c t  o u t s id e  t h e  e m it t e r  a r e a .  F u r t h e r  e v id e n c e  to

s u p p o r t  L u r y i ’ s STM com es fro m  S to n e  and L e e  who c o n s id e r

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

t u n n e l l i n g  ( 2 7 ) .  I n  t h e  CTM, R ic c o  and A z b e l  ( 1 9 )  p o in t  o u t

t h a t  r e s o n a n t  t r a n s m is s io n  i s  a c h ie v e d  a f t e r  a t r a n s i e n t
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t im e  ( o f  t h e  o r d e r  o f  t h e  r e s o n a n t  s t a t e  l i f e t i m e )  s o  t h a t  

t h e  e l e c t r o n  w a v e f u n c t io n  c a n  a t t a i n  an  a p p r o p r ia t e  

a m p lit u d e  i n  t h e  w e l l .  S to n e  an d  L e e  ( 2 7 )  h a v e  shown t h a t ,  

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

r e s o n a n t  e f f e c t s  w i l l  be n e g l i g i b l e  i n  t h e  CTM e x c e p t  a t  

v e r y  low  t e m p e r a t u r e s  w h ic h  i s  c o n t r a r y  t o  e x p e r im e n t a l  

f i n d i n g s .  I n e l a s t i c  s c a t t e r i n g  o c c u r s  on a much s h o r t e r  

t im e s c a le  t h a n  th e  c h a r a c t e r i s t i c  t im e  f o r  r e s o n a n t  

t u n n e l l i n g  w h ic h  i m p l ie s  t h a t  t h e  m a g n itu d e  o f  t h e  r e s o n a n t  

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

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

Th e STM d o e s n o t  p r e d i c t  a f a l l  i n  t h e  m a g n itu d e  o f  th e  

r e s o n a n t  c u r r e n t  a t  h ig h  f r e q u e n c ie s  s i n c e  r e s o n a n c e  d o e s  

n o t d e p e n d  on t h e  b u i l d  up o f  t h e  e l e c t r o n  w a v e f u n c t io n  i n  

t h e  w e l l .

P a y n e  h a s  show n, f o r  t h e  STM, t h a t  t h e  r e s o n a n t  c u r r e n t  

t h r o u g h  a sy m m e tric  d o u b le  b a r r i e r  s t r u c t u r e  f lo w s

im m e d ia t e ly  a f t e r  o p e n in g  t h e  r e s o n a n t  t u n n e l l i n g  c h a n n e l  

( 2 3 )  an d  i s  c o n s t a n t  p r o v id e d  t h a t  t h e  r e s o n a n t  t u n n e l l i n g  

c h a n n e l r e m a in s  o p e n . T h u s , t h e  STM p r o v id e s  a  more

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

w it h  a s i n g l e  i n c i d e n t  e l e c t r o n  e n e r g y . H o w e ve r, when a 

r a n g e  o f  i n c i d e n t  e n e r g ie s  i s  in c lu d e d  i n  t h e  CTM, no 

d e c r e a s e  i n  t h e  r e s o n a n t  c u r r e n t  i s  p r e d ic t e d  ( 2 3 )  w h ic h  

a g a in  e s t a b l i s h e s  t h e  e q u iv a le n c e  o f  t h e  two m o d e ls .

I n e l a s t i c  s c a t t e r i n g  m e ch a n ism s c a n  m o d ify  t h e  c u r r e n t ,

how ever ( 2 4 ) .  Th e ab o ve  i n e l a s t i c  s c a t t e r i n g  m e ch an ism s

c o n s id e r e d  a r e  in t r a s u b -b a n d  e v e n t s  w h ic h  o c c u r  i n  th e

d i r e c t i o n  p a r a l l e l  t o  t h e  b a r r i e r s  an d  t h u s  h a v e  no e f f e c t
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on t h e  l o n g i t u d i n a l  w a v e f u n c t io n .  T h e r e f o r e ,  t h e  e l e c t r o n  

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

s t r u c t u r e  an d  t h e  STM an d  CTM le a d  t o  t h e  same p r e d i c t i o n  

f o r  t h e  d c  c u r r e n t .  On t h e  o t h e r  h a n d , in t e r s u b -b a n d  

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

l o n g i t u d i n a l  e l e c t r o n  w a v e f u n c t io n  so  t h a t  t h e r e  i s  no 

p o s s i b i l i t y  o f  a  c o h e r e n t  t u n n e l l i n g  c u r r e n t .  H o w e ve r, 

s e q u e n t i a l  t u n n e l l i n g  i s  p o s s i b l e  b u t  in t e r s u b -b a n d  

s c a t t e r i n g  c a n  le a d  t o  o b s e r v a b le  c h a n g e s  i n  t h e  c u r r e n t .  

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

i n t e r s u b -b a n d  s c a t t e r i n g  m u st th e n  be a r e s u l t  o f  e l e c t r o n s  

t u n n e l l i n g  s e q u e n t i a l l y .  P a y n e  h a s  a l s o  d e m o n s tra te d  t h a t  

t h e  t im e  d e p e n d e n ce  o f  t h e  t o t a l  c u r r e n t  f lo w in g  th r o u g h  a  

sy s te m  w h ic h  h a s  two s u b -b a n d s  i n  t h e  w e l l  c a n  be u s e d  t o  

m e a su re  t h e  r a t e  o f  s c a t t e r i n g  b e tw ee n  t h e  s u b -b a n d s  ( 2 8 ) .

1 . 6  S p a c e -C h a r g e  E f f e c t s  an d  C u r r e n t  B i s t a b i l i t y  

A lt h o u g h  t h e  two s t a n d a r d  m o d e ls  o f  r e s o n a n t  t u n n e l l i n g  

e x p l a i n  many o f  t h e  e x p e r im e n t a l  o b s e r v a t io n s  o f  r e s o n a n t  

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

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

e i t h e r  a p p r o a c h . I n  p a r t i c u l a r ,  t h e  p e a k  t o  v a l l e y  c u r r e n t  

r a t i o s  ( A / B )  o b s e r v e d  a r e  o f t e n  to o  s m a l l  t o  be w e l l  

a c c o u n t e d  f o r ,  e v e n  th o u g h  t h e  STM (a n d  t h e  CTM w it h  a  

ra n g e  o f  i n c i d e n t  e l e c t r o n  e n e r g ie s )  p r e d i c t s  s m a l l e r  A / B ' s  

t h a n  t h e  CTM w it h  a s i n g l e  i n c i d e n t  e l e c t r o n  e n e r g y . I n  

a d d i t i o n ,  t h e  p r e d ic t e d  p e a k  v o lt a g e s  o f  E q n s . 1 . 1 0  and  

1 . 1 1 ,  and t h e  p r e d ic t e d  t h r e s h o ld  v o lt a g e  o f  E q n . 1 . 9  d i f f e r  

a p p r e c ia b ly  fro m  th e  e x p e r im e n t a l  I - V  c u r v e s .  T h is  

d is c r e p a n c y  c o u ld  be due t o  la r g e  v o lt a g e  d r o p s  a c r o s s  a
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s e r i e s  r e s i s t a n c e  c a u s e d  b y  c o n t a c t  and p a r a s i t i c  s e r i e s  

r e s i s t a n c e s .  To m in im is e  t h i s  p ro b le m  G o ldm an e t  a l .  

p r e p a r e d  d o u b le  b a r r i e r  s t r u c t u r e s  w it h  r e l a t i v e l y  low  p e a k  

c u r r e n t  d e n s i t y  b y  e m p lo y in g  t h i c k  A l x G a ^ _ x As b a r r i e r s  ( 2 9 ) .  

H o w e ve r, a s im p le  c a l c u l a t i o n  s t i l l  show ed s i g n i f i c a n t  

d e v i a t i o n s  fro m  t h e  e x p e r im e n t a l  v a lu e s  f o r  an d  V p . T h is  

l e d  G o ldm an e t  a l .  t o  c o n s id e r  two p r e v i o u s l y  n e g le c t e d  

e f f e c t s .  Th e f i r s t  i s  t h e  s p a c e -c h a r g e  l a y e r  c r e a t e d  b y  t h e  

e l e c t r o n s  w h ic h  h a v e  t u n n e l l e d  fro m  th e  e m it t e r  i n t o  t h e  

w e l l .  An e q u a l  p o s i t i v e  c h a r g e  i s  in d u c e d  i n  t h e  c o l l e c t o r  

e le c t r o d e  r e s u l t i n g  i n  a  g r e a t e r  e l e c t r i c  f i e l d  i n  th e  

c o l l e c t o r  b a r r i e r  t h a n  t h e  e m it t e r  b a r r i e r .  T h u s  V p m u st be  

g r e a t e r  t h a n  t h e  v a lu e s  p r e d ic t e d  b y  E q n s . 1 . 1 0  and 1 . 1 1 .  

S e c o n d ly ,  t h e  f o r m a t io n  o f  an  a c c u m u la t io n  an d  d e p l e t io n  

l a y e r  i n  t h e  e m it t e r  an d  c o l l e c t o r  e l e c t r o d e s  m u st be  

c o n s id e r e d .  T h e s e  a r e  c r e a t e d  so  t h a t  an e l e c t r i c  f i e l d  c a n  

be d e v e lo p e d  a c r o s s  t h e  u ndoped b a r r i e r s ,  a s  i n  F i g . 1 . 9 .  The  

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

i n  t h e  e m it t e r  b a r r i e r ,  w h ic h  a d d s t o  t h e  f i r s t  e f f e c t ,  

i n c r e a s i n g  t h e  b i a s  r e q u ir e d  t o  a l i g n  E f  an d  E 0 . The  

a c c u m u la t io n  l a y e r  lo w e rs  t h e  c o n d u c t io n  b an d  edge i n  th e  

e m it t e r  c l o s e  t o  t h e  b a r r i e r  lo w e r in g  E 0  r e l a t i v e  t o  E f .  

T h i s  o p p o se s  t h e  e f f e c t  o f  t h e  d e p le t io n  l a y e r  an d  in c r e a s e s  

t h e  s p r e a d  o f  e l e c t r o n  e n e r g ie s  i n  t h e  e m i t t e r .  T h e s e  two 

e f f e c t s ,  when in c lu d e d  i n  a m o d el c a l c u l a t i o n  b y  Goldm an e t  

a l .  ( 2 9 ) ,  p ro d u c e  r e a s o n a b le  a g re e m e n t w it h  t h e  e x p e r im e n t a l  

v a lu e s  f o r  V p and V f ^ .

Goldm an e t  a l .  s u b s e q u e n t ly  r e p o r t e d  " c u r r e n t  b i s t a b i l i t y "

i n  a d o u b le  b a r r i e r  G a A s /A I q # 4 GaQ #gAs s t r u c t u r e  ( 3 0 ) .  T h is

b i s t a b i l i t y  o c c u r s  i n  th e  r e g io n  o f  NDR an d  was i n t e r p r e t e d
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e l e c t r o s t a t i c  f i e l d ,  p ro d u c e d  b y  t h e  e l e c t r o n s  i n  t h e  w e l l ,

on t h e  t u n n e l l i n g  c u r r e n t .  H o w e ve r, t h e r e  h a s  b e e n  much

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

f e a t u r e ,  c a u s e d  b y  c h a r g in g  o f  t h e  w e l l ,  o r  an  e x t r i n s i c

f e a t u r e  due t o  c u r r e n t  o s c i l l a t i o n s  i n  t h e  d e v ic e  an d  i n  th e

e x t e r n a l  c i r c u i t .  I n  t h e  l a t t e r  c a s e ,  b i s t a b i l i t y  a r i s e s

b e c a u s e  o f  t h e  d i f f e r e n c e  b etw een  t h e  t u r n -o n  an d  t u r n - o f f

p o in t s  f o r  o s c i l l a t o r y  b e h a v io u r  when sw e e p in g  t h e  a p p l ie d

v o lt a g e  up o r  down t h r o u g h  t h e  NDR r e g io n .  Th e r a n g e  o f

a p p l ie d  v o lt a g e  o v e r  w h ic h  t h e  b i s t a b i l i t y  th e n  o c c u r s  w i l l

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

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

t h a t  th e  b i s t a b i l i t y  o b s e r v e d  b y  G oldm an e t  a l .  i s  a r e s u l t

o f  o s c i l l a t i o n s  i n  t h e  NDR r e g io n  ( 3 1 ) .  He a r g u e s  t h a t

i n t r i n s i c  b i s t a b i l i t y  c a n  o n ly  be o b s e r v e d  i f  o s c i l l a t i o n s

i n  t h e  NDR r e g io n  a r e  c o m p le t e ly  s u p p r e s s e d . T h i s  c a n  be

done b y  p l a c i n g  a c a p a c i t o r  i n  p a r a l l e l  w it h  t h e  d e v ic e

p r o v id e d  t h a t  t h e  m a g n itu d e  o f  t h e  NDR, | d V / d l | ,  i s  la r g e

e n o u g h . S o l l n e r  a r g u e s  t h a t  t h e  b i s t a b i l i t y  o b s e r v e d  b y

G oldm an i s  e x t r i n s i c .  S in c e  t h e  m a g n itu d e  o f  th e  NDR i s

r a t h e r  s m a l l ,  S o l l n e r  s u g g e s t s  t h a t  th e  o b s e r v e d  b i s t a b i l i t y

i s  p r o b a b ly  due t o  th e  d e v ic e  o s c i l l a t i n g  e v e n  th o u g h

Goldm an e t  a l .  p la c e d  a c a p a c i t o r  a c r o s s  t h e i r  d e v i c e .  He

c o n c lu d e s  t h a t  t o  o b s e r v e  i n t r i n s i c  b i s t a b i l i t y ,  Goldm an e t

a l .  s h o u ld  f a b r i c a t e  d e v ic e s  o f  s m a l le r  d ia m e t e r  t o  i n c r e a s e

t h e  d e v ic e  im p e d a n c e . T h is  s t u d y  was p e rfo rm e d  b y  H ughes e t

a l .  who o b s e r v e d  t h a t ,  b y  m o u n tin g  a c h ip  c a p a c i t o r  a s  c l o s e

t o  th e  sa m p le  a s  p o s s i b l e  t o  m in im is e  t h e  le n g t h  o f  th e

i n d u c t i v e  c o n n e c t in g  l e a d s ,  a sm ooth I - V  c u r v e  was o b t a in e d
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w it h  no b i s t a b l e  r e g io n s  an d  no o s c i l l a t i o n s  o b s e r v e d  

t h r o u g h o u t  t h e  NDR r e g io n  ( 3 2 ) .

T h e  a p p e a r a n c e  o f  o s c i l l a t i o n s  d o e s n o t  e x c lu d e  i n t r i n s i c  

b i s t a b i l i t y ,  o r  t h e  p o s s i b i l i t y  o f  o b s e r v in g  i t ,  p r o v id e d  

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

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

i n c o r p o r a t i n g  a S c h o t t k y - b a r r i e r  c a p a c i t o r  w i t h i n  t h e  d e v ic e  

( 3 3 ) .  T h en  an  e x t e r n a l  c a p a c i t o r  s h o u ld  e a s i l y  p r e v e n t  

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

b y  c o n n e c t in g  a s m a l l  r e s i s t a n c e ,  r ,  i n  p a r a l l e l  w it h  th e  

d e v ic e  b y  way o f  v e r y  s h o r t  c o n n e c t in g  le a d s  s u c h  t h a t  

r < | d V / d l | ,  a s  o b s e r v e d  b y  E a v e s  e t  a l .  ( 3 4 ) .  H o w ever, no 

b i s t a b i l i t y  was o b s e r v e d  s u p p o r t in g  S o l l n e r ' s  o b j e c t i o n s  

c o n c e r n in g  t h e  o b s e r v a t io n  o f  i n t r i n s i c  b i s t a b i l i t y  i n  

d o u b le  b a r r i e r  s t r u c t u r e s .

Th e a c c u m u la t io n  o f  s p a c e  c h a r g e  i n  th e  quantum  w e l l  o f  a

d o u b le  b a r r i e r  s t r u c t u r e  h a s  b e e n  c o n s id e r e d  b y  P a y n e  ( 2 3 )

an d  C a h a y  e t  a l .  ( 3 5 ) .  C a h a y  e t  a l .  u s e d  t h e  CTM w it h  a

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

c h a r g e  m o d if ie s  t h e  I - V  c h a r a c t e r i s t i c .  The r e g io n  o f  NDR i s

s h i f t e d  t o  a h ig h e r  v o lt a g e  and i s  a l s o  b ro a d e n e d  a lo n g  th e

v o lt a g e  a x i s .  I n  a d d i t i o n ,  t h e  p e a k  c u r r e n t  i s  r e d u c e d

l e a d in g  t o  a d e c r e a s e  i n  th e  p e a k  t o  v a l l e y  c u r r e n t  r a t i o ,

A / B .  T h e s e  m o d i f i c a t i o n s  a g r e e  w it h  t h o s e  o f  P a y n e , who u se d

t h e  STM, and c o n t r a s t  w it h  t h o s e  o f  R ic c o  and A z b e l ( 1 9 ) ,

who u s e d  th e  CTM w it h  a s i n g l e  i n c i d e n t  e l e c t r o n  e n e r g y .

R ic c o  an d  A z b e l s u g g e s t e d  t h a t  s p a c e  c h a r g e  e f f e c t s  w i l l

te n d  t o  e n h a n c e  th e  r e s o n a n t  c u r r e n t  l e a d in g  t o  a ru n aw ay

e f f e c t  w h ic h  c o u ld  r e s u l t  i n  t h e  breakdow n o f  t h e  t u n n e l
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b a r r i e r .  P a y n e  an d  C a h a y  e t  a l . ' s  m o d i f i c a t i o n s  o f  t h e  I - V  

c h a r a c t e r i s t i c  s u p p o r t  t h e  t h e o r y  t h a t  s p a c e  c h a r g e  d o e s  

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

s i n c e  th e  e x p e r im e n t a l  v a lu e s  o f  A / B ,  Vp an d  c a n  be  

b e t t e r  a c c o u n t e d  f o r .

1 . 7  M ag n e to -Q u an tu m  E f f e c t s

F u r t h e r  e v id e n c e  f o r  s p a c e  c h a r g e  b u i l d  up i n  t h e  quantum  

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

b e e n  o b t a in e d  e x p e r im e n t a l ly  b y  Goldm an e t  a l .  ( 3 6 )  and  

P a y l in g  e t  a l .  ( 3 7 , 3 8 ) .  G oldm an o b s e r v e d  o s c i l l a t i o n s  i n  th e  

c o n d u c t a n c e , ( d I / d V ) - V  c u r v e s  i n  t h e  p r e s e n c e  o f  a m a g n e t ic  

f i e l d ,  B , a p p l ie d  p e r p e n d ic u la r  t o  t h e  b a r r i e r s  o f  t h e  

s t r u c t u r e  ( z  d i r e c t i o n ) .  A l t e r n a t i v e l y ,  o s c i l l a t i o n s  a r e  

o b s e r v e d  i n  t h e  d l / d V - B  c u r v e s  a t  f i x e d  v o lt a g e s  ( S h u b n ik o v -  

de H a a s o s c i l l a t i o n s ) .  The f i e l d  q u a n t is e s  t h e  m o tio n  o f  th e  

e l e c t r o n s  i n  t h e  x , y  p la n e  g i v i n g  r i s e  t o  L a n d a u  l e v e l s .  The  

e l e c t r o n s  c a n  move f r e e l y  a lo n g  t h e  z d i r e c t i o n  i n  th e  

t h r e e -d im e n s io n a l  e m it t e r  b u t  t h e i r  m o tio n  i s  c o m p le t e ly  

q u a n t is e d  i n  t h e  t w o -d im e n s io n a l  w e l l .  The o s c i l l a t i o n s  a r e  

a r e s u l t  o f  t h e  m a g n e t ic  f i e l d  s p l i t t i n g  t h e  t w o -d im e n s io n a l  

s u b -b a n d s  i n  t h e  quantum  w e l l  i n t o  a la d d e r  o f  L a n d a u  

l e v e l s .  The d e n s i t y  o f  s t a t e s  th e n  p e a k s  a t  th e  a llo w e d  

e n e r g y  v a l u e s ,  E 0 +hwc ( n + § ) / 2 t i, a s  m e a su re d  fro m  t h e  b o tto m  

o f  t h e  w e l l ,  w here wc = e B /m * , n = 0 , l , 2 . . . .  and E 0  i s  th e  

e n e r g y  o f  t h e  s u b -b a n d  i n  t h e  w e l l .  F o r  a f ix e d  m a g n e t ic  

f i e l d ,  on i n c r e a s i n g  th e  a p p l i e d  v o l t a g e ,  V ,  r e s o n a n t  

t u n n e l l i n g  o c c u r s  when th e  e n e r g y  o f  th e  n=0 L a n d a u  l e v e l  i n  

t h e  w e l l  i s  e q u a l  to  th e  F e rm i e n e r g y , E f ,  i n  th e  e m i t t e r .  

As V i s  in c r e a s e d  f u r t h e r ,  th e  c u r r e n t  v a r i e s  s lo w ly  u n t i l
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t h e  n e x t  L a n d a u  l e v e l  c r o s s e s  E f .  T h is  p r o c e s s  c o n t in u e s  

u n t i l  t h e  n= 0  l e v e l  p a s s e s  t h e  b o tto m  o f  t h e  e m it t e r  

c o n d u c t io n  b a n d . F o r  h ig h e r  v o l t a g e s ,  d i r e c t  t u n n e l l i n g  i s  

no lo n g e r  p o s s i b l e  s i n c e  t h e  t r a n s v e r s e  momentum i s  no 

lo n g e r  c o n s e r v e d  ( i . e . ,  t h e  c o n s e r v a t io n  o f  L a n d a u  

n u m b e r ,n ,in  t h e  p r e s e n c e  o f  B ) .  From  f a n  d ia g r a m s  o f  t h e  

m axim a an d  m in im a  o f  t h e  o s c i l l a t i o n s ,  f o r  b o th  b i a s  

p o l a r i t i e s ,  t h e  e f f e c t i v e  m a s s , m *, o f  t h e  e l e c t r o n s  i n  th e  

w e l l  c a n  be e s t im a t e d .  G oldm an e t  a l .  o b t a in e d  a v a lu e  f o r  

m* w h ic h  was a f a c t o r  o f  2 s m a l le r  t h a n  e x p e c t e d . B y  

c o n s id e r in g  t h e  s p a c e -c h a r g e  f o r m a t io n  i n  t h e  e l e c t r o d e s  an d  

i n  t h e  w e l l ,  a  m o d el c a l c u l a t i o n  b y  G oldm an e t  a l .  o b t a in e d  

a v a lu e  f o r  m* i n  good a g re e m e n t w it h  e x p e r im e n t a l  r e s u l t s .

The most convincing evidence for space-charge accumulation
i n  t h e  w e l l  com es fro m  e x p e r im e n t s  p e rfo rm e d  b y  P a y l in g  e t

a l .  ( 3 7 , 3 8 ) .  W ith  a m a g n e t ic  f i e l d ,  B , a p p l i e d  p e r p e n d ic u la r

t o  t h e  b a r r i e r s ,  S h u b n ik o v -d e  H a a s (SdH) o s c i l l a t i o n s  i n  th e

t u n n e l  c u r r e n t  w ere o b t a in e d  u n d e r c o n s t a n t  v o lt a g e

conditions. Although the double barrier devices investigated
e x h i b i t  c u r r e n t  b i s t a b i l i t y  i n  t h e  NDR r e g io n ,  (SdH)

o s c i l l a t i o n s  w ere o b s e r v e d  o v e r  a lm o s t  a l l  o f  th e  v o lt a g e

ra n g e  o f  t h e  I - V  c h a r a c t e r i s t i c .  A t  low  a p p l i e d  b i a s ,  w here

t h e  t u n n e l  c u r r e n t  i s  n o n -r e s o n a n t , th e  S h u b n ik o v -d e  H a a s

o s c i l l a t i o n s  a r e  a s s o c i a t e d  w it h  L a n d a u  l e v e l s  p a s s in g

through the Fermi energy, Ef, of the emitter as the magnetic
f i e l d  i s  in c r e a s e d .  The fu n d a m e n ta l f i e l d ,  B f = l / [ a (  1 / B )  ]

where B is the magnetic field at the maxima, is then given
b y  B f = 2 n m * E f /h e . T h e s e  o s c i l l a t i o n s  a r e  t h r e e -d im e n s io n a l  i n

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

relative to the plane of the barriers. As the bias is
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in c r e a s e d  t o  n e a r  r e s o n a n c e , a new s e t  o f  o s c i l l a t i o n s  

d e v e lo p  w it h  t w o -d im e n s io n a l  c h a r a c t e r ,  w h ic h  a r e  a s s o c i a t e d  

w it h  t h e  r e s o n a n t  t u n n e l l i n g  o f  e l e c t r o n s  i n t o  t h e  f i r s t  

s u b -b a n d  o f  t h e  w e l l .  T h is  i s  s i m i l a r  t o  t h e  e f f e c t  o b s e r v e d  

b y  G oldm an e t  a l .  ( 3 6 ) .  The v a lu e  o f  B f  i n c r e a s e s  s t e a d i l y  

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

i t  e q u a ls  t h e  v e r y  low  b i a s  v a lu e  o f  B f .  B y c o n s id e r in g  

s p a c e  c h a r g e  b u i l d - u p  i n  t h e  w e l l  and u s in g  t h e  STM ( 3 9 ) ,  

t h i s  s e c o n d  s e r i e s  c a n  be q u a n t i t a t i v e l y  e x p la in e d  t h u s  

p r o v id in g  e v id e n c e  f o r  c h a r g e  b u i l d - u p  i n  t h e  w e l l  when 

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

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

b i s t a b i l i t y  b e yo n d  t h e  p e a k  a r e  a t t r i b u t e d  t o  e j e c t i o n  o f  

e l e c t r o n s  fro m  t h e  w e l l  ( 3 0 ) .  I n  th e  s e c o n d  r e g io n  o f  

b i s t a b i l i t y ,  t h e  d e v ic e  c a n  be b ia s e d  i n  t h e  h ig h  and low  

c u r r e n t  m o des. A t  t h i s  h ig h  a p p l ie d  b i a s ,  t h e  c o n d u c t io n  

b an d  edge i n  t h e  e m it t e r  i s  lo w e r e d , a s  i n  F i g . 1 . 9 ,  due to  

t h e  e l e c t r i c  f i e l d  i n  th e  a c c u m u la t io n  l a y e r .  T h is  le a d s  t o  

t w o -d im e n s io n a l  q u a n t i s a t i o n  o f  t h e  e l e c t r o n i c  s t a t e s  i n  th e  

e m it t e r  c l o s e  t o  t h e  b a r r i e r .  Th e lo w e s t  s u b -b a n d  i s  

r e s o lv e d  b u t  h ig h e r  l y i n g  s u b -b a n d s  o v e r la p  s t r o n g l y ,  m a in ly  

on a c c o u n t  o f  t h e  e n e r g y  b r o a d e n in g  p ro d u c e d  b y  t h e  i o n is e d  

d o n o r s  ( 3 0 ) .  T h e s e  s u b -b a n d s  a r e  n o t  r e s o lv e d  and c a n  be  

t r e a t e d  c o l l e c t i v e l y  a s  t h r e e -d im e n s io n a l  s t a t e s .  

O s c i l l a t i o n s  i n  t h e  low  c u r r e n t  mode o f  t h i s  b i s t a b l e  r e g io n  

a r e  a t t r i b u t e d  t o  t h e  L a n d a u  l e v e l  s t r u c t u r e  o f  th e  tw o - 

d im e n s io n a l  e l e c t r o n i c  s t a t e s  i n  t h e  a c c u m u la t io n  l a y e r  o f  

t h e  e m it t e r  an d  a r e  shown t o  h a v e  t w o -d im e n s io n a l  c h a r a c t e r .  

O s c i l l a t i o n s  o b s e r v e d  i n  th e  h ig h  c u r r e n t  mode a r e  a

27



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

w it h  a  h ig h  B f  s e r i e s  s u p e r im p o s e d . T h is  h ig h  B f  s e r i e s  i s  

th o u g h t  t o  be r e l a t e d  t o  L a n d a u  l e v e l s  o f  t h e  f i r s t  s u b -b a n d  

i n  t h e  w e l l .  O s c i l l a t i o n s  i n  t h e  low  c u r r e n t  mode h a v e  a  

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

Bf =N 2 D ^ / 2 e ,  t h a n  t h e  d o m in a n t o s c i l l a t o r y  s e r i e s  i n  t h e  h ig h  

c u r r e n t  m ode. T h is  i n d i c a t e s  t h a t  t h e  e m it t e r  r e g io n  

a d ja c e n t  t o  t h e  b a r r i e r  i s  l e s s  s t r o n g l y  a c c u m u la t e d  i n  th e  

h ig h  c u r r e n t  mode t h a n  i n  t h e  low  c u r r e n t  mode w h ic h  im p l ie s  

t h a t  t h e  b i s t a b i l i t y  i s  an  i n t r i n s i c  f e a t u r e  c a u s e d  b y  

s p a c e -c h a r g e  b u i l d  up i n  t h e  w e l l .  T h e s e  o b s e r v a t io n s  o f f e r  

s u p p o r t  t o  Goldm an e t  a l . ’ s  m o d el o f  c u r r e n t  b i s t a b i l i t y .

E v id e n c e  i s  a l s o  fo u n d  f o r  t h e  s e q u e n t i a l  t u n n e l l i n g  m odel

fro m  S h u b n ik o v -d e  H a a s o s c i l l a t i o n s  i n  t h e  p r e v i o u s l y

c o n s id e r e d  d e v ic e  ( 4 0 ) .  O s c i l l a t i o n s  a r e  c o n s id e r e d  i n  th e

v i c i n i t y  o f  t h e  v o lt a g e  r a n g e  c o r r e s p o n d in g  t o  t h e  se c o n d

r e s o n a n c e . T h i s  r e s o n a n c e  o c c u r s  when e l e c t r o n s  t u n n e l  i n t o

t h e  se c o n d  s u b -b a n d  o f  t h e  quantum  w e l l  fro m  t h e  bound tw o -

d im e n s io n a l  s t a t e  o f  t h e  a c c u m u la t io n  l a y e r  i n  th e  e m it t e r

c o n t a c t  c l o s e  t o  t h e  f i r s t  b a r r i e r .  A ro u n d  t h i s  r e s o n a n c e ,

two s e t s  o f  o s c i l l a t i o n s  a r e  se e n  w it h  s i g n i f i c a n t l y

d i f f e r e n t  v a lu e s  o f  B f .  Th e s m a l l e r  Bf s e r i e s ,  due t o  t h e

L a n d a u  l e v e l  s t r u c t u r e  o f  t h e  2DEG ( t w o -d im e n s io n a l

d e g e n e r a t e  e l e c t r o n  g a s )  i n  t h e  a c c u m u la t io n  l a y e r ,  f l a t t e n s

o f f  a s  th e  b i a s  i s  in c r e a s e d  t o  n e a r  r e s o n a n c e , i n d i c a t i n g

t h a t  an a p p r e c ia b le  d e n s i t y  o f  e l e c t r o n s  h a s  b u i l t  up i n  th e

w e l l .  The l a r g e r  Bf s e r i e s  c o r r e s p o n d s  t o  in t e r s u b -b a n d

s c a t t e r i n g  p r o c e s s e s  ( i m p u r i t i e s ,  e l e c t r o n - e l e c t r o n ,

l o n g i t u d i n a l  o p t i c  (LO) p h o n o n s) w h ic h  t r a n s f e r  e l e c t r o n s

from  t h e  s e c o n d  s u b -b a n d  i n t o  t h e  h ig h  n L a n d a u  s t a t e s
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a s s o c i a t e d  w it h  t h e  f i r s t  s u b -b a n d  w h ic h  o v e r la p  i n  e n e r g y  

t h e  s e c o n d  s u b -b a n d . T h i s  i n t e r p r e t a t i o n  o f  t h e  h ig h  B f  

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

s c a t t e r i n g ,  i . e . ,  t h e y  a r e  t u n n e l l i n g  s e q u e n t i a l l y .  I n  

a d d i t i o n ,  E a v e s  e t  a l .  ( 40)  c a n  e s t im a t e  t h e  e l e c t r o n  

d e n s i t y  i n  t h e  w e l l  a t  t h e  s e c o n d  r e s o n a n c e  p e a k . .From  t h i s  

e s t im a t e  and t h e  m e a su re d  v a lu e  o f  t h e  c u r r e n t  a t  t h e  p e a k ,  

t h e  mean t im e  t h a t  t h e  e l e c t r o n  sp e n d s i n  t h e  w e l l  i s  

c a l c u l a t e d  t o  be a p p r o x im a t e ly  50 p ic o s e c o n d s .  T h is  v a lu e  i s  

s i g n i f i c a n t l y  lo n g e r  t h a n  t h e  m e a su re d  mean t im e  f o r  

in t e r s u b -b a n d  s c a t t e r i n g  b y  LO phonon e m is s io n  ( 1 0

p ic o s e c o n d s )  i n  quantum  w e l l s  o f  s i m i l a r  w id t h s  ( 4 1 ) .  T h i s  

i m p l ie s  t h a t  m o st o f  t h e  e l e c t r o n s  i n  t h e  w e l l  w i l l  be i n  

t h e  lo w e r s u b -b a n d  o f f e r i n g  s u p p o r t  f o r  E a v e 's  e a r l i e r  

c o n c l u s i o n s .

1 . 8  T e m p e ra tu re  D ep en d en ce o f  R e s o n a n t  T u n n e l l in g

As m e n tio n e d  e a r l i e r ,  th e  im p ro v e m e n ts i n  t h e  sa m p le  q u a l i t y

o f  s e m ic o n d u c to r  h e t e r o s t r u c t u r e s  h a s  e x te n d e d  t h e

te m p e r a tu r e  ra n g e  f o r  o b s e r v a t io n  o f  NDR up t o  room

t e m p e r a t u r e  ( 1 5 , 1 8 )  and in c r e a s e d  t h e  o b s e r v e d  p e a k  t o

v a l l e y  c u r r e n t  r a t i o s  ( A / B ) .  The i n t r o d u c t i o n  o f  u ndoped

s p a c e r  l a y e r s  ( t y p i c a l l y  25 w id e ) e i t h e r  s i d e  o f  th e  d o u b le

b a r r i e r  r e g io n ,  h a s  a l s o  h e lp e d  t o  in c r e a s e  A /B  ( 3 5 , 4 2 ) .  Th e

s p a c e r  l a y e r s  s e p a r a t e  t h e  b a r r i e r s  from  t h e  h e a v i l y  do ped

c o n t a c t s  r e d u c in g  t h e  m ig r a t io n  o f  i m p u r i t i e s  fro m  t h e

c o n t a c t  r e g io n s  t o  t h e  r e s o n a n t  t u n n e l l i n g  r e g io n  t h u s

r e d u c in g  im p u r it y  s c a t t e r i n g  i n  t h e  b a r r i e r  and w e l l

regions. In addition, the presence of spacer layers
p ro n o u n c e s  t h e  upw ard s h i f t  o f  th e  CB p r o f i l e  i n  th e  u ndo ped

r e g io n  a d ja c e n t  t o  th e  b a r r i e r s ,  r e d u c in g  t h e  com ponent o f
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r e g io n  a d ja c e n t  t o  t h e  b a r r i e r s ,  r e d u c in g  t h e  com ponent o f  

t h e r m io n ic  e m is s io n  o v e r  t h e  to p  o f  t h e  b a r r i e r s .  T h is  

t h e r m io n ic  e m is s io n  com ponent o f  t h e  c u r r e n t  i s  h i g h l y  

te m p e r a t u r e  d e p e n d e n t an d  t h e r e f o r e  th e  r e s o n a n t  t u n n e l l i n g  

f e a t u r e  i s  a l s o .  T h i s  i s  b e c a u s e , a t  h ig h  t e m p e r a t u r e s , m ost  

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

t o  e n e r g ie s  n e a r  t o  th e  to p  o f  t h e  b a r r i e r .  Th e t u n n e l l i n g  

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

th e n  m asked b y  t h e  t h e r m io n ic  e m is s io n  o f  c a r r i e r s  o v e r  th e  

b a r r i e r ,  i . e . ,  a n o n -r e s o n a n t  c u r r e n t  co m p o n e n t. T h i s  i s  

r e f l e c t e d  i n  t h e  NDR b e in g  u s u a l l y  p r e s e n t  b u t  s m a l l  a t  room  

t e m p e r a t u r e . A /B  i n c r e a s e s  r a p i d l y  upon c o o l in g  down t o  7 7 K ,  

a s  i n  F i g . 1 . 1 0 .  A t t h e s e  low  t e m p e r a t u r e s , t h e  t h e r m io n ic  

e m is s io n  c u r r e n t  i s  g r e a t l y  r e d u c e d  an d  t h e  c u r r e n t  i s  

d o m in a te d  b y  t h e  t u n n e l l i n g  o f  e l e c t r o n s  i n t o  th e  s u b -b a n d s  

o f  th e  quantum  w e l l .

T h e t h e r m io n ic  e m is s io n  o f  e l e c t r o n s  a t  s i n g l e  b a r r i e r ,  

A l x G a i_ x A s /G a A s  s t r u c t u r e s  h a s  b e e n  s t u d ie d  e x t e n s i v e l y  b y  

Solom on e t  a l .  ( 4 3 )  and H a se  e t  a l .  ( 4 4 ) .  S z e  ( 4 5 )  c o n s id e r s  

t h e r m io n ic  e m is s io n  a t  a S c h o t t k y  b a r r i e r  an d  d e r iv e s  th e  

s t a n d a r d  f o r m u la  f o r  th e  c u r r e n t  d e n s i t y ,  J ,  th r o u g h  th e  

b a r r i e r ;

J / T 2  =  A *exp( eVb / k b T ) ............................. ( 1 . 1 3 )

w here T i s  t h e  t e m p e r a t u r e , Vb i s  t h e  b a r r i e r  h e ig h t  f o r

t h e r m io n ic  e m is s io n  and k b i s  th e  B o ltz m a n n  c o n s t a n t .  A* i s

t h e  R ic h a r d s o n  c o n s t a n t  an d  i s  g iv e n  b y  4nem*kb / h 3 ,

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

quantum  m e c h a n ic a l  r e f l e c t i o n s .  By p l o t t i n g  I n ( J / T 2 ) a g a i n s t

1 / T  i n  t h e  t h e r m io n ic  e m is s io n  re g im e  ( g e n e r a l l y  T > 1 2 0 K ) ,

th e  b a r r i e r  h e ig h t  f o r  t h e r m io n ic  e m is s io n  o f  e l e c t r o n s  c a n
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be d e t e r m in e d .

1 . 9  Band S t r u c t u r e  E f f e c t s

A t a t m o s p h e r ic  p r e s s u r e ,  A l x G a ^ _ x As i s  a  d i r e c t  gap  

s e m ic o n d u c t o r  f o r  x < 0 . 4 5 .  T h u s , f o r  a  m u l t i p l e  b a r r i e r  

A l x G a ^ _ x A s /G a A s  h e t e r o s t r u c t u r e  w it h  x < 0 . 4 5 ,  t h e  b a n d g a p s o f  

b o th  t y p e s  o f  l a y e r s  a r e  a t  t h e  same p o in t  o f  t h e  B r i l l o u i n  

z o n e , r ,  and t h e  m inim um  p o t e n t i a l  b a r r i e r  f o r  e l e c t r o n  

t u n n e l l i n g  i s  t h e  r ( G a A s ) - r ( A l x G a ^ -x A s ) c o n d u c t io n  b an d  

o f f s e t .  F o r  x > 0 . 4 5 ,  A l x G a ^ _ x As becom es an  i n d i r e c t  gap  

s e m ic o n d u c t o r , t h e  c o n d u c t io n  b an d  a t  X b e in g  lo w e r i n  

e n e r g y  t h a n  a t  r .  T h e r e f o r e ,  t h e  m inim um  p o t e n t i a l  b a r r i e r  

f o r  e l e c t r o n  t u n n e l l i n g  i s  t h e  r ( G a A s ) - X ( A l x G a ^ _ x A s)  

c o n d u c t io n  b an d  o f f s e t .  A t h i r d  b a r r i e r  o f  c o m p a ra b le  h e ig h t  

a r i s e s  fro m  t h e  r ( G a A s ) - L ( A l x G a i_ x A s) c o n d u c t io n  b an d  o f f s e t  

( 4 6 ) .  F i g . 1 . 1 1  show s t h e  b an d  s t r u c t u r e  d ia g r a m s  o f  GaAs an d  

A l A s .

When considering vertical transport through AlxGai_xAs/GaAs
m u l t i p l e  b a r r i e r  h e t e r o s t r u c t u r e s ,  i t  i s  im p o r t a n t  t o  know

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

an d  w h e th e r o r  n o t  t h e  t u n n e l l i n g  i s  an  i n d i r e c t  o r  d i r e c t

process. Direct tunnelling conserves transverse
( p e r p e n d ic u la r  t o  t h e  t u n n e l l i n g  d i r e c t i o n )  momentum an d

g e n e r a l l y  o c c u r s  b etw een  t h e  same c o n d u c t io n  b an d  e x tre m a  o f

G aAs an d  A l x G a ^ _ x A s , f o r  e x a m p le , t u n n e l l i n g  v i a  t h e

r ( G a A s ) - r ( A l x G a i_ x A s) b a r r i e r  i n  t h e  [ 1 0 0 ]  d i r e c t i o n .

Indirect tunnelling does not conserve transverse momentum
and r e q u i r e s  i n e l a s t i c  s c a t t e r i n g  w it h  i m p u r i t i e s ,  p h o n o n s,

i n t e r f a c e  r o u g h n e s s , e t c .  T h is  i s  th e  c a s e  f o r  t u n n e l l i n g

v i a  t h e  L  m in im a , r - L  b a r r i e r s ,  an d  v i a  t h e  X m in im a  i n  t h e
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[ 0 1 0 ]  a n d  [ 0 0 1 ]  d i r e c t i o n s  w it h  a  r -X  b a r r i e r .  H o w e ve r, 

t u n n e l l i n g  i n v o l v i n g  t h e  X m in im a  a t  [ 1 0 0 ]  c a n  o c c u r  a s  a 

d i r e c t  p r o c e s s  w it h  a  r -X  b a r r i e r .  From  t h e  e x p r e s s io n  f o r  

t h e  t r a n s m is s io n  p r o b a b i l i t y  o f  a  s i n g l e  b a r r i e r ,  e q n . 1 . 1 2 , 

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

e f f e c t i v e  m ass and b a r r i e r  h e ig h t  o f  e a c h  p a t h .

F o r  x < 0 . 4 5 ,  t h e  e f f e c t i v e  m ass o f  t h e  r  c o n d u c t io n  b an d  

m inim um , m * ( D ,  i s  t h e  l i g h t e s t  an d  th e  r - r  b an d  o f f s e t  i s  

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

t o  be d i r e c t  and t o  p r o c e e d  a lm o s t  e x c l u s i v e l y  t h r o u g h  th e  

r - r  b a r r i e r .  From  t u n n e l l i n g  an d  t h e r m io n ic  e m is s io n  

m e a su re m e n ts on s i n g l e  b a r r i e r  s t r u c t u r e s  ( 4 3 , 5 1 , 5 2 )  and  

r e s o n a n t  t u n n e l l i n g  m e a su re m e n ts on d o u b le  b a r r i e r  

s t r u c t u r e s  ( 4 9 ) ,  a l l  f o r  x < 0 . 4 5 ,  t h i s  i s  t h e  common 

c o n s e n s u s . F o r  x > 0 . 4 5 ,  t h e r e  a r e  a  num ber o f  p o s s i b l e  

t u n n e l l i n g  m e c h a n is m s. The p o s s i b l e  p a t h s  a r e  r ( G a A s ) -  

r ( A l x G a ^ _ x A s) c h a r a c t e r i s e d  b y  a l a r g e  b a r r i e r  h e ig h t  and  

l i g h t  e f f e c t i v e  m a s s , T ( G a A s ) -X ( A l x G a i_ x A s) c h a r a c t e r i s e d  b y  

a s m a l l  b a r r i e r  h e ig h t  an d  e i t h e r  a l i g h t  e f f e c t i v e  m ass i n  

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

m ass f o r  a d i r e c t  p r o c e s s .  T u n n e l l in g  v i a  t h e  T ( G a A s ) -  

L ( A l x G a ^ _ x A s ) b a r r i e r  i s  r u le d  o u t  s i n c e  i n d i r e c t  

t u n n e l l i n g  r e q u i r e s  i n e l a s t i c  s c a t t e r i n g  e v e n t s ,  th e  

e f f e c t i v e  m ass o f  t h e  L  c o n d u c t io n  band minimum i s  

a p p r o x im a t e ly  t w ic e  t h a t  o f  th e  r  c o n d u c t io n  b an d  m inim um , 

( 4 6 ) ,  an d  t h e  r - L  b a r r i e r  i s  n o t  t h e  minimum p o t e n t i a l  

b a r r i e r .  From  s t u d i e s  o f  t u n n e l l i n g  and t h e r m io n ic  e m is s io n  

a t  a  s i n g l e  A l x G a ^ _ x A s /G a A s  b a r r i e r ,  Solom on e t  a l .  ( 43)  

h a v e  shown t h a t  f o r  l a r g e  x ,  c l o s e  t o  u n i t y ,  th e  r -X  b a r r i e r
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w it h  phonon a s s i s t e d  t u n n e l l i n g  c a n  e x p l a i n  t h e i r  r e s u l t s .  

B y c o m p a rin g  t h e  o b s e r v e d  p h o t o c o n d u c t iv it y  s p e c tr u m  o f  a 

m u l t i - b a r r i e r ,  G a A s /A lA s  s t r u c t u r e  ( 4 7 )  t o  a  t r a n s f e r  m a t r ix  

m o d e l o f  t h e  q u a s i -b o u n d  s t a t e s ,  S in g le t o n  e t  a l .  c o n c lu d e  

t h a t  t h e  e l e c t r o n i c  s t r u c t u r e  o f  t h e  d e v ic e  i s  d e s c r ib e d  b y  

r-X b a r r i e r s  an d  a f i t t e d  m ass o f  0 . 1 1 m * ,  w h ic h  i s  

a p p r o x im a t e ly  h a l f  t h e  m ass v a lu e  a s s o c i a t e d  w it h  t h e  r-X 
i n d i r e c t  t u n n e l l i n g  p r o c e s s .  O th e r  s i n g l e  b a r r i e r  t u n n e l l i n g  

m e a su re m e n ts , f o r  x > 0 . 4 5 ,  h a v e  a l s o  b e en  e x p la in e d  b y  a  r-X 
p r o c e s s  ( 4 4 , 4 8 ) .  I n  a more r e c e n t  p a p e r  b y  B o n n e f o i e t  a l .  

( 49)  on NDR i n  d o u b le  b a r r i e r  G a A s /A lA s  s t r u c t u r e s ,  t h e  NDR 

f e a t u r e s  a p p e a r  t o  d ep en d  s o l e l y  on th e  r-r b a r r i e r  i n  some 

c a s e s ,  t h e  r-X, d i r e c t  b a r r i e r  i n  o t h e r  c a s e s  an d  so m e tim es  

on a m ix t u r e  o f  t h e  tw o , d e p e n d in g  on w e l l  an d  b a r r i e r  

d im e n s io n s .  H o w e ve r, T s u c h iy a  e t  a l .  ( 5 0 )  h a v e  s t u d ie d  

r e s o n a n t  t u n n e l l i n g  i n  d o u b le  b a r r i e r  s t r u c t u r e s  a s  a 

f u n c t i o n  o f  x  f o r  f i x e d  w e l l  an d  b a r r i e r  d im e n s io n s ,  and  

c o n c lu d e  t h a t  t h e i r  r e s u l t s  i n d i c a t e  t h a t  e le c t r o n  

t u n n e l l i n g  i s  d o m in a te d  b y  a r-r b a r r i e r  o v e r  t h e  w h o le  x -  

r a n g e  e v e n  when t h e  r-X b a r r i e r  i s  lo w e r i n  e n e r g y  

( 0 . 4 5 < x < l ) .  T h e r e f o r e ,  f o r  x > 0 . 4 5 ,  i t  i s  s t i l l  u n c l e a r  a s  to  

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

e l e c t r o n s .

From  t u n n e l l i n g  e x p e r im e n t s  on d o u b le  b a r r i e r  A l x Ga^_  

x A s \G a A s  h e t e r o s t r u c t u r e s ,  t h e  t w o -d im e n s io n a l  s u b -b a n d s  i n  

t h e  quantum  w e l l  a r e  th o u g h t  t o  be c o n s i s t e n t  w it h  a  

p o t e n t i a l  c o n f i g u r a t i o n  d e f in e d  e x c l u s i v e l y  b y  t h e  X  minimum  

( 5 3 , 5 4 )  o v e r  t h e  w h o le  x -r a n g e .  T h i s  i s  i n  a g re e m e n t w it h  

t h e  p h o t o lu m in e s c e n c e  m e a su re m e n ts o f  W e in s t e in  e t  a l .  ( 5 5 )  

an d  W o lfo rd  e t  a l .  ( 6 ) on A l x G a ^ _ x A s /G a A s  q uantum  w e l ls  and



s u p e r l a t t i c e s  f o r  a  ra n g e  o f  x - v a l u e s  a s  a  f u n c t i o n  o f  

p r e s s u r e .  T h i s  t h e o r y ,  h o w e v e r, c o n f l i c t s  w it h  t h e  l a t e s t  

e le c t r o lu m in e s c e n c e  d a t a  o f  P h i l l i p s  e t  a l .  w h ic h  i s  

c o n s i s t e n t  w it h  t h e  c o n f in e m e n t  o f  quantum  w e l l  s t a t e s  

b e tw ee n  A lA s  b a r r i e r s  b e in g  d e t e r m in e d  b y  a  r - X  p o t e n t i a l  

p r o f i l e  ( 5 6 ) .  M endez e t  a l .  ( 5 7 )  h a v e  shown t h a t  t h e  I - V  

c h a r a c t e r i s t i c s  o f  A l x G a ^ _ x A s /G a A s  d o u b le  b a r r i e r  s t r u c t u r e s  

w it h  x < 0 . 4 5  show , i n  a d d i t i o n  t o  r e s o n a n t  t u n n e l l i n g  v i a  

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

e n e r g ie s  h ig h e r  t h a n  t h e  r-r b a r r i e r  h e ig h t .  T h e s e  f e a t u r e s  

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

s t a t e s  i n  A l x Ga]__x As a t  t h e  X - p o i n t  o f  t h e  B r i l l o u i n  zo n e  

s i n c e  e f f e c t i v e  m ass c a l c u l a t i o n s  f o r  t h e  t r a n s m is s io n  

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

o b s e r v e d  s t r u c t u r e .

T h e  t u n n e l l i n g  o f  e l e c t r o n s  th r o u g h  A l x G a i_ x A s /G a A s  m u l t i p l e  

b a r r i e r  s t r u c t u r e s  h a s  b een  t h e o r e t i c a l l y  a n a ly s e d  u s in g  t h e  

o n e -b a n d  m o d el o f  e f f e c t i v e - m a s s  t h e o r y  c o u p le d  w it h  t h e  

W e n ze l K ra m e rs  B r i l l o u i n  (WKB) a p p r o x im a t io n . F o r  x < 0 . 4 5 ,  

a c c u r a t e  e s t im a t e s  a r e  o b t a in e d  f o r  th e  t u n n e l  c u r r e n t  u s in g  

t h i s  m odel b y  e q u a t in g  th e  t u n n e l l i n g  e f f e c t i v e  m ass to  t h a t  

o f  t h e  r -c o n d u c t i o n  b an d  m inim um , e . g . ,  H ic k m o tt  e t  a l .  ( 5 2 )  

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

o f  a  s i n g l e  b a r r i e r  G a A s /A lG a A s /G a A s  s t r u c t u r e ,  x < 0 . 4 5 .  

E a v e s  e t  a l .  a l s o  u se  t h i s  a p p r o a c h  when c o n s id e r in g  t h e  

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

b a r r i e r  G a A s /A lG a A s  t u n n e l l i n g  s t r u c t u r e  i n  t h e  d i r e c t ,  r-r 
re g im e  ( 5 1 ) .  Th e c u r r e n t  d e c r e a s e s  w it h  p r e s s u r e  ow ing t o  an  

i n c r e a s e  i n  m*(r). The p r e s s u r e  d e p e n d e n ce  i s  a c c u r a t e l y
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d e s c r ib e d  b y  t h e  e f f e c t i v e  m ass/W KB m odel up t o  lO K b a r . A t  

h ig h e r  p r e s s u r e s ,  t h e  o b s e r v e d  breakdow n o f  t h e  m o d el 

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

w it h  t h e  h ig h e r  X c o n d u c t io n  b a n d  m in im a . T h e a p p l i c a t i o n  o f  

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

s t u d y in g  b an d  s t r u c t u r e  e f f e c t s  on t u n n e l l i n g  s i n c e ,  i n  

a d d i t i o n  t o  i n c r e a s i n g  t h e  d i r e c t  e n e r g y  g ap  an d  h e n c e  t h e  

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

s e p a r a t io n  o f  t h e  r-X c o n d u c t io n  b an d  m in im a  i n  GaAs and

A l x G a ^ _ x A s , r e s p e c t i v e l y .  F o r  x > 0 . 4 5  and h e t e r o s t r u c t u r e s  

w it h  x < 0 . 4 5  u n d e r  h ig h  p r e s s u r e ,  more p r e c i s e  m o d e ls  o f

t u n n e l l i n g  t h r o u g h  s e m ic o n d u c t in g  b a r r i e r s  m u st t a k e  i n t o

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

t h e  e v a n e s c e n t  w aves a s s o c i a t e d  w it h  h ig h e r  i n d i r e c t

c o n d u c t io n  b a n d  m in im a n e a r  t h e  L  and X p o i n t s  o f  t h e  

B r i l l o u i n  z o n e . F o r  x < 0 . 4 5 ,  t h e y  d e c a y  f a s t e r  t h a n  t h o s e  

a s s o c i a t e d  w it h  t h e  r -m in im u m  an d  a r e  h e n c e  m ore im p o r t a n t  

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

c u r r e n t s  m u st now in c lu d e  r ,  X an d  L  s t a t e s .

Cade h a s  shown t h a t  f o r  a  G a A s /A lA s  s y s t e m , t h e  X and r
barrier states in the AlAs give comparable decay lengths in
t h e  A lA s  w it h  t h e  lo w e r b an d  o f f s e t  o f  t h e  X v a l l e y  b e in g

co m p e n sa te d  f o r  b y  t h e  h ig h e r  m ass o f  t h e s e  s t a t e s  ( 5 8 ) .

T h u s  X an d  r  s t a t e s  a r e  e x p e c t e d  t o  g iv e  c o m p a ra b le

c o n t r i b u t i o n s  t o  t h e  t u n n e l l i n g  c u r r e n t ,  i n  a g re e m e n t w it h

M arsh  e t  a l .  ( 5 9 , 6 0 ) .  From  t h e  e x p r e s s io n  f o r  th e  d e c a y

c o n s t a n t ,  p ag e  1 7 ,  and u s in g  l i t e r a t u r e  v a lu e s  f o r  t h e  b an d

o f f s e t s  and e f f e c t i v e  m a sse s ( 4 6 ) ,  th e  d e c a y  le n g t h s  c a n  be

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

3 ,  p ag e  9 2 . F o r  A lA s  b a r r i e r s ,  t h e  d i r e c t  r - c o n t r i b u t i o n  t o
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t h e  t u n n e l l i n g  c u r r e n t  h a s  a  s l i g h t l y  s h o r t e r  d e c a y  le n g t h  

i n  t h e  b a r r i e r s  t h a n  t h e  n o n -c o n s e r v in g  t r a n s v e r s e  momentum 

( i n d i r e c t )  r - X  c o n t r i b u t i o n ,  an d  p o s s i b l y  s h o r t e r  t h a n  t h e  

t r a n s v e r s e  momentum c o n s e r v in g  ( d i r e c t )  r - X  c o n t r i b u t i o n .  

T h e r e f o r e ,  f o r  t h i c k e r  A lA s  b a r r i e r s ,  t h e  t r a n s m is s io n  o f  

e a c h  b a r r i e r  may be more s t r o n g l y  X - l i k e .  C o n v e r s e ly ,  f o r  

x < 0 . 4 5 ,  t h e  r-r p r o c e s s  h a s  a  s l i g h t l y  lo n g e r  d e c a y  le n g t h  

t h a n  t h e  r - X  p r o c e s s  so  t h e  t r a n s m is s io n  o f  t h in n e r  b a r r i e r s  

may be more s t r o n g l y  X - l i k e .

1 . 1 0  A p p l i c a t i o n s  o f  R e s o n a n t  T u n n e l l in g  D e v ic e s  

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

b a r r i e r  s t r u c t u r e s  h a s  a t t r a c t e d  r e v iv e d  i n t e r e s t  s i n c e  NDR 

c h a r a c t e r i s t i c s  h a v e  b e e n  s u b s t a n t i a l l y  im p ro v e d  ( la r g e  

A / B ' s )  p e r m it t in g  t h e i r  p r a c t i c a l  a p p l i c a t i o n  i n ,  f o r

e x a m p le , t h e  d e t e c t i o n  an d  g e n e r a t io n  o f  e x t r e m e ly  h ig h  

f r e q u e n c y  e le c t r o m a g n e t ic  w aves an d  i n  t h e  i n v e s t i g a t i o n  o f  

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

s e m ic o n d u c t o r s .

S ch e w ch u ck  e t  a l .  ( 6 1 )  h a v e  d e m o n s tra te d  how a A l x Ga^_

x A s /G a A s  d o u b le  b a r r i e r  d e v ic e  c a n  be u s e d  a s  a m icro w a v e

o s c i l l a t o r .  S o l l n e r  e t  a l .  ( 1 3 )  h a v e  shown t h a t  t h e y  a r e

p r o m is in g  a s  a  s o u r c e  o f  h ig h  f r e q u e n c ie s  a t  low  pow er ( 2 2 )

an d  a s  s e l f - o s c i l l a t i n g  m ix e r s  s i n c e  t h e y  h a v e  d e m o n s tra te d

t h e  a b i l i t y  t o  m ix  a t  s u b m il l im e t e r  w a v e le n g t h s  ( 1 3 ) .

S e v e r a l  t h r e e  t e r m in a l  t r a n s i s t o r  d e v ic e s  h a v e  b e en

d e v e lo p e d  r e c e n t l y  w h ic h  r e l y  on c a r r i e r s  t u n n e l l i n g  th r o u g h

t h e  b a r r i e r s  o f  A l x G a ^ _ x A s /G a A s  h e t e r o s t r u c t u r e s .  F o r

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

( 6 2 ) .  I n  t h i s  d e v ic e  e l e c t r o n s  a r e  i n j e c t e d  th r o u g h  a
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b a r r i e r  i n t o  a v e r y  s h o r t  b a s e  r e g io n .  The b a r r i e r  a c t s  a s  a  

c u r r e n t  l i m i t t e r  and a l lo w s  t h e  i n j e c t i o n  o f  f a s t ,  h o t  

e l e c t r o n s  i n t o  t h e  n a rro w  b a s e .  T h e s e  f e a t u r e s  co m b in e  to  

make t h e  d e v ic e  p o t e n t i a l l y  v e r y  f a s t .  T h e S t a r k  e f f e c t  

t r a n s i s t o r  ( 6 3 )  r e l i e s  on t h e  r e s o n a n t  t u n n e l l i n g  o f  

e l e c t r o n s  f o r  o p e r a t io n .  T h e  a p p l i c a t i o n  o f  a  v o lt a g e  t o  t h e  

b a s e  r e g io n  c a n  d r a g  t h e  d e v ic e  o f f  r e s o n a n c e  w it h  a q u a s i ­

bound s t a t e  o f  a n a rro w  ( 1 0 0 A) quantum  w e l l  w h ic h  fo rm s t h e  

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

w it h  a s m a l l  b a s e  c u r r e n t  w h ic h  im p l ie s  h ig h  s p e e d . A l s o ,  

h e t e r o j u n c t i o n  b i p o l a r  t r a n s i s t o r s ,  w it h  a quantum  w e l l  and  

s y m m e tric  d o u b le  b a r r i e r  ( o r  a  s u p e r l a t t i c e )  in c o r p o r a t e d  

i n t o  t h e  b a s e  r e g io n ,  h a v e  c o n s id e r a b le  p o t e n t i a l  f o r  a  

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

a p p l i c a t i o n s  ( 2 1 ) .  R e s o n a n t  t u n n e l l i n g  t r a n s i s t o r s ,  whose  

m a in  f e a t u r e  i s  t h a t  t h e r e  a r e  p e a k s  an d  v a l l e y s  i n  th e  

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

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

b a r r i e r  s t r u c t u r e  i n  th e  b a s e ,  a r e  now o f  p r a c t i c a l  u se  

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

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

I n  o r d e r  t o  e f f e c t i v e l y  a p p ly  t u n n e l l i n g  t r a n s p o r t  t o  new 

d e v ic e s  a  l a r g e  p e a k  to  v a l l e y  c u r r e n t  r a t i o  i s  e s s e n t i a l  

an d  minimum p a r a s i t i c  r e s i s t a n c e s  an d  c a p a c it a n c e s  (w h ic h  

i n h i b i t  t h e  sp e e d  o f  t h e  d e v i c e ) .  Im p ro v e m e n ts i n  I - V  

c h a r a c t e r i s t i c s ,  h o w e v e r, h a v e  b e e n  a c h ie v e d  m a in ly  a t  low  

t e m p e r a t u r e s  s i n c e  n o n -r e s o n a n t  c u r r e n t  co m p o n en ts te n d  t o  

d o m in a te  t h e  I - V  c h a r a c t e r i s t i c s  a t  h ig h e r  t e m p e r a t u r e s .  

T h e r e f o r e ,  i t  i s  im p o r t a n t  t o  s u p p r e s s  n o n -r e s o n a n t
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c o m p o n e n ts , f o r  e x a m p le , m in im is e  s t r u c t u r a l  in h o m o g e n e it ie s  

s u c h  a s  i n t e r f a c e  r o u g h n e s s  an d  i m p u r i t i e s ,  and o p t im is e  

s t r u c t u r a l  p a r a m e t e r s  s u c h  a s  w e l l  w id t h ,  b a r r i e r  w id t h s  an d  

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

1 . 1 1  Summary

I n  sum m ary, r e s o n a n t  t u n n e l l i n g  o f  e l e c t r o n s  i n  m u l t i p l e  

b a r r i e r  h e t e r o s t r u c t u r e s  was f i r s t  d e m o n s tra te d  i n  19 7 4  ( 1 1 )  

an d  i s  one o f  t h e  m o st i n t e r e s t i n g  q uantum  m e c h a n ic a l  

phenom ena i n  u l t r a  t h i n  h e t e r o s t r u c t u r e s .  R e s o n a n t  

t u n n e l l i n g  o f  c a r r i e r s  o c c u r s  when two b a r r i e r s  i n  t h e  

c o n d u c t io n  ( o r  v a le n c e )  b an d  p r o f i l e  w it h  t r a n s m is s io n  

c o e f f i c i e n t s  an d  T r , w h ic h  a r e  b o th  a  f u n c t io n  o f  

i n c i d e n t  c a r r i e r  e n e r g y , g iv e  r i s e  t o  q u a s i -b o u n d  s t a t e s  i n  

t h e  p o t e n t i a l  w e l l  fo rm ed  b e tw ee n  t h e  b a r r i e r s .  R ic c o  and  

A z b e l show i n  t h e i r  c o h e r e n t  t u n n e l l i n g  m o d el (CTM) t h a t ,  a s  

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

e l e c t r i c  f i e l d  a c r o s s  t h e  s t r u c t u r e  i s  in c r e a s e d  from  z e r o ,  

c a r r i e r s  o u t s id e  t h e  f i r s t  b a r r i e r  r e a c h  t h e  same e n e r g y  a s  

t h e  q u a s i -b o u n d  s t a t e  i n  t h e  w e l l  and a maximum o c c u r s  i n  

t h e  t r a n s m is s io n  o f  t h e  w h o le  s t r u c t u r e ,  T r e s . A t h ig h e r  

i n c i d e n t  c a r r i e r  e n e r g y  ( o r  e l e c t r i c  f i e l d ) ,  th e  

t r a n s m is s io n  o f  t h e  w h o le  s t r u c t u r e  f a l l s  an d  p a s s e s  th r o u g h  

a minimum v a l u e ,  T o f f r e s *  I f  th e  r e s o n a n c e  i s  f u l l y  

c o h e r e n t ,  i . e . ,  r^« re , w here re i s  th e  t o t a l  e l a s t i c  w id t h  

o f  t h e  q u a s i -b o u n d  s t a t e  an d  i s  th e  t o t a l  i n e l a s t i c  w id t h  

o f  t h e  s c a t t e r i n g  s o u r c e ,  t h e  f o l lo w in g  e q u a t io n s  may be  

u s e d  t o  e s t im a t e  th e  maximum t r a n s m is s io n  an d  th e  s i z e  o f  

t h e  r e s o n a n c e  ( 1 9 ) ,

max 2

(1 .8 )
(1.6)

38



T h e  CTM w it h  a s i n g l e  i n c i d e n t  p a r t i c l e  e n e r g y  p r e d i c t s  

e x t r e m e ly  l a r g e  p e a k  t o  v a l l e y  c u r r e n t  r a t i o s  ( A / B )  s i n c e  

t h e  t r a n s m is s io n  c o e f f i c i e n t  i s  e q u a l  t o  u n i t y  a t  t h e  

r e s o n a n t  e n e r g y  f o r  a  s y m m e tric  d o u b le  b a r r i e r  s t r u c t u r e .  

T h e o r e t i c a l  and e x p e r im e n t a l  w ork show t h a t  r e s o n a n t  

t u n n e l l i n g  i s  m ore a c c u r a t e l y  d e s c r ib e d  b y  L u r y i ' s  

s e q u e n t i a l  t u n n e l l i n g  m o d el ( STM) ,  f o r  e x a m p le , s m a l l e r  

A / B ' s  a r e  p r e d ic t e d  i n  a g re e m e n t w it h  e x p e r im e n t a l  f i n d i n g s .  

I n  t h i s  m o d e l, e l e c t r o n s  t u n n e l  fro m  t h e  e m it t e r  e le c t r o d e  

t o  t h e  r e s o n a n t  s t a t e  i n  t h e  w e l l  an d  th e n  fro m  t h i s  

r e s o n a n t  s t a t e  t o  t h e  c o l l e c t o r  e l e c t r o d e .  H o w e ve r, P a y n e  

p o in t s  o u t  ( 2 3 )  t h a t  t h e  CTM m u st be u s e d  w it h  a r a n g e  o f  

i n c i d e n t  p a r t i c l e  e n e r g ie s  t o  d e s c r ib e  r e s o n a n t  t u n n e l l i n g  

d e v ic e s  s i n c e  r e a l  d e v ic e s  do n o t  o p e r a t e  w it h  a s i n g l e  

m o n o -e n e r g e t ic  e l e c t r o n .  T h en  t h e  two m o d e ls  a r e  fo u n d  t o  be  

e q u i v a l e n t .

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

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

s t r o n g  f u n c t i o n  o f  t e m p e r a t u r e  s i n c e  t h e r e  i s  a c o m p e t it io n

b etw een  t u n n e l l i n g th r o u g h t h e b a r r i e r and t h e r m io n ic

e m is s io n  o v e r  th e to p  o f th e b a r r i e r . The t h e r m io n ic

e m is s io n  c u r r e n t  d o m in a te s  n e a r  room t e m p e r a t u r e  and v a r i e s  

a s

J / T 2  =  A * e x p (e V b / k T ) .................................. ( 1 . 1 1 )

w here J  i s  t h e  c u r r e n t  d e n s i t y ,  A* i s  t h e  R ic h a r d s o n  

c o n s t a n t  an d  V b i s  t h e  b a r r i e r  h e ig h t .  From  m e a su re m e n ts  

n e a r  room t e m p e r a t u r e  i t  i s  p o s s i b l e  t o  d e d u ce  th e  b a r r i e r  

h e i g h t .

R e s o n a n t  t u n n e l l i n g  d e v ic e s  e x h i b i t  a v a r i e t y  o f  i n t r i g u i n g
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p r o p e r t i e s  w h ic h  h a v e  s t im u la t e d  much t h e o r e t i c a l  i n t e r e s t  

( 1 9 , 2 0 , 2 3 , 2 4 ) .  T h e s e  p r o p e r t i e s  i n c l u d e s  n e g a t iv e  

d i f f e r e n t i a l  r e s i s t a n c e ,  h ig h  f r e q u e n c y  o s c i l l a t i o n s ,  b an d  

s t r u c t u r e  e f f e c t s ,  c u r r e n t  b i s t a b i l i t y  an d  m a g n e to -q u a n tu m  

o s c i l l a t i o n s .  The b e t t e r  q u a l i t y  o f  s e m ic o n d u c to r  m a t e r i a l  

grow n . b y  MBE and MOCVD an d  t h e  o p t i m is a t io n  o f  s t r u c t u r a l  

p a r a m e t e r s ,  h a s  l e d  t o  a renew ed i n t e r e s t  i n  r e s o n a n t  

t u n n e l l i n g  d e v ic e s  s i n c e  NDR c h a r a c t e r i s t i c s  h a v e  im p ro v e d  

p e r m it t in g  g r e a t e r  p r a c t i c a l  a p p l i c a t i o n s .
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1 . 3 0 .  V .J .G o ld m a n , D . C . T s u i ,  J . E . C u n n in g h a m , P h y s . R e v . L e t t . 

5 8 , 1 2 5 6  ( 1 9 8 7 )

1 . 3 1 .  T . C . L . G . S o l l n e r ,  P h y s  .R e v .  L e t t .  5S5, 1 6 2 2  ( 1 9 8 7 )

1 . 3 2 .  O .H .H u g h e s , M .H e n in i,  E . S . A l v e s ,  L . E a v e s ,

M .L .L e a d b e a t e r , T . J . F o s t e r ,  F . W . S h e a r d ,  G .A .T o o m b s ,

A . C e l e s t e ,  J . C . P o r t a l ,  i n  p r e s s  ( 1 9 8 8 )

1 . 3 3 .  V .J .G o ld m a n , D . C . T s u i ,  P h y s . R e v . L e t t . _59, 1 6 2 3  ( 1 9 8 7 )

1 . 3 4 .  L . E a v e s ,  E . S . A l v e s ,  T . J . F o s t e r ,  M .H e n in i ,  O .H .H u g h e s ,  

M. J . L e a d b e a t e r , F . W . S h e a r d ,  G . A . T o o m b s ,  K .C h a n , A . C e l e s t e ,  

J . C . P o r t a l ,  G . H i l l ,  M . A . P a t e ,  F i f t h  I n t . W i n t e r s c h o o l  on New 

D e v e lo p m e n ts  i n  S o l . S t . P h y s . , P h y s .T e c h .S u b m ic r o n  S t r . , 

F e b . 2 2 - 2 6  ( 1 9 8 8 )

1 . 3 5 .  M .C a h a y , M .M cLen n an , S . D a l t a ,  M .S .L u n d s t r o m ,

A p p l . P h y s . L e t t .  5 £ ,  6 1 2  ( 1 9 8 7 )
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1 . 3 6 .  V .J .G o ld m a n , D . C . T s u i ,  J .E .C u n n in g h a m , P h y s .R e v .B  3 5 , 

93 8 7  ( 1 9 8 7 )

1 . 3 7 .  C . A . P a y l i n g ,  E . A l v e s ,  L . E a v e s ,  T . J . F o s t e r ,  M .H e n in i,

O .H .H u g h e s , P .E .S im m o n d s , J . C . P o r t a l ,  G . H i l l ,  M . A . P a t e ,  

P r o c . 3 r d  I n t . C o n f .  on M o d u la te d  S e m ic o n d u c to r  S t r u c t u r e s ,  

M o n t p e l l i e r ,  F r a n c e  19 8 7

1 . 3 8 .  C . A . P a y l i n g ,  E . S . A l v e s ,  L . E a v e s ,  T . J . F o s t e r ,  M .H e n in i,

O .H .H u g h e s , P .E .S im m o n d s , F . W . S h e a r d ,  G .A .T o o m b s ,

J .  C . P o r t a l ,  S u r f . S c i .  1 9 6 ,  404 ( 1 9 8 8 )

1 . 3 9 .  F .W .S h e a r d s ,  G .A .T o o m b s , A p p l . P h y s . L e t t .  5 2 ,  1 2 2 8

( 1 9 8 8 )

1 . 4 0 .  L . E a v e s ,  G . A . T o o m b s ,  F .W .S h e a r d , C . A . P a y l i n g ,

M .L .L e a d b e a t e r , E . S . A l v e s ,  T . J . F o s t e r ,  P .E .S im m o n d s ,

M .H e n in i,  O .H .H u g h e s , J . C . P o r t a l ,  G . H i l l ,  M . A . P a t e ,

A p p l . P h y s . L e t t . 5 2 ,  2 1 2  ( 1 9 8 7 )

1 . 4 1 .  A . S e i l m e i e r ,  H .J .H u b n e r ,  G . A b s t r e i t e r , G .W eim an n , 

W .S c h la p p , P h y s . R e v . L e t t . 5 9 ,  1 3 4 5  ( 1 9 8 7 )

1 . 4 2 .  C . I . H u a n g ,  M . J . P a u l u s ,  C . A . B o z a d a ,  S .C .D u d l e y ,

K .  R .E v a n s ,  C . E . S t u t z ,  R . L . J o n e s ,  M .E .C h e n e y , A p p l. P h y s . L e t t . 

5 1 ,  1 2 1  ( 1 9 8 7 )

1 . 4 3 .  P .M .S o lo m o n , S . L . W r i g h t ,  C . L a n z a ,  S u p e r l a t t i c e s  and  

M ic r o s t r u c t u r e s  2 ,  5 2 1  ( 1 9 8 6 )

1 . 4 4 .  I . H a s e ,  H .K a w a i, K .K a n e k o , N .W a ta n a b e , J . A p p l . P h y s .  

5 9 , 3 7 9 2  ( 1 9 8 6 )

1 . 4 5 .  S . M . S z e ,  S e m ic o n d u c to r  D e v ic e s :  P h y s ic s  and

T e c h n o lo g y , p u b l is h e d  b y  Jo h n  W ile y  an d  S o n s , p . 1 6 6 ,  ( 1 9 8 5 )

1 . 4 6 .  S .A d a c h i ,  J . A p p l . P h y s .  5 8 , R 1  ( 1 9 8 5 )

1 . 4 7 .  J . S i n g l e t o n ,  R . J . N i c h o l a s ,  N . J . P u l s f o r d ,  N .R .C o u c h ,  

M . J . K e l l y ,  J o u r n a l  de P h y s iq u e ,  4j$, 435 ( 1 9 8 7 )

1 . 4 8 .  A .R .B o n n e f o i ,  D . H . C h o w ,  T . C . M c G i l l ,  R .D .B u r n h a m ,
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B u l l .A m .P h y s . S o c .  3 1 ,  395 ( 1 9 8 6 )

1 . 4 9 .  A .R .B o n n e f o i ,  T . C . M c G i l l ,  R . D . B u rn h am , P h y s .R e v .B  3 7 /  

8 7 5 4 ( 1 9 8 8 )

1 . 5 0 .  M .T s u c h iy a ,  H . S a k a k i ,  A p p l . P h y s . L e t t . 5( ) ,  1 5 0 3  ( 1 9 8 7 )

1 . 5 1 .  L . E a v e s ,  SERC Summer S c h o o l on L D S , C a r d i f f  ( 1 9 8 6 )

1 . 5 2 .  T .W .H ic k m o t t , P .M .S o lo m o n , R . F i s c h e r ,  H .M o rk o c ,  

A p p l . P h y s . L e t t . 4 4 , 90 ( 1 9 8 4 )

1 . 5 3 .  A .R .B o n n e f o i ,  R . T . C o l l i n s ,  T . C . M c G i l l ,  R .D .B u r n h a m ,  

F . A . P o n c e ,  A p p l . P h y s . L e t t . 4 6 , 285 ( 1 9 8 5 )

1 . 5 4 .  M .T s u c h iy a ,  H .S u k a k i ,  J . Y o s h i n o ,  J p n . J . A p p l . P h y s .  2 4 , 

L 466 ( 1 9 8 5 )

1 . 5 5 .  W .A .W e in s t e in ,  S . K . H a r k ,  R .D .B u r n h a m , P r o c .  E u ro p e a n  

H ig h  P r e s s u r e  R e s e a r c h  G ro u p  C o n f . ,  G u i l d f o r d ,  J u l y  ( 1 9 8 6 )

1 . 5 6 .  R . T . P h i l l i p s , N .R .C o u c h , M . J . K e l l y ,  S e m ic o n d . S c i .  

T e c h n o l.  2 ,  828 ( 1 9 8 7 )

1 . 5 7 .  E .E .M e n d e z , E . C a l l e j a ,  C . E . T . G o n c a l v e s  d a  S i l v a ,

L . L . C h a n g ,  W . I . W a n g ,  P h y s .R e v .B  3 2 ,  7 3 6 8  ( 1 9 8 6 )

1 . 5 8 .  N . A . C a d e ,  S .H .P a r m a r ,  N . R . C o u c h ,  M . J . K e l l y ,  S o l i d  

S t a t e  Comm. 6 4 , 283 ( 1 9 8 7 )

1 . 5 9 .  A . C . M a r s h ,  S e m ic o n d .S c i .T e c h n o l .  1 ,  2 3 7  ( 1 9 8 6 )

1 . 6 0 .  A . C . M a r s h ,  J . C . I n k s o n ,  S e m ic o n d .S c i .T e c h n o l .  1 ,  285

( 1 9 8 6 )

1 . 6 1 .  T .J .S c h e w c h u c k ,  J . M . G e r i n g ,  P . C . C h a p i n ,  P .D .C o le m a n ,  

W .K opp, C . K . P e n g ,  H .M o rk o c , A p p l . P h y s . L e t t . 4 7 ,  986 ( 1 9 8 5 )

1 . 6 2 .  M .H e ib lu m , M .I .N a t h a n ,  D . C . T h o m a s ,  C .M .K n o e d le r ,

P h y s . R e v . L e t t . 5 5 ,  22 00 ( 1 9 8 5 )

1 . 6 3 .  A .R .B o n n e f o i ,  D . H . C h o w ,  T . C . M c G i l l ,  A p p l .P h y s .  L e t t .  

4 7 ,  888 ( 1 9 8 5 )
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3 0

F i g . 1 . 1  The v a r i a t i o n  o f  t h e  e n e r g y  gap (a n d  w a v e le n g th )  
w it h  l a t t i c e  c o n s t a n t  f o r  c o m p o s it io n s  o f  I I I - V  b i n a r y  and  
a l l o y  s e m ic o n d u c t o r s .

CONDUCTION BAND

V ALENC E BAND
ft

A Ev
* 1

B A B A B
A=GaAs
B=AlGaAs

F i g . 1 . 2  D i s c o n t i n u i t i e s  o f  b an d ed ge e n e r g ie s  i n  a 
G a A s /A lG a A s  h e t e r o s t r u c t u r e .
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F i q . 1 . 3  Th e e ig e n v a lu e s  and e ig e n f u n c t io n s  f o r  an  
i n f i n i t e l y  d eep  p o t e n t i a l  w e l l .  As show n, t h e  two w e l ls  a r e  
o f  f i n i t e  d e p th  an d  a p p ly  t o  e l e c t r o n s  and h o le s  i n  th e  
G aAs l a y e r  o f  a G a A s /A lG a A s  h e t e r o s t r u c t u r e .

F i g . 1 . 4  P l o t  o f  In T T *  ( e l e c t r o n  t r a n s m is s io n )  v e r s u s  
e l e c t r o n  e n e r g y  sh o w in g  p e a k s  a t  th e  e n e r g ie s  o f  t h e  bound  
s t a t e s  i n  th e  sa n d w ic h e d  p o t e n t i a l  w e l l s .  The t r a c e s  
l a b e l l e d  "2 b a r r i e r s ” , "3 b a r r i e r s " ,  and "5 b a r r i e r s "  
c o r r e s p o n d  t o  o n e , two and f o u r  w e l ls  r e s p e c t i v e l y .  T a k e n  
fro m  r e f . ( 1 . 9 ) .
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F i g . 1 . 5  S y m m e tric  d o u b le  b a r r i e r  G a A s /A lG a A s  s t r u c t u r e  
u n d e r ( a )  z e r o  b i a s ,  V = 0 ,  (b)  b i a s  a t  r e s o n a n c e , V = 2 E ^ , and  
( c )  b i a s  a t  " o f f "  r e s o n a n c e .

F i g . 1 . 6  C o n d u c ta n c e  v e r s u s  a p p l ie d  v o lt a g e  i n  a
s u p e r l a t t i c e  o f  f i f t y  p e r io d s  o f  45 GaAs and 40 A lA s  a t  
s e v e r a l  t e m p e r a t u r e s . A t low  t e m p e r a t u r e s , n e g a t iv e
c o n d u c t a n c e  i s  o b s e r v e d  b u t  i s  s u r p la n t e d  a t  h ig h e r  a p p l ie d  
f i e l d s  b y  an o s c i l l a t o r y  b e h a v io u r .  T a k e n  from  r e f . ( 1 . 1 2 ) .47
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F i g . 1 . 7  E n e rg y  d ia g r a m s  an d  c o r r e s p o n d in g  c o n d u c t a n c e s  f o r  
(a )  b an d  c o n d u c t a n c e : (b ) an d  ( b ' )  s p o n ta n e o u s  g e n e r a t io n  
o f  a d o m a in ; ( c ) ,  ( c ' )  an d  ( d)  d e v e lo p m e n t o f  dom ain  
e x p a n s io n . T a k e n  fro m  r e f . ( 1 . 1 2 ) .

F i g . 1 . 8  The F e rm i s u r f a c e  f o r  a d e g e n e r a t e ly  do ped e m i t t e r .  
A ssu m in g  c o n s e r v a t io n  o f  t h e  l a t e r a l  momentum d u r in g  
t u n n e l l i n g ,  o n ly  t h o s e  e l e c t r o n s  i n  t h e  e m it t e r  whose  
momenta l i e  on a d i s k  k ^ = k 0  ( s h a d e d  d i s k )  a r e  r e s o n a n t .  
T a k e n  from  r e f . ( 1 . 2 0 ) .
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F i g . 1 . 9  C o n d u c t io n  b an d  e n e r g y  d ia g r a m  o f  a d o u b le  b a r r i e r  
s t r u c t u r e  u n d e r b i a s . ^  and 6 ^ a r e  t h e  p a r a m e t e r s  o f  t h e  
a c c u m u la t io n  l a y e r  i n  th e  e m it t e r  (shown s c h e m a t i c a l l y  i n  
t h e  i n s e t ) ;  s 2  a n d s 3  d e s c r i b e  t h e  d e p l e t i o n  l a y e r  i n
t h e  c o l l e c t o r .  Th e e l e c t r o s t a t i c  p o t e n t i a l  d r o p s  a c r o s s  th e  
e m it t e r  b a r r i e r ,  t h e  w e l l ,  and t h e  c o l l e c t o r  b a r r i e r  a r e  
v l /  Vw and V 2 , r e s p e c t i v e l y .  Th e h a t c h in g  shows th e  
e l e c t r o n  o c c u p a t io n .  From  r e f . ( 1 . 3 1 ) .

F i g . 1 . 1 0  I  v e r s u s  V c h a r a c t e r i s t i c  f o r  th e  d o u b le  b a r r i e r  
G a A s /A lA s  s t r u c t u r e  d is c u s s e d  i n  c h a p t e r  4 u n d e r  r e v e r s e  
b i a s ,  f o r  t e m p e r a t u r e s  o f  7 7 k  and room t e m p e r a t u r e .
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F i g . 1 . 1 1  R e l a t i v e  p o s i t i o n s  o f  t h e  r ,  L  a n d  X b an d  e x tre m a  
i n  GaAs and A lA s  a s s u m in g  a 6 0 : 4 0  band o f f s e t  r a t i o  an d  t h e  
b a n d g a p s g iv e n  i n  r e f . ( 1 . 4 6 ) .
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CHAPTER 2

EXPERIM ENTAL TECHNIQ UES

E x p e r im e n t s  p e rfo rm e d  h a v e  b e e n  on m u l t i p l e  b a r r i e r  A l x G a i_  

x A s /G a A s  s t r u c t u r e s  e n c lo s e d  i n  t h e  i n t r i n s i c  r e g io n  o f  

e i t h e r  a  p - i - n  d e v ic e  o r  n - i - n  d e v i c e .  The a p p l i c a t i o n  o f  

h y d r o s t a t i c  p r e s s u r e  h a s  b e en  t h e  m o st e x t e n s i v e l y  u s e d  

t e c h n iq u e  f o r  i n v e s t i g a t i n g  t h e  I - V  c h a r a c t e r i s t i c s  o f  t h e s e  

d e v i c e s .  F o r  t h e  A l x G a ^ _ x A s /G a A s  s y s t e m , t h e  r - X  b a r r i e r  i s  

e x p e c t e d  t o  show a l a r g e  v a r i a t i o n  w it h  p r e s s u r e ,  d e c r e a s in g  

a t  a p p r o x im a t e ly  l lm e V / k b a r ,  t h e  r - L  b a r r i e r  d e c r e a s e s  a t  

~ 9 m e V /K b a r, w h ile  t h e  r - r  b a r r i e r s  f o r  e l e c t r o n s  and h o le s  

a r e  e s s e n t i a l l y  p r e s s u r e  in d e p e n d e n t  ( C h a p t e r  3 ,  p a g e s  84 

an d  8 5 ) .  T h i s  i s  t h e  p re d o m in a n t  e f f e c t  o f  p r e s s u r e  an d  i s  

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

t u n n e l l i n g  m e c h a n is m s, p a r t i c u l a r l y  f o r  s y s te m s  i n  w h ic h  th e  

r - X  p o t e n t i a l  b a r r i e r  i s  t h e  lo w e s t  ( x > 0 . 4 ) .  C o n s e q u e n t ly ,  

t h e  m a j o r i t y  o f  e x p e r im e n t s  w ere p e rfo rm e d  on m u l t i p l e  

b a r r i e r  s t r u c t u r e s  w it h  A lA s  b a r r i e r s  ( x = l ) .

T h i s  c h a p t e r  r e v ie w s  a l l  t h e  e x p e r im e n t a l  t e c h n iq u e s  u se d  

i n c l u d i n g  I ,  d l / d V  an d  d 2 I / d V 2  v e r s u s  v o lt a g e  m e a su re m e n ts, 

t h e  s y s te m  u s e d  f o r  p e r f o r m in g  t h e s e  m e a su re m e n ts a s  a 

f u n c t i o n  o f  t e m p e r a t u r e  from  3 0 OK down t o  4 . 2 K ,  th e  

a p p a r a t u s  u s e d  f o r  o b t a in in g  S h u b n ik o v -d e  H a a s o s c i l l a t i o n s  

up t o  1 2 . 6  T e s l a ,  an d  t h e  c e l l s  u s e d  f o r  a t t a i n i n g  

h y d r o s t a t i c  p r e s s u r e s  up t o  1 4 . 5 k b a r .  I n  a d d i t i o n ,  th e  

f a b r i c a t i o n  o f  t h e  n - i - n  d e v ic e s  d i s c u s s e d  i n  C h a p t e r  4 i s  

a l s o  d e s c r ib e d .

2 . 1  I ,  d l / d V  an d  d 2 I / d V 2  v e r s u s  V o lt a g e  M e asu rem e n ts

C u r r e n t - v o l t a g e  m e a su re m e n ts ( I - V )  w ere p e rfo rm e d  u n d e r
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c o n s t a n t  c u r r e n t  c o n d i t i o n s  (sw e p t c u r r e n t )  o r  c o n s t a n t  

v o lt a g e  c o n d i t i o n s  (sw e p t v o l t a g e ) .  U n d er t h e  c o n s t a n t  

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

(NDR) f e a t u r e  a s s o c i a t e d  w it h  r e s o n a n t  t u n n e l l i n g  th r o u g h  a 

m u l t i p l e  b a r r i e r  s t r u c t u r e ,  a p p e a r s  a s  a h y s t e r e s i s  lo o p  i n  

t h e  I - V  c h a r a c t e r i s t i c .  The u p p e r  an d  lo w e r l e v e l s  o f  t h i s  

lo o p  a r e  e q u a l  t o  t h e  p e a k  an d  v a l l e y  c u r r e n t s  r e s p e c t i v e l y ,  

a s  m e a su re d  u n d e r  c o n s t a n t  v o lt a g e  c o n d i t i o n s .

The m a j o r i t y  o f  e x p e r im e n t s  w ere p e rfo rm e d  u n d e r  c o n s t a n t  

v o lt a g e  c o n d i t i o n s  and F i g . 2 . 1  show s th e  e x p e r im e n t a l  s e t -u p  

f o r  t h i s  c a s e .  T h e c u r r e n t  i s  o b t a in e d  b y  m e a s u r in g  a  

v o lt a g e  a c r o s s  a  I Q  r e s i s t o r  i n  s e r i e s  w it h  t h e  d e v i c e ,  

w h ic h  i s  e q u iv a l e n t  t o  t h e  c u r r e n t  th ro u g h  i t .  T h e v o lt a g e  

( o r  c u r r e n t )  was sw ep t m a n u a lly  an d  w it h  s u f f i c i e n t  c a r e  t o  

e n s u r e  r e p r o d u c i b i l i t y ,  p a r t i c u l a r l y  i n  t h e  r e g io n  o f  NDR. 

F o r  some o f  t h e  d e v ic e s  i n v e s t i g a t e d ,  s t r u c t u r e  i n  t h e  I - V  

c h a r a c t e r i s t i c s  a p p e a re d  a t  h ig h  v o lt a g e s  an d  c u r r e n t s .  To  

i n v e s t i g a t e  t h e s e  f e a t u r e s ,  a  p u ls e d  v o lt a g e  s o u r c e  m u st be  

u s e d . T h i s  i s  b e c a u s e  J o u le  h e a t in g  o f  th e  d e v ic e s  becom es a 

p ro b le m  a t  h ig h  pow er l e v e l s  an d  c a n  l e a d  t o  d e v ic e  

b re a k d o w n . Th e p u ls e d  v o lt a g e  s o u r c e  u se d  c a n  be sw ept t o  a 

v o lt a g e  o f  30V an d  t h e  p u ls e  le n g t h  and f r e q u e n c y  c a n  be  

v a r i e d .  H o w e ve r, a p u ls e  le n g t h  o f  100 y.s w as e m p lo ye d  a t  a  

f r e q u e n c y  o f  a p p r o x im a t e ly  1H z  t o  e n s u r e  t h a t  t h e  e f f e c t s  o f  

sa m p le  h e a t in g  w ere n e g l i g i b l e .

F i r s t  and se c o n d  d i f f e r e n t i a l  m e a su re m e n ts, d l / d V  and

d 2 I / d V 2 , v e r s u s  v o lt a g e  m e a su re m e n ts w ere p e rfo rm e d  t o

i n v e s t i g a t e  w eak f e a t u r e s  i n  t h e  I - V  c h a r a c t e r i s t i c s  o f  t h e

d e v i c e s .  C o n s t a n t  v o lt a g e  c o n d i t i o n s  w ere u s e d  w it h  a s m a l l
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AC m o d u la t io n  a m p lit u d e  o f  5mV s u c h  t h a t  t h e  t o t a l  v o lt a g e  

a p p l i e d  t o  t h e  d e v ic e  i s

V t  =  V Q +  A V c o sw t..................... ( 2 . 1 )

w here V t  i s  t h e  t o t a l  a p p l ie d  v o l t a g e ,  V Q i s  t h e  DC a p p l ie d  

v o l t a g e ,  AV i s  t h e  a m p lit u d e  o f  t h e  AC v o l t a g e ,  w i s  t h e  

f r e q u e n c y  o f  t h e  AC v o lt a g e  an d  t  r e p r e s e n t s  t im e .  F o r  AV « 

V Q , t h e  c u r r e n t ,  I ( V t ) ,  c a n  be e x p a n d e d  i n  te rm s o f  a  T a y l o r  

s e r i e s  up t o  se c o n d  o r d e r ;

I (V Q+  A V co sw t) « I ( V Q ) +  A V I’ (V Q )c o s w t + ( A V ) 2 I " (V 0 ) c o s 2w t / 2

............. (2 .2 )
w here I ' ( VQ ) = d I ( V 0 ) / d V  a nd I " ( V 0 ) = d 2 I (V Q) / d V 2 . U s in g  c o s 2wt 

= i ( l  +  c o s 2 w t) g iv e s

I ( V Q+ A V co sw t) « I ( V Q ) + 5 ( A V ) 2 I " ( V 0 ) + A V I ' ( V Q )c o sw t +

i  (AV) 2 1 "  (V 0 )c o s 2 w t ...........................( 2 . 3 )

T h e r e f o r e ,  b y  l o c k i n g  i n t o  t h e  " f "  an d  " 2 f H co m p o n e n ts o f  a  

p h a s e  s e n s i t i v e  d e t e c t o r  ( P S D ) ,  s i g n a l s  p r o p o r t i o n a l  to  

I ’ (V0 ) a nd I " ( V Q ) w ere o b t a in e d .  A ny b a c k g ro u n d  DC l e v e l s  

w ere e l im in a t e d  b y  f e e d in g  t h e  s i g n a l  fro m  t h e  d e v ic e  

t h r o u g h  a t r a n s f o r m e r  b e f o r e  i n p u t t i n g  i t  t o  t h e  PSD . 

F i g . 2 . 2  show s t h e  e x p e r im e n t a l  a rra n g e m e n t f o r  t h e s e

m e a s u re m e n ts .

2 . 2  Low T e m p e ra tu re  M e asu rem e n ts

E x p e r im e n t s  w ere p e rfo rm e d  b y  m o u n tin g  th e  d e v ic e s  e i t h e r  on  

a sa m p le  h o ld e r  o r  o n to  th e  sa m p le  s t a g e  o f  t h e  p r e s s u r e  

c e l l s .  Th e sa m p le  h o ld e r  o r  p r e s s u r e  c e l l  was t h e n  f i t t e d  

o n to  t h e  end o f  an  i n s e r t  d e s ig n e d  t o  f i t  i n s i d e  an  O x fo rd  

In s t r u m e n t s  c r y o s t a t  ( C F 1 2 0 0 ) .  T h i s  i s  a c o n t in u o u s  f lo w  

c r y o s t a t  ( CFC)  and c a n  be u s e d  o v e r  a t e m p e r a t u r e  r a n g e  from  

2K t o  room t e m p e r a t u r e  ( 2 . 1 ) .
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T h e c o n t in u o u s  f lo w  t e c h n iq u e  o p e r a t e s  on t h e  p r i n c i p l e  o f  a  

c o n t in u o u s  and c o n t r o l l e d  t r a n s f e r  o f  c o o la n t  ( h e liu m  o r  

n it r o g e n )  fro m  a s e p a r a t e  s t o r a g e  v e s s e l  t o  t h e  C F C . Th e  

c i r c u i t  i s  shown i n  b lo c k  form  i n  F i g . 2 . 3 .  Th e c o o la n t  i s  

d e l i v e r e d  t o  t h e  c r y o s t a t  v i a  a  v a c u u m -in s u la t e d  t r a n s f e r  

tu b e  i n s e r t e d  i n  t h e  sy p h o n  e n t r y  arm  o f  t h e  c r y o s t a t .  B y  

" s u c k in g ” t h e  c o o la n t  t h r o u g h  a  f e e d  c a p i l l a r y  on t h e  

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

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

w h ic h  c a r r i e r s  i t  down t h e  le n g t h  o f  t h e  c r y o s t a t  t o  t h e  

h e a t  e x c h a n g e r  a t  t h e  b o tto m  o f  t h e  sa m p le  s p a c e .  B y  t h i s  

m e th o d , a  g a s  f lo w  pump d r i v e s  t h e  f lo w  b y  c r e a t i n g  a  

p r e s s u r e  d i f f e r e n c e  b e tw ee n  t h e  s t o r a g e  v e s s e l  an d  t h e  

h e liu m  r e t u r n  l i n e .  T h e  c o o la n t  f lo w s  t h r o u g h  t h e  h e a t  

e x c h a n g e r  o f  th e  CFC w here t h e  t e m p e r a t u r e  i s  m e a su re d  an d  a  

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

e x c h a n g e r  may be m a in t a in e d  a t  a n y  t e m p e r a t u r e  a b o v e  th e  

b o i l i n g  p o in t  o f  t h e  c o o l a n t ;  a b o ve  7 7 K  when u s in g  l i q u i d  

n it r o g e n  an d  ab o ve  4 . 2 K  u s in g  l i q u i d  h e liu m . Th e c o o la n t  

f lo w s  o v e r  t h e  sa m p le  h o l d e r ,  o r  p r e s s u r e  c e l l ,  an d  p a s s e s  

th r o u g h  a  s e c o n d  h e a t  e x c h a n g e r  c o o l i n g  t h e  r a d i a t i o n  s h i e l d  

w h ic h  s u r r o u n d s  t h e  sa m p le  tu b e  i n  th e  vacuum  s p a c e  t o  

i n t e r c e p t  room t e m p e r a t u r e  r a d i a t i o n .  F i n a l l y ,  t h e  c o o la n t  

e x h a u s t s  t o  th e  pump an d  h e liu m  r e t u r n  l i n e  t h r o u g h  a s i d e  

h o le  i n  t h e  sa m p le  t u b e .

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

t h e  sa m p le  s p a c e ,  e x p e r im e n t s  c a n  be p e rfo rm e d  a t  a n y  

t e m p e r a t u r e  from  4 . 2 K  t o  room t e m p e r a t u r e . I n  a d d i t i o n ,  b y  

f i l l i n g  t h e  sa m p le  s p a c e  w it h  l i q u i d  h e liu m , u s in g  a  h ig h
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t h r o u g h p u t  g a s  pump, t h e  b a s e  t e m p e r a t u r e  c a n  be r e d u c e d  to  

b e lo w  2 K . Some e x p e r im e n t s  w ere a d e q u a t e ly  p e rfo rm e d  a t  a 

te m p e r a t u r e  o f  7 7 K .  I n  t h e s e  c a s e s ,  t h e  c r y o s t a t  sa m p le  

s p a c e  was f i l l e d  w it h  n it r o g e n  th r o u g h  t h e  a c c e s s  p o r t  and  

t h e  i n s e r t ,  w it h  e i t h e r  t h e  sa m p le  h o ld e r  o r  p r e s s u r e  c e l l  

m ounted on t h e  e n d , was s lo w ly  lo w e re d  i n t o  t h e  c r y o s t a t .

A lt h o u g h  t h e  te m p e r a t u r e  a t  t h e  h e a t  e x c h a n g e r  i s  know n, th e  

a c t u a l  te m p e r a t u r e  o f  t h e  d e v ic e s  m ounted on t h e  sa m p le  

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

m u st be m e a su re d  in d e p e n d e n t ly .  T h e  l b a r  sa m p le  h o ld e r  i s  

made o f  c o p p e r  a n d , t o  o b t a in  an  a c c u r a t e  m e a su re  o f  th e  

d e v ic e  te m p e r a t u r e  when i t  i s  m o u n te d , a Germ anium  d io d e  

was em bedded i n  t h e  c o p p e r  c l o s e  t o  t h e  sa m p le  s p a c e .  The  

d io d e  was s u p p l ie d  w it h  a  c o n s t a n t  c u r r e n t  o f  1 0 .0 0 ] iA  u n d e r  

fo rw a rd  b i a s  and c a l i b r a t e d  a g a i n s t  a  R h o d iu m -Ir o n  s t a n d a r d  

r e s i s t o r  from  room t e m p e r a t u r e  t o  4 . 2 K  w it h  an  a c c u r a c y  o f  

lOOmK. H o w e ve r, t h e  m a in  e r r o r  i n  e v a l u a t i n g  t h e  d e v ic e  

t e m p e r a t u r e  d u r in g  t h e  p e r io d  o f  an  e x p e r im e n t  com es from  

t h e  t e m p e r a t u r e  d r i f t i n g  r a t h e r  t h a n  t h e  a c t u a l  m e asu rem en t  

o f  th e  t e m p e r a t u r e . I t  was p o s s i b l e  t o  s t a b i l i s e  t h e  d e v ic e  

t e m p e r a t u r e  t o  w i t h i n  ± 0 . 5 K  u s in g  t h e  te m p e r a tu r e  c o n t r o l l e r  

and th e  v a lv e  i n  t h e  f lo w  c o n t r o l l e r  u n i t .

When t h e  d e v ic e  was e n c lo s e d  i n  t h e  p r e s s u r e  c e l l ,  two 

t h e r m a l germ anium  d io d e s  and a G o ld ( I r o n ) -C h r o m e l  

th e rm o c o u p le  w ere u s e d  t o  m e a su re  th e  d e v ic e  t e m p e r a t u r e .  

The two t h e r m a l d io d e s  a r e  m ounted i n  a c o n s t a n t  

te m p e r a tu r e  e n c lo s u r e  u s in g  a s y s te m  s i m i l a r  t o  t h a t  

d e s c r ib e d  b y  Guy and F r ie n d  ( 2 . 2 )  an d  c a l i b r a t e d  a s  f o r  th e  

t h e r m a l d io d e  m e n tio n e d  a b o v e . T h i s  c o n s t a n t  t e m p e r a t u r e
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e n c lo s u r e  i s  s i t u a t e d  on t h e  c r y o s t a t  i n s e r t  a b o v e  th e  

p r e s s u r e  c e l l .  Th e t e m p e r a t u r e  d i f f e r e n c e  fro m  t h i s  

e n c lo s u r e  t o  t h e  d e v ic e  i n  th e  c e l l  was m e a su re d  u s in g  th e  

t h e r m o c o u p le . One j u n c t i o n  o f  t h e  th e rm o c o u p le  was a t t a c h e d  

t o  t h e  o u t s id e  o f  t h e  p r e s s u r e  c e l l  a s  c l o s e  t o  t h e  d e v ic e  

a s  p o s s i b l e ,  w h ile  t h e  o t h e r  j u n c t i o n  was a t t a c h e d  t o  c o p p e r  

le a d s  i n  t h e  c o n s t a n t  t e m p e r a t u r e  e n c lo s u r e .  An a c c u r a c y  o f  

± 1 K  was o b t a in e d  u s in g  t h i s  m e th o d .

2 . 3  H ig h  P r e s s u r e  M e asu rem e n ts

T h e d e v ic e s  i n v e s t i g a t e d  w ere p r e s s u r i s e d  i n  a " U n ip r e s s "  

c la m p  c e l l  s i m i l a r  t o  t h a t  d e s c r ib e d  b y  W a s ile w s k i  and  

S t r a d l i n g  ( 2 . 3 )  an d  i l l u s t r a t e d  i n  F i g . 2 . 4 .  The c e l l  i s  made 

o f  B e r y l l iu m -C o p p e r  (2 %  B e ) ,  w h ic h  h a s  a h a r d n e s s  o f  42 on 

t h e  R o c k w e ll  C s c a l e ,  an d  c a n  be p r e s s u r i s e d  up t o  1 2  K b a r  

a t  room t e m p e r a t u r e , w it h  o r  w it h o u t  an  o p t i c a l  w indow . B e -  

Cu (2 %  B e) i s  a n o n -m a g n e t ic  m a t e r i a l  so  e x p e r im e n t s  may be  

p e rfo rm e d  a t  h ig h  m a g n e t ic  f i e l d s  u n d e r  h y d r o s t a t i c  

p r e s s u r e .

Th e s a m p le s  a r e  m ounted o n to  a T u f n o l  sp e c im e n  h o ld e r  w h ic h  

h o ld s  t e n  e l e c t r i c a l  c o n t a c t in g  p i n s ,  shown i n  F i g . 2 . 5 .  

B elo w  t h e  sa m p le  s t a g e  s i t s  t h e  p r e s s u r e  g a u g e , w h ic h  

r e q u i r e s  f o u r  e l e c t r i c a l  c o n t a c t s  f o r  a  m e asu rem en t o f  th e  

p r e s s u r e  i n  t h e  c e l l .  T en  c o p p e r  w ir e s  (4 2 s . w . g . )  e n t e r  th e  

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

p r e s s u r e  fe e d t h r o u g h  and a r e  a t t a c h e d  t o  t h e  e l e c t r i c a l  

c o n t a c t in g  p in s  o f  t h e  s p e c im e n  h o l d e r .  P e t r o le u m  s p i r i t  i s  

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

c r y s t a l l i n e  s o l i d  when f r o z e n ,  and t h e r e f o r e  v e r y  

h y d r o s t a t i c  ( t o  a b o u t 1 % ) .
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P r e s s u r e  i s  th e n  a p p l ie d  w it h  a  l a b o r a t o r y  h y d r a u l i c  p r e s s  

a t  room te m p e r a t u r e  and i s  r e t a i n e d  on re m o v a l fro m  t h e  

p r e s s  b y  a c la m p in g  n u t  a t t a c h e d  t o  th e  c e l l .  A s a  r e s u l t  

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

o f  t h e  p r e s s u r e  m edium  w it h  t e m p e r a t u r e , t h e  p r e s s u r e  f a l l s  

b y  a p p r o x im a t e ly  3 K b a r  when t h e  c e l l  i s  c o o le d  t o  4 . 2 K .  T h is  

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

a p p r o x im a t e ly  9 K b a r a t  4 . 2 K .

T h e p r e s s u r e  g au g e i s  made o f  a c a l i b r a t e d ,  h i g h l y  T e -d o p e d ,  

In S b  b a r .  A f o u r - c o n t a c t  m e asu rem e n t o f  t h e  In S b  gauge  

r e s i s t a n c e  i s  u s e d  t o  d e t e r m in e  t h e  p r e s s u r e .  The h i g h l y  T e -  

d o ped  In S b  e x h i b i t s  p o o r m e t a l l i c  b e h a v io u r  c o n s i s t e n t  w it h  

t h e  h ig h  c a r r i e r  d e n s i t y  o f  a p p r o x im a t e ly  lO -^ c m " ^ . The  

r e s i s t a n c e  o f  t h e  In S b  b a r  f a l l s  when c o o le d  t o  4 . 2 K ,  

t y p i c a l l y  b y  a f a c t o r  o f  a p p r o x im a t e ly  f i v e  i n  an  a lm o s t  

l i n e a r  v a r i a t i o n  w it h  t e m p e r a t u r e . Th e p r e s s u r e  d e p e n d e n ce  

o f  t h e  r e s i s t a n c e ,  [ R ( P )  -  R ( l b a r ) ] / R ( l b a r ) ,  i s  s l i g h t l y  

n o n - l i n e a r  b u t  c a n  be s a t i s f a c t o r i l y  d e s c r ib e d  b y  a se c o n d  

o r d e r  p o ly n o m ia l .  Th e ch a n g e  o f  t h i s  c h a r a c t e r i s t i c  i s  v e r y  

s m a l l  on r e d u c in g  t h e  te m p e r a t u r e  fro m  room t e m p e r a t u r e  t o  

7 7 K  an d  h a s  a n e g l i g i b l e  v a r i a t i o n  a t  lo w e r t e m p e r a t u r e s . A 

p r e s s u r e  gauge fro m  t h e  same b a t c h  o f  In S b  was c a l i b r a t e d  a t  

3 0 0 K ,  t o  an a c c u r a c y  o f  1 %  a g a i n s t  a m an g an in  c o i l ,  u s in g  a 

h e l iu m -g a s  c o m p re s s o r  m a n u fa c tu r e d  b y  U n ip r e s s .  To e s t im a t e  

t h e  p r e s s u r e  a t  7 7 K  an d  4 . 2 K ,  t h e  c a l i b r a t i o n  c u r v e ,  [ R ( P )  -  

R ( l b a r ) ] / R ( l b a r )  v e r s u s  p r e s s u r e ,  m e a su re d  a t  room  

t e m p e r a t u r e , was u s e d  w it h  t h e  a p p r o p r ia t e  v a lu e  o f  R 

c o r r e s p o n d in g  t o  th e  p a r t i c u l a r  t e m p e r a t u r e s . F o l lo w in g  t h i s  

p r o c e d u r e , th e  p r e s s u r e  i n  t h e  c e l l  was o b t a in e d  w it h  an
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I n  o r d e r  t o  o b t a in  a m e a su re  o f  t h ea c c u r a c y  o f  ± 5 % .  

p r e s s u r e  w i t h i n  t h e  s t a t e d  t o le r a n c e  a t  low  t e m p e r a t u r e s ,  

t h e  t e m p e r a t u r e  m u st be m e a su re d  t o  an  a c c u r a c y  o f  ±2K  i n  

o r d e r  t o  e n s u r e  t h a t  t h e  c o r r e c t  v a lu e  o f  R i s  u s e d  w it h  t h e  

p r e s s u r e  c a l i b r a t i o n .  As m e n tio n e d  a b o v e , a n  a c c u r a c y  o f  ± 1K  

was o b t a in e d  when m e a s u r in g  t h e  te m p e r a t u r e  o f  t h e  d e v ic e  i n  

t h e  p r e s s u r e  c e l l .

A se c o n d  t y p e  o f  p r e s s u r e  s y s te m  u s e d  t o  g e n e r a t e  h ig h

p r e s s u r e s  was t h e  h e l iu m -g a s  c o m p r e s s o r . A B e -C u  c e l l

s i m i l a r  t o  t h a t  d e s c r ib e d  a b o v e  i s  u s e d , b u t  th e  b a s i c

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

o f  t h e  c la m p  c e l l s .  H e liu m  g a s  i s  u s e d  a s  t h e  p r e s s u r e

t r a n s m i t t i n g  m edium , an d  i s  c o m p re s se d  i n  t h e  c e l l  b y  way o f

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

c o m p r e s s o r . The maximum p r e s s u r e  i s  l i m i t e d  t o  1 4 .5 K b a r  a t

7 7 K  s i n c e  t h e  m edium  s o l i d i f i e s  a t  t h i s  te m p e r a t u r e  and

p r e s s u r e  b u t  r e m a in s  h y d r o s t a t i c .  W it h in  t h e s e  l i m i t a t i o n s ,

t h e  p r e s s u r e  may be v a r i e d  a t  a n y  t e m p e r a t u r e , w h ic h  a l lo w s

s e v e r a l  m e a su re m e n ts a t  d i f f e r e n t  p r e s s u r e s  t o  be p e rfo rm e d

im m e d ia t e ly .  The p r e s s u r e  f o r  t h i s  sy ste m  i s  m e a su re d  b y  two

m e th o d s; ( i )  w it h  a h i g h l y  T e -d o p e d  In S b  p r e s s u r e  g a u g e , a s

b e f o r e ,  an d  ( i i ) w it h  a m a n g a n in  r e s i s t a n c e  c o i l  p la c e d  i n

t h e  t h i r d  s t a g e  o f  t h e  c o m p r e s s o r . The In S b  p r e s s u r e  gauge

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

d i f f e r e n c e  e x i s t s  betw een  t h e  two e n d s o f  t h e  h ig h  p r e s s u r e

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

c e l l  i s  fro m  room t e m p e r a t u r e  down t o  7 7 K .  Th e m easurem en t

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

m ethod u s e d  f o r  t h e  c la m p  c e l l ,  e x c e p t  t h a t  a c o p p e r -

c o n s t a n t a n  th e rm o c o u p le  i s  u s e d . A l s o ,  t h e  th e rm o c o u p le  i s
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i n  good t h e r m a l c o n t a c t  w it h  t h e  d e v i c e ,  r a t h e r  t h a n  b e in g  

s t r a p p e d  t o  t h e  s i d e  o f  t h e  c e l l ,  a s  t h e  th e rm o c o u p le  w ir e s  

a r e  f e d  th r o u g h  t o  t h e  sa m p le  s p a c e .

A t h i r d  t y p e  o f  p r e s s u r e  s y s te m  u s e d  was a p i s t o n  p r e s s u r e  

c e l l  d e s ig n e d  an d  b u i l t  b y  J .S im m o n d s an d  R . H . F r i e n d  a t  

C a m b rid g e  U n i v e r s i t y .  Th e p r e s s u r e  c e l l  s y s te m  i s

i l l u s t r a t e d  i n  F i g . 2 . 6 . Th e  b a s i c  m ethod o f  a t t a i n i n g  h ig h  

p r e s s u r e s  i s  s i m i l a r  t o  t h a t  u s e d  i n  t h e  B e -C u  c la m p  c e l l s  

b u t  t h e  d e s ig n  i s  q u i t e  d i f f e r e n t .  P r e s s u r e s  o f  up t o  2 0 K b a r  

a t  room t e m p e r a t u r e  h a v e  b e e n  a t t a i n e d  w it h  t h i s  c e l l .  

H o w e ve r, f o r  t h e  e x p e r im e n t s  p e r fo r m e d , t h e  maximum p r e s s u r e  

was l i m i t e d  b y  t h e  f o r c e  a v a i l a b l e  fro m  t h e  l a b o r a t o r y  

h y d r a u l i c  p r e s s ,  t o  1 4 .5 K b a r  a t  room t e m p e r a t u r e . W ith  a  

s u i t a b l e  a l t e r n a t i v e  p r e s s ,  p r e s s u r e s  up t o  2 0 K b a r a r e  

p o s s i b l e .

T h e  sa m p le s  a r e  m ounted o n to  a  P T F E  sa m p le  s t a g e ,  w h ic h  i s

s e c u r e d  to  a  h a r d e n e d  t o o l  s t e e l  s p e c im e n  h o l d e r ,  and h o ld s

t e n  e l e c t r i c a l  c o n t a c t in g  p i n s .  B elo w  t h e  sa m p le  s t a g e  s i t s

t h e  p r e s s u r e  g a u g e , a s  f o r  t h e  B e -C u  c la m p  c e l l .  The

e l e c t r i c a l  w ir e s  e n t e r  t h e  c e l l  th r o u g h  t h e  sp e c im e n  h o ld e r

t o  t h e  sa m p le  s t a g e  b y  way o f  a S t y e c a s t  r e s i n ,  h ig h

p r e s s u r e  f e e d t h r o u g h . Th e w ir e s  a r e  th e n  s o ld e r e d  t o  th e

c o n t a c t in g  p i n s  o f  t h e  sa m p le  s t a g e .  The sa m p le  s t a g e ,  w it h

t h e  sa m p le  i n  p l a c e ,  i s  c o v e r e d  b y  a P T FE  " to p  h a t "  s h e a t h ,

a s  shown i n  F i g . 2 . 6 . T h is  s h e a t h  i s  f i l l e d  t o  th e  to p  w it h

p e t r o le u m  s p i r i t  b e f o r e  b e in g  s e c u r e d  o n to  t h e  sp e c im e n

h o l d e r .  Th e in n e r  b o re  o f  t h e  " C a m b rid g e "  c e l l  i s  made o f

m a r a g in g  s t e e l  t a p e r e d  on t h e  o u t e r  d ia m e t e r  b y  1 ° .  T h is

in n e r  p a r t  i s  p u sh e d  i n s i d e  a B e -C u  (2 %  Be) b o d y . P r e s s u r e
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i s  a p p l ie d  a t  room t e m p e r a t u r e  w it h  a l a b o r a t o r y  h y d r a u l i c  

p r e s s ,  a s  f o r  t h e  B e -C u  l i q u i d  c e l l .  A t u n g s t e n  c a r b id e  

p lu n g e r  p u s h e s  o n to  a p r e s s u r e  p a d  w h ic h , i n  t u r n ,  p u s h e s  

o n to  a t u n g s t e n  c a r b id e  p i s t o n .  The p i s t o n  t h e n  c o m p re s s e s  

t h e  P T F E  " to p  h a t "  an d  p e t r o le u m  s p i r i t  th r o u g h  P T F E  an d  

b r a s s  s e a l i n g  d i s c s .  A b r a s s  s e a l i n g  w a sh e r i s  a l s o  p la c e d  

a ro u n d  t h e  b a s e  o f  t h e  P T F E  " to p  h a t " ,  on t h e  t o o l  s t e e l  

sp e c im e n  h o l d e r .  The p r e s s u r e  i s  r e t a in e d  on r e m o v a l fro m  

t h e  p r e s s  b y  a  c la m p in g  n u t  a t t a c h e d  t o  t h e  c e l l .  Th e  

m easu rem en t o f  th e  sa m p le  t e m p e r a t u r e  i n  t h i s  c e l l  was 

s i m i l a r  t o  t h e  m ethod u s e d  f o r  t h e  c la m p  c e l l ,  e x c e p t  t h a t  a  

rh o d iu m  + 0 . 5 %  i r o n -  c h ro m e l th e rm o c o u p le  was u s e d  ( 2 . 2 ) .  

T h i s  th e rm o c o u p le  was i n  good t h e r m a l c o n t a c t  w it h  t h e  

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

b e c a u s e  t h e  th e rm o c o u p le  w ir e s  a r e  f e d  th r o u g h  t o  t h e  sa m p le  

s p a c e  w it h  t h e  e l e c t r i c a l  w i r e s .

2 .4  H ig h  M a g n e t ic  F i e l d  M e asu rem e n ts

The c r y o m a g n e t ic  f i e l d  sy s te m  u s e d  was a 1 4 . 5  T e s l a ,  O x fo rd  

In s t r u m e n t s  h ig h  f i e l d  s o l e n o id  ( S 1 3 . 6 / 1 5 / 4 0 / 1 3 ) .  T h is  

c o m p r is e d  a s u p e r c o n d u c t in g  m a g n e t, m ounted t o  g iv e  a  

v e r t i c a l  m a g n e t ic  f i e l d ,  w it h  a  vacuum  i n s u l a t e d  c r y o s t a t

( 2 . 4 ) .  Th e m agnet i s  e q u ip p e d  w it h  a s u p e r c o n d u c t in g  s w it c h  

w h ic h  c o n s i s t s  o f  a le n g t h  o f  s u p e r c o n d u c t in g  w ir e ,  n o n -  

i n d u c t i v e l y  w ound, w it h  a w ir e  e l e c t r i c a l  h e a t e r .  The le n g t h  

o f  s u p e r c o n d u c t in g  w ir e  i s  w ir e d  i n  p a r a l l e l  w it h  th e  t h r e e  

s e t s  o f  c o n c e n t r i c  s o l e n o i d s ,  wound on s e p a r a t e  f o r m e r s ,  

w h ic h  c o m p r is e  t h e  m a g n e t. T h e s u p e r c o n d u c t in g  w ir e  i s  made 

r e s i s t i v e  b y  r a i s i n g  i t s  t e m p e r a t u r e  u s in g  t h e  h e a t e r .  The  

s w it c h  i s  th e n  i n  i t s  "op en  s t a t e "  and c u r r e n t ,  due t o  a
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v o lt a g e  a c r o s s  t h e  m agnet t e r m i n a l s  a p p l ie d  when s w e e p in g ,  

w i l l  f lo w  i n  t h e  s u p e r c o n d u c t in g  m agnet w in d in g s  i n  

p r e f e r e n c e  t o  t h e  r e s i s t i v e  s w it c h  e le m e n t . T h e  s w it c h  i s  i n  

i t s  " c lo s e d  s t a t e "  when t h e  h e a t e r  i s  t u r n e d  o f f  an d  t h e  

s w it c h  e le m e n t becom es s u p e r c o n d u c t in g  a g a in .  The s w it c h  an d  

q u e n c h  p r o t e c t i o n  r e s i s t o r s  s h u n t  some o f  t h e  c u r r e n t  fro m  

t h e  m agnet d u r in g  e n e r g i s a t i o n  o r  d e - e n e r g i s a t i o n .  Th e  

m a g n itu d e  o f  t h i s  d is c r e p a n c y  d e p e n d s upon t h e  m a g n itu d e  o f  

t h e  e n e r g i s i n g  v o lt a g e  p r e s e n t e d  t o  t h e  m agnet t e r m in a l s  an d  

t h e r e f o r e ,  upon t h e  r a t e  o f  c h a n g e  o f  e n e r g i s i n g  c u r r e n t .  A 

c u r r e n t  o f  1 0 0  amps th r o u g h  t h e  m agnet c o r r e s p o n d s  t o  a  

m a g n e t ic  f i e l d  o f  1 2 . 6  T e s l a  so  a r e l a t i v e l y  s lo w  sw eep  

r a t e  o f  1 0  a m p s/m in  i s  u s e d  t o  m in im is e  a n y  h y s t e r e s i s  

e f f e c t s  a s s o c i a t e d  w it h  e n e r g i s a t i o n  o r  d e - e n e r g i s a t i o n  o f  

t h e  m a g n e t.

Th e p r o c e s s  o f  e s t a b l i s h i n g  a p e r s i s t e n t  mode o p e r a t io n  f o r  

t h e  m agnet c o n s i s t s  o f  e n e r g i s i n g  t h e  m agnet t o  g iv e  t h e  

r e q u ir e d  f i e l d  w it h  t h e  s w it c h  i n  t h e  "open s t a t e " ,  c l o s i n g  

t h e  s w it c h ,  and th e n  r e d u c in g  t h e  c u r r e n t  f lo w in g  t h r o u g h  

t h e  m agnet c u r r e n t  le a d s  t o  z e r o ,  l e a v i n g  t h e  m agnet i n  i t s  

p r e v i o u s l y  e n e r g is e d  s t a t e .  Th e c u r r e n t  f lo w in g  i n  t h e  

m agnet w in d in g s  r e m a in s  c o n s t a n t  a s  t h e  c u r r e n t  i n  t h e  

m agnet c u r r e n t  le a d s  i s  d e c r e a s e d , th e  c u r r e n t  f lo w in g  i n  

t h e  c lo s e d  s w it c h  th e n  b e in g  t h e  d i f f e r e n c e  betw een  t h e  

m agnet and le a d  c u r r e n t s .

Th e d a t a  t a k e n  u s in g  t h i s  s y s t e m , was s t o r e d  d i g i t a l l y  on a  

m ic ro c o m p u te r  an d  n u m e r ic a l l y  d i f f e r e n t i a t e d .  A F o u r ie r  

t r a n s f o r m  o f  t h e  d a t a  was t a k e n  u s in g  a f a s t  F o u r ie r  

t r a n s f o r m  p ro g ram  w r it t e n  b y  R .W i l l i a m s  o f  I m p e r i a l  C o l l e g e .
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2 . 5  Sam p le  F a b r i c a t i o n

Two w a f e r s  o f  d o u b le  b a r r i e r  n - i - n  s t r u c t u r e s  w ere grow n b y  

a t m o s p h e r ic  p r e s s u r e  m e t a l o r g a n ic  v a p o u r  d e p o s i t io n  (MOCVD) 

on n + ( 1 0 0 )  G aAs s u b s t r a t e s  a t  t h e  SERC I I I - V  G row th  

F a c i l i t y ,  E l e c t r i c a l  and E l e c t r o n i c  E n g in e e r in g  D e p a r tm e n t,  

S h e f f i e l d  U n i v e r s i t y .  Th e s p e c i f i c a t i o n s  f o r  t h e  d o u b le  

b a r r i e r  s t r u c t u r e s  w ere e i t h e r  30A A lA s  b a r r i e r s  s e p a r a t e d  

b y  a 70A G aAs w e l l  o r  50A A lA s  b a r r i e r s  s e p a r a t e d  b y  a 50A  

G aAs w e l l .  Th e s e q u e n c e  o f  g ro w th  o f  t h e  w a f e r s  wa s ,  f i r s t ,  

a  l.O u m  t h i c k  b u f f e r  l a y e r  o f  GaAs n -d o p e d  t o  2 x l0 ^ -^ c m " ^ . 

T h i s  was f o llo w e d  b y  a  f u r t h e r  25A  o f  un d o ped  GaAs ( s p a c e r  

l a y e r ) ,  t h e  f i r s t  A lA s  b a r r i e r ,  t h e  GaAs w e l l ,  t h e  se c o n d  

A lA s  b a r r i e r ,  a  se c o n d  25A  s p a c e r  l a y e r  and 2 . 0 u m o f  GaAs n -  

d o ped  to  2 x l( ) 17 c m " 3 . Th e two d i f f e r e n t  s t r u c t u r e s  w ere  

p r e p a r e d  i n  t h i s  way i n  c o n s e c u t iv e  g ro w th  r u n s ,  t h e  f i r s t  

w it h  n o m in a lly  50A b a r r i e r s  an d  a 50A w e l l  an d  t h e  se c o n d  

w it h  n o m in a lly  30A b a r r i e r s  an d  a  7 0 A w e l l .

T h e  s t r u c t u r e s  w ere e x a m in e d  b y  t r a n s m is s io n  e l e c t r o n  

m ic r o s c o p y  (TEM) t o  c h e c k  t h e i r  l a y e r  t h ic k n e s s e s  w it h  an  

a c c u r a c y  o f  ± 2A.  T h e s e  m e a su re m e n ts w ere p e rfo rm e d  a t  th e  

M a t e r i a l s  S c ie n c e  and M e t a l lu r g y  D e p a r tm e n t, C a m b rid g e  

U n i v e r s i t y .  F i g . 2 . 8 a)  an d  b)  show s t h e  r e l e v a n t  m ic r o g r a p h s  

o b t a in e d  f o r  t h e s e  two s t r u c t u r e s .  The f o l lo w in g  v a lu e s  

w ere o b t a in e d  f o r  t h e  5 0 A - 5 0 A - 5 0 A  a nd 3 0 A - 7 0 A - 3 0 A  

s t r u c t u r e s :  5 0 A - 1 5 A - 4 5 A  and 4 0 A - 7 2 A - 4 3 A  r e s p e c t i v e l y .  I n  t h e  

c a s e  o f  t h e  n o m in a l 3 0 A - 7 0 A - 3 0 A  s t r u c t u r e ,  th e  t h in n e r  

b a r r i e r  i s  a d ja c e n t  t o  th e  s u b s t r a t e  and f o r  th e  n o m in a l  

5 0 A - 5 0 A - 5 0 A  s t r u c t u r e ,  t h e  t h i c k e r  b a r r i e r  i s  a d ja c e n t  t o  

t h e  s u b s t r a t e .
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The f a b r i c a t i o n  of the d e v i c e s  f rom the w a f e r  was c a r r i e d

o u t  a t  I m p e r i a l  C o l l e g e .  Th e f i r s t  s t a g e  o f  t h e  p r o c e s s in g  

in v o lv e d  m a k in g  a good Ohm ic c o n t a c t  t o  t h e  to p  b u f f e r  l a y e r  

o f  n+ G a A s ; t h a t  i s ,  t h e  c o n t a c t  s h o u ld  h a v e  a  l i n e a r  I - V  

c h a r a c t e r i s t i c ,  be s t a b l e  o v e r  t im e  and t e m p e r a t u r e , an d  

c o n t r ib u t e  a s  l i t t l e  p a r a s i t i c  r e s i s t a n c e  a s  p o s s i b l e .  Th e  

a l l o y  c h o s e n  was N i/A u /G e  ( 1 2 %  b y  w e ig h t  o f  Ge an d  5% b y  

w e ig h t  o f  N i)  and a  Au c a p p in g  o v e r l a y e r  ( 2 . 6 ) .  Th e w a f e r s  

w ere c le a n e d  i n  m e t h a n o l, 1 , 1 , 1 - t r i c h l o r o e t h a n e  an d  a c e t o n e  

r e s p e c t i v e l y  an d  th e n  t r a n s f e r r e d  t o  a  c o n v e n t io n a l  

e v a p o r a t io n  s y s t e m . A 2500 A  l a y e r  o f  N i /A u /G e  was e v a p o r a t e d  

o n to  t h e  w a f e r ,  f o l lo w e d , w it h o u t  b r e a k in g  t h e  vacu u m , b y  a 

1 0 0 0 A  c a p p in g  l a y e r  o f  A u , a s  m e a su re d  b y  a 6 MHz q u a r t z  

c r y s t a l  p la c e d  a d ja c e n t  t o  t h e  w a f e r s .  T h e m e t a l l i s a t i o n  

m u st th e n  be a l l o y e d  i n t o  t h e  n+ G a A s. D u r in g  t h e  a l l o y  and  

c o o l i n g  p e r io d ,  t h e  Ge e n t e r s  t h e  GaAs an d  h i g h l y  d o p e s th e  

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

Ge in t o  t h e  GaAs and t o  p r e v e n t  th e  A u /G e  m e t a l fro m  

" b a l l i n g  up" d u r in g  a l l o y i n g  w h ic h  c a n  r e s u l t  i n  p o o r  

c o n t a c t  r e s i s t a n c e ,  p o o r m o rp h o lo g y  and v e r y  i r r e g u l a r  e d g e s  

( 2 . 7 ) .  W ith  t h e  i n t r o d u c t i o n  o f  a Au c a p p in g  l a y e r ,  c o n t a c t  

r e s i s t i v i t i e s  a r e  fo u n d  t o  d e c r e a s e .  The w a fe r  was a n n e a le d  

i n  a f u r n a c e  a t  4 4 0 ° C  f o r  20 s e c o n d s , w h ic h  i s  w e l l  ab o v e  

t h e  A u -G e  e u t e c t i c  p o in t  o f  3 6 3 ° C ,  an d  i n  t h e  p r e s e n c e  o f  an  

i n e r t  f o r m in g  g a s  a tm o sp h e re  ( 1 0 %  H y d ro g e n , 90% N i t r o g e n ) .

Th e se c o n d  s t a g e  o f  p r o c e s s in g  was t o  d e f in e  t h e  d e v ic e

m e s a s . A m ask d e f i n i n g  s q u a r e  m esas o f  a r e a  ( 500] i m) 2 ,

( 35 0 i i m ) 2 an d  (20 0 iim ) 2  was p la c e d  o v e r  t h e  w a f e r s  a f t e r

p h o t o r e s i s t  was sp u n  o n to  th em . Th e w a fe r  was th e n  e x p o se d
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an d  d e v e lo p e d . Th e d e v ic e s  w ere t h e n  i s o l a t e d  b y  m esa  

e t c h in g  th r o u g h  t h e  O hm ic c o n t a c t  an d  g ro w th  l a y e r s  o f  t h e  

w a fe r  t o  t h e  n+ G aA s s u b s t r a t e .  Th e Ohm ic N i /A u /G e -A u  

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

o f  4g p o t a s s iu m  i o d i d e ,  l g  i o d i n e  an d  40m l o f  d i s t i l l e d  

w a te r  f o r  1  m in u te  an d  th e n  r i n s i n g  o f f  i n  d i s t i l l e d  w a t e r .  

To e t c h  t h r o u g h  t h e  G a A s /A lA s  l a y e r s ,  a  w et e t c h  s o l u t i o n  o f  

5% ammonia an d  95% h y d ro g e n  p e r o x id e  was u s e d  f o r  an  e t c h  

t im e  o f  a p p r o x im a t e ly  1 5  m in u t e s .  To v e r i f y  t h a t  t h e  e t c h  

i s  d e ep  e n o u g h , i . e . ,  e t c h  d e p th  >4um, t h e  s t e p  was 

m e a su re d  u s in g  a T a l l y s u r f .  Th e p h o t o r e s i s t  was f i n a l l y  

w ashed o f f  w it h  a c e t o n e .

I n  o r d e r  t o  p e r fo r m  e x p e r im e n t s  u s in g  t h e  B e -C u  p r e s s u r e  

c e l l s ,  t h e  d e v ic e s  m u st be s m a l l  enough t o  f i t  i n t o  g o l d -  

c o a t e d  m icro w a v e  p a c k a g e s  w h ic h , i n  t u r n ,  a r e  s m a l l  enough  

t o  f i t  i n s i d e  t h e  s p e c im e n  h o ld e r  o f  t h e  p r e s s u r e  c e l l  

p i s t o n .  T h i s  r e q u i r e s  t h e  d e v ic e s  t o  be s m a l l e r  t h a n  (1mm ) 2  

an d  no d e e p e r  t h a n  2mm. To c l e a v e  them  fro m  t h e  w a fe r  t o  

t h e s e  s m a l l  s i z e s ,  t h e  d e p th  o f  t h e  w a fe r  fro m  to p  c o n t a c t  

t o  s u b s t r a t e  m u st be o f  t h e  o r d e r  o f  t h e  a r e a l  d im e n s io n s  o f  

t h e  d e v i c e .  C o n s e q u e n t ly ,  t h e  s u b s t r a t e  o f  t h e  w a fe r  was 

t h in n e d  b y  g r i n d i n g  i t  i n  a c a r b o n  s l u r r y  (ca rb o ru n d u m )  

u n t i l  t h e  t h i c k n e s s  o f  t h e  w a fe r  was a p p r o x im a t e ly  1 mm.

A f t e r  m e t a l l i s i n g  t h e  s u b s t r a t e  o f  t h e  w a fe r  b y  e v a p o r a t in g

a N i/A u /G e  c o n t a c t  p l u s  g o ld  o v e r l a y e r  a s  b e f o r e ,  t h e  w a fe r

was c le a v e d  i n t o  d e v ic e s  o f  a p p r o x im a t e ly  ( 1 mm) 2  u s in g  a

d ia m o n d -s c r ib e .  The d e v ic e s  w ere th e n  m ounted i n t o  t h e

m icro w a v e  p a c k a g e s , a s  shown i n  F i g . 2 . 7 .  The s u b s t r a t e

c o n t a c t  was b o nded t o  t h e  in n e r  e l e c t r i c a l  t e r m in a l  o f  t h e
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p a c k a g e  u s in g  s i l v e r  e p o x y  ( E p o te c h  H 20E) w h ic h  a l s o  g lu e s  

t h e  d e v ic e  i n  p l a c e .  T h e  t o p  c o n t a c t  o f  t h e  d e v ic e  was 

b o nded t o  t h e  o t h e r  e l e c t r i c a l  t e r m in a l  o f  t h e  p a c k a g e  w it h  

low  in d u c t a n c e  g o ld  w ir e  o f  d ia m e t e r  25um u s in g  an  

u l t r a s o n i c ,  t h e r m o -c o m p r e s s io n  b a l l  b o n d e r . T h i s  m ethod o f  

b o n d in g  fo rm s a g o ld  s p h e r e  o f  d ia m e t e r  1 2 0 um w h ic h  b o n d s t o  

t h e  to p  c o n t a c t  o f  t h e  d e v i c e .  T h i s  l i m i t s  t h e  m esa s i z e  t o  

a r e a s  g r e a t e r  t h a n  ( 2 0 0 u m ) 2 .
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Voltage Source

F i g . 2 . 1  C i r c u i t  d ia g r a m  t o  m e a su re  I - V  c h a r a c t e r i s t i c  o f  
d e v ic e  u n d e r  c o n s t a n t  v o lt a g e  c o n d i t i o n s .

1 khz, 5mVpp
n

0-15V

cryostat

o

1 ohm
•9

i ref. in p u t

lock-in

amplifier

/

signal input

device _l .
| L - : v n  |
f x  axis # 

chart recorder

signal output to 
y axis chart 
recorder

F i g . 2 . 2  C i r c u i t  d ia g r a m  t o  m e a su re  d l / d V - V  an d  d 2 I / d V 2 - V  
c h a r a c t e r i s t i c s  o f  d e v i c e .
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F i g . 2 . 3  B lo c k  d ia g r a m  o f  c o n t in u o u s  f lo w  s y s te m



LOC10 O p t ic a l C e ll.

F i g . 2 . 4  L 0 C 10  b e r y l l iu m - c o p p e r  o p t i c a l  c e l l  made b y  
U n ip r e s s .  Maximum p r e s s u r e  i s  1 2 K b a r .  (a )  S t a i n l e s s  s t e e l  
w a v e g u id e , (b ) i n t e g r a t i n g  c o n e , ( c )  f ix e d  l o c k i n g  r i n g ,  
(d ) B e -C u  c e l l  b o d y , (e )  o p t i c a l  p i s t o n ,  ( f )  s a p p h ir e  

w indow , (g ) sa m p le  s p a c e  -  s e e  F i g . 2 . 5  f o r  t h e  sa m p le  
h o l d e r ,  (h ) e l e c t r i c a l  p i s t o n ,  ( i )  m o v a b le  l o c k i n g  r i n g ,  
( j )  e l e c t r i c a l  l e a d s .  F o r  u s e  w it h o u t  t h e  o p t i c a l  w indow , 
p a r t s  (a )  and (b ) a r e  n o t  r e q u ir e d  and p a r t s  (e )  an d  ( f )  
a r e  r e p la c e d  w it h  a  b la n k  p i s t o n .
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a

Fig.2.5 The Tufnol sample mounting stage for samples in the 
12Kbar Be-Cu optical cell. (a) Device (six pin contacts 
available), (b) Tufnol stage to protect the pressure gauge, 
(c) InSb resistance bar pressure gauge, (d) Tufnol block to 
hold pin connections, (e) enamelled copper pins, (f) Tufnol 
protection cap held in place with vacuum grease.

electrical leads

Fig.2.7 Top view of device mounted in microwave packages.
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tungsten carbide 
plunger

P T FE specimenpei
holder

F i g . 2 . 6  C a m b rid g e  p r e s s u r e  c e l l  (e x p lo d e d  v i e w ) .
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50A± 2A

15A+2A 

45A+2A

CPH478 2296 209.SKV
Fig.2.8b) TEM micrographs for the 50A-15A-15A GaAs/AlAs 
structure. The measured GaAs and AlAs thicknesses are to an 
accuracy of ±2A.
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A L I S T  OF THE D E V IC E S  IN V E S T IG A T E D

C h a p t e r  3 An a s y m m e tr ic  G a A s /A lA s  m u l t i p l e  b a r r i e r  s t r u c t u r e  

e n c lo s e d  i n  t h e  i - r e g i o n  o f  a p - i - n  d e v i c e .  D e s ig n e d  b y

N . R . C o u c h  an d  grow n b y  MBE b y  T . K e r r ,  b o th  o f  H i r s t  

R e s e a r c h  C e n t r e ,  G E C .

C h a p t e r  4 D o u b le  b a r r i e r  G a A s /A lA s  s t r u c t u r e s  e n c lo s e d  i n  

t h e  i - r e g i o n  o f  a n - i - n  d e v ic e  w it h  e i t h e r  30A b a r r i e r s  and  

a 70A  w e l l ,  o r  50A b a r r i e r s  and a 1 5 A  w e l l .  Grown b y  MOCVD 

b y  J . S . R o b e r t s  a nd P . M i s t r y ,  SERC G row th F a c i l i t y ,  

D e p a rtm e n t o f  E l e c t r i c a l  and E l e c t r o n i c  E n g in e e r in g ,  

S h e f f i e l d  U n i v e r s i t y .

C h a p t e r  5 D o u b le  b a r r i e r  G a A s Z A lo .3 3 G a o . 6 7 As s t r u c t u r e  

e n c lo s e d  i n  t h e  i - r e g i o n  o f  a n - i - n  d e v i c e .  D e s ig n e d  b y

A . H . H i g g s  an d  grown b y  MBE b y  G .S m it h  o f  R S R E , M a lv e r n .

A s y m m e tric  G a A s /A lA s  m u l t i p l e  b a r r i e r  s t r u c t u r e  e n c lo s e d  i n  

t h e  i - r e g i o n  o f  a p - i - n  d e v i c e .  D e s ig n e d  b y  N .R .C o u c h  and  

grow n b y  MBE b y  T . K e r r ,  b o th  o f  H i r s t  R e s e a r c h  C e n t r e ,  G EC. 

C h a p t e r  6  A s t a n d a r d  Gunn d e v i c e ,  Gunn d e v ic e  w it h  g ra d e d

A l x G a i_ x A s , h o t  e l e c t r o n  i n j e c t o r ,  an d  Gunn d e v ic e  w it h

g r a d e d  A l x G a ^ _ x A s , h o t  e l e c t r o n  i n j e c t o r  an d  n+ s p i k e .  A l l  

d e s ig n e d  b y  N .R .C o u c h  an d  grown b y  MBE b y  T . K e r r ,  b o th  o f  

H i r s t  R e s e a r c h  C e n t r e ,  G E C .
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CHAPTER 3

H IG H  PRESSU RE MEASUREMENTS ON A P - I - N  STRUCTURE CO N TAIN IN G  

AN ASYMMETRIC G a A s /A lA s  S U P E R L A T T IC E

I n  t h i s  c h a p t e r ,  t r a n s p o r t  m e a su re m e n ts a r e  r e p o r t e d  on a 

q u a s i -g r a d e d  g ap  s u p e r l a t t i c e  a t  p r e s s u r e s  up t o  9 K b a r . The  

q u a s i -g r a d e d  gap s u p e r l a t t i c e  i s  e n c lo s e d  i n  t h e  i n t r i n s i c  

r e g io n  o f  a  p - i - n  d e v ic e  an d  c o n s i s t s  o f  an  a s y m m e t r ic  

G a A s /A lA s  s t r u c t u r e  w it h  f o u r  w e l l s  an d  f i v e  b a r r i e r s .

Th e d e v ic e s  show a n e g a t iv e  d i f f e r e n t i a l  r e s i s t a n c e  (NDR) 

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

c h a r a c t e r i s t i c s  w h ic h  i s  a s s o c i a t e d  w it h  r e s o n a n t  t u n n e l l i n g  

o f  e l e c t r o n s  t h r o u g h  t h e  g r a d e d  g ap  s u p e r l a t t i c e .  Th e s i z e  

o f  t h e  NDR f e a t u r e  i n c r e a s e s  w it h  d e c r e a s in g  t e m p e r a t u r e ,  

t h e  b e s t  s a m p le s  e x h i b i t i n g  a r a t i o  o f  p e a k -t o  v a l l e y  

t u n n e l l i n g  c u r r e n t  o f  2 a t  4 . 2 K  an d  l b a r .  On a p p ly in g  

h y d r o s t a t i c  p r e s s u r e ,  t h e  s i z e  o f  t h e  NDR f e a t u r e  a t  4 . 2 K  

d e c r e a s e s  s lo w ly  up t o  5 K b a r  an d  m ore r a p i d l y  a t  h ig h e r  

p r e s s u r e s ,  a lm o s t  v a n is h in g  b y  8 K b a r . T h e s e  o b s e r v a t io n s  a r e  

t a k e n  a s  e v id e n c e  f o r  t h e  s t r o n g  in v o lv e m e n t  i n  t h e  

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

e v e n  th o u g h  t h e  e l e c t r o n  s t a t e s  i n  t h e  quantum  w e l l s  a r e  

e x p e c t e d  t o  be r - l i k e .

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

Th e d e v ic e  i n v e s t i g a t e d  i s  a p - i - n  s t r u c t u r e  w here th e

i n t r i n s i c  r e g io n  c o n s i s t s  o f  a q u a s i -g r a d e d  gap G a A s /A lA s

s u p e r l a t t i c e .  Th e w e l l  an d  b a r r i e r  t h i c k n e s s e s  o f  t h e  q u a s i -

g r a d e d  gap s u p e r l a t t i c e  v a r y  from  7 0 A ,  3 0 A ,  r e s p e c t i v e l y ,  t o

94A,  6 A so  t h a t  t h e  a v e r a g e  c o m p o s it io n  an d  i t s  f i r s t  moment

a r e  e q u iv a l e n t  t o  t h a t  o f  a  l i n e a r l y  g r a d e d , A 1  c o m p o s it io n
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fro m  z e r o  on t h e  p - t y p e  s i d e  o f  t h e  j u n c t i o n  t o  30% on t h e  

n -t y p e  s i d e ,  o v e r  t h e  same d i s t a n c e .  Th e q u a s i - g r a d e d  gap  

s u p e r l a t t i c e  s im u la t e s  t h e  g r a d in g  o f  th e  b a n d g a p  fro m  t h a t  

o f  G aAs t o  t h a t  o f  A l o . 3 G a Q . 7 As b y  v a r y in g  t h e  w e l l - t o -  

b a r r i e r  r a t i o .  I n  t h e  p a s t ,  t h i s  q u a s i - g r a d i n g  h a s  b e en  

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

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

g r a d in g  ( 1 ) .  Work b y  B a b a e t  a l .  ( 2 , 3 )  h a s  o verco m e t h e  

p ro b le m  o f  t h e  d e e p  t r a p s  c r e a t e d  b y  t h e  d o p in g  o f  A lG a A s  

w it h  S i .  A h ig h  c a r r i e r  c o n c e n t r a t io n  an d  an  in c r e a s e d  

e f f e c t i v e  b an d g ap  e q u iv a l e n t  t o  t h a t  o f  A l Q . 3 G a Q . 7 As c a n  be  

r e t a i n e d  b y  g ro w in g  a s h o r t  p e r io d ,  GaAs / A lA s  s u p e r l a t t i c e . 

T h e p - i - n  d e v ic e  was d e s ig n e d ,  i n  p a r t ,  t o  t e s t  t h e s e  id e a s  

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

T h e d e v i c e s  w ere grown b y  MBE on an  n+ ( 1 0 0 )  GaAs s u b s t r a t e .  

Th e f i r s t  g ro w th  l a y e r  was a n+ b u f f e r  l a y e r  o f  0 .5 iim  o f  

GaAs d o ped  w it h  S i  t o  lx lO -^ -^cm "^. T h is  was f o llo w e d  b y  a 

l i g h t l y  n -d o p e d  l a y e r  o f  0 . 5 ] m  o f  GaAs do ped w it h  S i  t o  

l x i o l^ c m " ^ .  T h en  t h e  f i v e  p e r io d  G a A s /A lA s  s u p e r l a t t i c e  was 

gro w n . T h e  s u p e r l a t t i c e  was n o m in a l ly  u ndo ped and commenced 

w it h  a 30A t h i c k  A lA s  l a y e r  f o l lo w e d  b y  a 70A G aAs l a y e r .  I n  

t h e  e ig h t  c o n s e c u t iv e  l a y e r s ,  t h e  A lA s  t h i c k n e s s  was r e d u c e d  

b y  6 A p e r  l a y e r  an d  t h e  G aAs t h i c k n e s s  was in c r e a s e d  b y  6 A 

p e r  l a y e r .  The f i f t h  an d  f i n a l  p e r io d  o f  t h e  s u p e r l a t t i c e  

c o m p r is e d  an A lA s  l a y e r  6 A t h i c k  an d  a  l a y e r  o f  G aAs 94A 

t h i c k .  Th e t h ic k n e s s e s  o f  t h e s e  l a y e r s  w ere s u b s e q u e n t ly  

c h e c k e d  b y  t r a n s m is s io n  e l e c t r o n  m ic r o s c o p y  and fo u n d  t o  be  

c o r r e c t  t o  ±2A ( 4 ) .  A 0 .5 i im t h ic k  l a y e r  o f  p - t y p e  GaAs was 

grown on to p  o f  t h e  s u p e r l a t t i c e . T h is  l a y e r  was doped w it h
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Be t o  l x l O ^ c n T 3 . F i n a l l y  a h e a v i l y  doped p+ c o n t a c t  l a y e r  

was grown w h ic h  was 0 .5]im  t h i c k  an d  d o ped  t o  5xl0-^® cm "^ w it h  

B e . S t a n d a r d  p h o t o lit h o g r a p h y  an d  e t c h in g  t e c h n iq u e s  

p ro d u c e d  m esas up t o  ( 1 8 0 i i m ) 2 . A u /Z n  and A u /G e  

m e t a l l i s a t i o n s  w ere u s e d  t o  make Ohm ic c o n t a c t s  t o  t h e  p+  

l a y e r  an d  t h e  n +  s u b s t r a t e  r e s p e c t i v e l y .  Th e d e v ic e s  w ere  

t h e n  m ounted i n  s m a l l ,  g o ld  m icro w a v e  p a c k a g e s .

Th e DC c u r r e n t - v o l t a g e  ( I - V )  c h a r a c t e r i s t i c  o f  t h e  d e v ic e  

e x h i b i t s  e x c e l l e n t  r e c t i f y i n g  b e h a v io u r  w it h  a r e v e r s e  b i a s  

d a r k  c u r r e n t  d e n s i t y  o f  l e s s  t h a n  6 x l0 - 8  A /c m 2  a t  3V and  

room t e m p e r a t u r e . T h i s  m akes t h e  s t r u c t u r e  i d e a l  f o r  

a p p l i c a t i o n  a s  a h ig h  s e n s i t i v i t y  p h o t o d io d e  ( 5 ) .  I n  r e v e r s e  

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

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

i n c r e a s i n g  t h e  b an d g ap  a t  t h e  p o in t  w here t u n n e l l i n g  from  

t h e  c o n d u c t io n  b an d  t o  t h e  v a le n c e  b an d  i s  m ost l i k e l y  t o  

o c c u r  an d  b y  l i m i t i n g  t h e  c u r r e n t  when b reakd o w n  d o e s o c c u r .  

F o r  t h i s ,  i t  i s  c r i t i c a l  t o  l o c a t e  th e  s u p e r l a t t i c e  a t  th e  

p o in t  o f  h ig h e s t  f i e l d  g r a d i e n t ,  i . e . ,  t h e  i n t e r f a c e  o f  th e  

p -n  j u n c t i o n .

A t low  fo r w a rd  b i a s  ( l e s s  t h a n  1 . 7 V  a t  4 . 2 K ) ,  a low  c u r r e n t  

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

t h e r m a l ly  a c t i v a t e d  c u r r e n t .  As t h e  b i a s  i s  i n c r e a s e d ,  th e  

p - n  j u n c t i o n  becom es f l a t  b an d  an d  a r a p i d  i n c r e a s e  i n  

c u r r e n t  i s  se e n  a s  t h e  j u n c t i o n  b e g in s  t o  t u r n - o n .  T h i s  i s  

e x p e c t e d  t o  be 1 . 5 2 V  a t  4 . 2 K  a nd 1 . 4 2 V  a t  room t e m p e r a t u r e .  

A t room t e m p e r a t u r e  t h i s  e x p e c t e d  t u r n  on i s  o b s e r v e d , w h ile  

a t  4 . 2 K  a t u r n  on o f  a p p r o x im a t e ly  1 . 7 V  i s  o b s e r v e d  w h ic h  i s  

th o u g h t  t o  be due t o  some n o n -o h m ic it y  i n  th e  c o n t a c t s  a t
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t h i s  te m p e r a t u r e  ( 4 ) .  As t h e  b i a s  i s  in c r e a s e d  f u r t h e r ,  a 

w eak NDR f e a t u r e  i s  o b s e r v e d  a t  room te m p e r a t u r e  w h ic h  

s t r e n g t h e n s  a s  t h e  t e m p e r a t u r e  d e c r e a s e s .  F i g . 3 . 1  show s th e  

I - V  c h a r a c t e r i s t i c s  a t  4 . 2 K  an d  300K  a t  l b a r .  A t  4 . 2 K ,  a 

t y p i c a l  p e a k  t o  v a l l e y  r a t i o  o f  2 i s  o b s e r v e d  w h ic h  v a r i e s  

s l i g h t l y  ( ± 2 5 % )  b etw een  d i f f e r e n t  s a m p le s  f a b r i c a t e d  fro m  

t h e  same w a f e r .  T h i s  NDR f e a t u r e  o c c u r s  when t h e  e n e r g ie s  o f  

t h e  e l e c t r o n s  i n  t h e  n -t y p e  e m it t e r  c o n t a c t  c o i n c id e  w it h  

t h e  n - = l ,  q u a s i -b o u n d  s t a t e  i n  t h e  f i r s t  quantum  w e l l ,  

F i g . 3 . 2 .  The d e v ic e  i s  fo u n d  t o  o s c i l l a t e  i n  t h i s  r e g io n  (4 )  

w h ic h  i s  th o u g h t  t o  be an a r t i f a c t  o f  th e  m easu rem en t  

c i r c u i t  ( s e e  c h a p t e r  1 ,  p ag e  23 an d  a p p e n d ix  1 ) .  A s e c o n d  

v e r y  weak f e a t u r e  o c c u r s  a t  a p p r o x im a t e ly  0 . 2V ab o v e  th e  

p r i n c i p a l  NDR f e a t u r e .  T h i s  i s  th o u g h t  t o  a r i s e  fro m  th e  

a lig n m e n t  o f  t h e  n=2 q u a s i -b o u n d  s t a t e  o f  t h e  s e c o n d  w e l l  

w it h  t h e  e l e c t r o n s  i n  t h e  e m i t t e r .  B eyo n d  t h e  NDR r e g io n ,  

t h e  c u r r e n t  i s  d o m in a te d  b y  t h e  t u r n in g  on o f  t h e  p -n  

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

s e r i e s  r e s i s t a n c e  o f  t h e  d e v ic e  ( » 1 0 f i ) .

A number o f  o p t i c a l  an d  e l e c t r i c a l  i n v e s t i g a t i o n s  o f  t h e  p -

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

( 4 , 5 , 6 , 7 , 1 . 4 7 , 1 . 5 8 , 1 . 5 6 ) .  Th e t e m p e r a t u r e  (T ) and m a g n e t ic

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

h a v e  b e en  s t u d ie d  i n  d e t a i l  b y  C o u ch  e t  a l .  ( 6 ) .  T h e y  r e p o r t

a l i n e a r  v a r i a t i o n  o f  t h e  p e a k  t o  v a l l e y  r a t i o  ( A / B )  b o th

w it h  t e m p e r a t u r e  an d  w it h  m a g n e t ic  f i e l d  p a r a l l e l  t o  t h e

l a y e r s  (B -J-J), b o th  o f  w h ic h  s u p p r e s s  t h e  p r i n c i p a l  NDR

f e a t u r e .  I t  i s  n o te d  t h a t ,  i n  g e n e r a l ,  th e  d e c r e a s e  i n

b an d g ap  o f  G aAs w it h  i n c r e a s i n g  t e m p e r a t u r e  i s  r e f l e c t e d  i n

t h e  r e d u c t io n  o f  th e  v o lt a g e  r e q u ir e d  to  c r e a t e  NDR. F o r  B
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p e r p e n d ic u la r  t o  t h e  l a y e r s  ( B [ | J ) ,  t h e  v o lt a g e  r a n g e  o v e r  

w h ic h  NDR may be s e e n  b r o a d e n s  b u t  A /B  i s  u n a f f e c t e d .

U s in g  a s im p le  c o h e r e n t  t u n n e l l i n g  m o d e l, w here t h e

t r a n s m is s io n  p r o b a b i l i t y  i s  summed up t o  t h e  F e rm i e n e r g y  t o  

g iv e  t h e  t u n n e l l i n g  c u r r e n t ,  C o u ch  e t  a l .  (4 )  e s t im a t e d  th e  

t u n n e l l i n g  c u r r e n t  o f  t h i s  s t r u c t u r e  u s in g  t h e  d i r e c t  

r ( G a A s ) - r ( A l A s ) b a n d g a p  o f f s e t  v a lu e  o f  1 . 2 e V .  T h i s  g a v e  a  

t u n n e l  c u r r e n t  t h r e e  o r d e r s  o f  m a g n itu d e  to o  s m a l l .  H o w e ve r, 

a g re e m e n t was good b e tw ee n  e x p e r im e n t  an d  t h e o r y  when a 

b an d  o f f s e t  o f  0 . 3 2 e V  was u s e d  f o r  t h e  r ( G a A s ) - X ( A l A s )  

p o t e n t i a l  b a r r i e r .  T h e  p r e c i s e  v a lu e  o f  t h e  r ( G a A s ) —X ( A l A s )  

b a r r i e r  i s  p o o r ly  d e f in e d  w it h  q u o te d  v a l u e s  b etw een  0 . 1 4 e V  

( 1 . 4 7 )  a nd 0 . 4 e V  ( 1 . 1 2 ) .  N o n e t h e le s s ,  r - r  t u n n e l l i n g  c a n  

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

t h i s  s t r u c t u r e  an d  t h e i r  r e l a t i v e  p r o b a b i l i t i e s  a r e  

c o n s id e r e d  f u r t h e r  i n  s e c t i o n  3 . 3 .  E le c t r o lu m in e s c e n c e  

s p e c t r a ,  a t  4 . 2 K ,  h a s  b e e n  o b t a in e d  fro m  t h e  d e v ic e  b y  

P h i l l i p s  e t  a l .  ( 1 . 5 6 )  an d  s u p p o r t  a r ( G a A s ) - X ( A l A s )  

i n t e r p r e t a t i o n  f o r  t h e  d o m in a n t b a r r i e r  w h ic h  g iv e s  r i s e  to  

t h e  q u a s i -b o u n d  s t a t e s .  I n  a d d i t i o n ,  b y  c o m p a rin g  t h e  

o b s e r v e d  p h o t o c o n d u c t iv it y  s p e c tru m  t o  a t r a n s f e r  m a t r ix  

m o d e l, S in g l e t o n  e t  a l .  ( 1 . 4 7 )  c o n c lu d e  t h a t  t h e  e l e c t r o n i c  

s t r u c t u r e  o f  t h e  d e v ic e  i s  d e s c r ib e d  b y  a T ( G a A s ) - X ( A l A s )  

b a r r i e r  o f  0 . 1 4 4 e V  and a f i t t e d  m ass o f  0 . 1 1 m ,  a p p r o x im a t e ly  

h a l f  t h e  m ass a s s o c i a t e d  w it h  a p a r a l l e l  w a v e v e c to r  n o n ­

c o n s e r v in g  p r o c e s s .

I n  w hat f o l l o w s ,  m e a su re m e n ts a r e  p r e s e n t e d  o f  th e  e f f e c t  o f

p r e s s u r e  on t h e  NDR f e a t u r e  o f  th e  s t r u c t u r e .  The e l e c t r i c a l

b e h a v io u r  o f  t h e  d e v ic e s  i n d i c a t e s  th e  p o s s i b l e  p r e s e n c e  o f
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a h ig h  c o n c e n t r a t io n  o f  a c t i v e  i m p u r it y  s t a t e s  i n  t h e  A lA s  

b a r r i e r s .  T h i s  i s  d i s c u s s e d  f u r t h e r  b e lo w  and i s  p o s s i b l y  a  

r e s u l t  o f  t h e  f a c t  t h a t  i n  t h e s e  s t r u c t u r e s  no s p a c e r  l a y e r  

was in c lu d e d  b etw een  t h e  u ndoped b a r r i e r  l a y e r s  an d  t h e  

do ped c l a d d i n g  l a y e r s  e i t h e r  s i d e  o f  t h e  s u p e r l a t t i c e .  Th e  

p r e s s u r e  r e s u l t s  p r o v id e  f u r t h e r  s u p p o r t  f o r  t h e  r - X  b a r r i e r  

m o d el o f  r e s o n a n t  t u n n e l l i n g  i n  G a A s /A lA s  m u l t i p l e  b a r r i e r  

s t r u c t u r e s .

3 . 2  R e s u l t s

DC c u r r e n t  v o lt a g e  c h a r a c t e r i s t i c s  w ere o b t a in e d  a t

p r e s s u r e s  up t o  8 .4 K b a r  an d  t e m p e r a t u r e s  down t o  4 .2 K  f o r  

s e v e n  s e p a r a t e  p - i - n  d e v i c e s .  T y p i c a l  I - V  c h a r a c t e r i s t i c s  a t  

4 .2 K  a r e  shown i n  F i g . 3 . 3  f o r  p r e s s u r e s  o f  l b a r  an d  7 .4 K b a r ,  

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

f e a t u r e ,  a  s e c o n d , v e r y  w eak f e a t u r e  i s  o b s e r v e d  i n  t h e  I - V  

t r a c e  a t  low  p r e s s u r e s ,  a ro u n d  1 . 9 7 V  (n o t  v i s i b l e  i n  

F i g . 3 . 3 ) .  T h i s  f e a t u r e ,  an d  one a t  s t i l l  h ig h e r  v o lt a g e  

( 2 .0 4 V )  a r e  r e v e a le d  c l e a r l y  b y  b o th  f i r s t  and s e c o n d

d i f f e r e n t i a l  m e a su re m e n ts and a r e  shown a s  a f u n c t io n  o f

p r e s s u r e  i n  F i g . 3 . 4 .

A l l  t h e  fo r w a rd  b i a s  c h a r a c t e r i s t i c s  show NDR w h ic h  a p p e a r s

a s  a h y s t e r e s i s  lo o p  u n d e r  t h e  c o n s t a n t  c u r r e n t  b i a s

c o n d i t i o n s  u s e d . Th e v o lt a g e  a t  w h ic h  t h e  NDR f e a t u r e  o c c u r s

i s  som ewhat sa m p le  d e p e n d e n t and r e f l e c t s  v a r i a t i o n s  i n  th e

v a lu e  o f  c o n t a c t  and o t h e r  p a r a s i t i c  r e s i s t a n c e s .  I n  some

s a m p le s , a  s m a l l  i n c r e a s e  o f  t h i s  v o lt a g e  o c c u r s  w it h

p r e s s u r e  an d  i n  o t h e r s ,  a s m a l l  d e c r e a s e .  I t  was fo u n d  t h a t ,

on t r a v e r s i n g  a h y s t e r e s i s  lo o p  th e  c y c l e  was r e p e a t a b le  i n

m ost c a s e s .  H o w ever, f o r  some o f  t h e  s e v e n  s a m p le s
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i n v e s t i g a t e d ,  c o n s e c u t iv e  s a m p le s  showed v a r i a t i o n s  i n  t h e  

NDR r e g io n  w h ic h  e v e n t u a l l y  s e t t l e d  down t o  a r e p e a t a b le  

b e h a v io u r .  The m o st l i k e l y  e x p la n a t io n  f o r  t h i s  b e h a v io u r  i s  

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

c u r r e n t  and t h a t  t h i s  c o n t r i b u t i o n  i s  r e l a t e d  t o  c o n d u c t io n  

th r o u g h  im p u r it y  s t a t e s  l o c a t e d  i n  t h e  b a r r i e r ,  p o s s i b l y  a t  

q u i t e  d e ep  e n e r g ie s  b e lo w  t h e  to p  o f  t h e  b a r r i e r .  T h e s e  

s t a t e s  w i l l  a l lo w  an  e a s i e r  p a t h  th r o u g h  t h e  b a r r i e r  t h a n  

t h a t  o f f e r e d  b y  t u n n e l l i n g .  Th e v a r i a b i l i t y  i n  t h e  I - V  

r e s p o n s e  on c y c l i n g  w o u ld  be due t o  th e  c h a n g in g  o c c u p a t io n  

o f  t h e s e  s t a t e s .  Deep m e t a s t a b le  s t a t e s  a r e  known t o  be  

a s s o c i a t e d  w it h  t h e  X -m inim um  i n  G aAs an d  In S b  ( 9 ) .  T h e y  c a n  

be s e n s i t i v e  t o  v a r i a t i o n s  i n  p r e s s u r e ,  w here t h e  r e l a t i v e  

p o s i t i o n s  o f  t h e  d e ep  s t a t e s ,  t h e  c o n d u c t io n  an d  v a le n c e  

b a n d s , an d  t h e  F e rm i e n e r g y , may be a l t e r e d  b y  p r e s s u r e .  

S u c h  d e e p  l e v e l s  may be in v o lv e d  i n  t h e  p r e s e n t  c a s e .

F ig u r e s  3 . 5 a  an d  3 .5 b  show t h e  p e a k  to  v a l l e y  r a t i o ,  A /B ,  

p l o t t e d  a s  a f u n c t io n  o f  p r e s s u r e  a t  7 7 K  and 4 .2 K  

r e s p e c t i v e l y .  The l a r g e  s c a t t e r  i n  t h e  v a lu e s  a t  e a c h  

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

le a k a g e  c u r r e n t  d e s c r ib e d  a b o v e . T h i s  m ig h t  be m o d e lle d  b y  a  

r e s i s t a n c e ,  R p , i n  p a r a l l e l  w it h  th e  s t r u c t u r e .  P r o v id e d  

t h a t  t h e  v a lu e  o f  Rp i s  r a t h e r  l a r g e r  t h a n  t h e  m a g n itu d e  o f  

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

c h a n g e s  l i t t l e  o v e r  t h e  v o lt a g e  ra n g e  o f  t h e  NDR. T h e r e f o r e ,  

t h e  m a in  e f f e c t  w i l l  be t o  o f f s e t  th e  v a lu e s  o f  b o th  th e  

p e a k  (A) and v a l l e y  (B ) c u r r e n t s  b y  a p p r o x im a t e ly  t h e  same 

am o u n t. T h u s b y  p l o t t i n g  t h e  d i f f e r e n c e  b etw een  t h e  p e a k  and  

v a l l e y  c u r r e n t s ,  t h e  s c a t t e r  i n  t h e  r e s u l t s  c a u s e d  b y  a
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" p a r a l l e l  r e s i s t a n c e "  w hose v a lu e  v a r i e s  b etw een  s a m p le s  an d  

w it h  p r e s s u r e ,  i s  e x p e c t e d  t o  be s u p p r e s s e d . Th e d a t a  i s  

p l o t t e d  i n  t h i s  way i n  F i g u r e s  3 .6 a  and 3 .6 b  f o r  

t e m p e r a t u r e s  o f  4 .2 K  an d  7 7 K  r e s p e c t i v e l y .  In d e e d , a m arked  

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

o b s e r v e d .

Th e b e s t s a m p le s e x h i b i t  a  r a t i o  o f maximum t o minimum

t u n n e l l i n g  c u r r e n t i n  e x c e s s  o f  2 a t 4 . 2K and l b a r . On

a p p ly in g p r e s s u r e , t h e  s i z e  o f  th e h y s t e r e s i s ( o r NDR

f e a t u r e ) d e c r e a s e s s lo w ly  up t o  5 K b a r an d  more r a p i d l y a t

h ig h e r  p r e s s u r e s , a lm o s t  v a n is h in g  b y 8 K b a r a t  4 . 2 K . The

r e s u l t s  a t  7 7 K  a r e  q u i t e  s i m i l a r  b u t  t h e r e  i s  a r e d u c t io n  o f  

a p p r o x im a t e ly  0 .5 K b a r  i n  t h e  t h r e s h o ld  p r e s s u r e  f o r  l o s s  o f  

NDR.

Th e f e a t u r e s  r e v e a le d  b y  f i r s t  and se c o n d  d i f f e r e n t i a l  

m e a su re m e n ts ( F i g  3 . 4 )  a b o ve  t h e  p r i n c i p a l  NDR f e a t u r e  show 

a r a t h e r  d i f f e r e n t  p r e s s u r e  d e p e n d e n c e . Th e lo w e r o f  t h e s e  

f e a t u r e s  a p p e a r s  t o  s h a r p e n  up t o  3 K b a r  an d  th e n  t o  b ro a d e n  

a t  h ig h e r  p r e s s u r e s .  The f e a t u r e  i s  n o t  s u p p r e s s e d  b y  

7 .5 K b a r  a t  4 .2 K .  I n  c o n t r a s t ,  t h e  h ig h e r  f e a t u r e  i s  r a p i d l y  

s u p p r e s s e d  b y  p r e s s u r e ,  v a n is h in g  b y  5 . 5 K b a r .  A t  room  

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

3 . 3  D i s c u s s i o n

Th e o b s e r v a t io n  o f  t h e  r a p id  l o s s  o f  NDR w it h  p r e s s u r e  i s

t a k e n  a s  e v id e n c e  f o r  t h e  s t r o n g  in v o lv e m e n t  o f  X - l i k e

b a r r i e r  s t a t e s  i n  t h e  t u n n e l l i n g  p r o c e s s .  H o w ever, due to

t h e  co m p le x  d e s ig n  o f  t h e  p - i - n  s t r u c t u r e ,  t h e r e  a r e  l i k e l y

t o  be a num ber o f  c o m p e tin g  p r o c e s s e s  t a k in g  p la c e  and t h i s

s t a t e m e n t  r e q u i r e s  some j u s t i f i c a t i o n .  Th e m ost im p o r t a n t
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p r o c e s s e s  t o  c o n s id e r  a r e  e l e c t r o n  t u n n e l l i n g ,  h o le  

t u n n e l l i n g  and t h e  n o n -r e s o n a n t  le a k a g e  c u r r e n t s  r e p r e s e n t e d  

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

p r o c e s s e s  d ep end  upon t h e  r e l e v a n t  b a r r i e r  h e i g h t s .  T h e s e  

an d  t h e i r  v a r i a t i o n s  w it h  p r e s s u r e  a r e  c o n s id e r e d  f i r s t .

R e c e n t  p h o t o lu m in e s c e n c e  m e a su re m e n ts a s  a f u n c t i o n  o f  

p r e s s u r e  on G a A s /A lx G a ^ _ x As q uantum  w e l ls  an d  s u p e r l a t t i c e s  

f o r  a num ber o f  d i f f e r e n t  x - v a l u e s  h a v e  b e e n  p e rfo rm e d  b y  

W e in s t e in  e t  a l .  ( 1 . 5 5 )  an d  b y  W o lfo rd  e t  a l .  ( 1 . 6 ) .  I n  

t h e s e  s t u d i e s  t h e  p r e s s u r e  i s  o b t a in e d  a t  w h ic h  t h e  X -  

minim um  i n  t h e  b a r r i e r s  com es i n t o  c o in c id e n c e  w it h  th e  

quantum  c o n f in e d  r  s t a t e  i n  t h e  w e l l .  When t h i s  o c c u r s ,  a 

su d d e n  l o s s  o f  lu m in e s c e n c e  e f f i c i e n c y  i n d i c a t e s  a s w it c h  

fro m  d i r e c t  g ap  e l e c t r o n - h o l e  r e c o m b in a t io n  t o  r e c o m b in a t io n  

t h a t  i s  i n d i r e c t  b o th  i n  r e a l  s p a c e  and i n  r e c i p r o c a l  s p a c e .  

Once t h i s  p r e s s u r e  i s  f o u n d , t h e  r e l a t i v e  a lig n m e n t  o f  th e  

b an d  s t r u c t u r e  i n  b o th  m a t e r i a l s  i s  d e t e r m in e d  from  th e  

known b a n d g a p s an d  t h e i r  p r e s s u r e  v a r i a t i o n s .  I n  t h e  w ork o f  

W o lfo rd  e t  a l .  on b o th  low  x - v a l u e s  an d  h ig h  x - v a l u e s ,  

s t r u c t u r e s  e x h i b i t i n g  v e r y  d i f f e r e n t  p r e s s u r e  t h r e s h o ld s  f o r  

r - X  c r o s s i n g ,  t h e  same c o n d u c t io n  t o  v a le n c e  b an d  o f f s e t  was 

d e t e r m in e d . T h i s  was 6E C :6 E V = 6 8 :3 2  w h ic h  s u g g e s t s  t h a t  th e  

o f f s e t  i s  in d e p e n d e n t  b o th  o f  p r e s s u r e  an d  o f  x .  T h i s  r a t i o  

i s  a l s o  c l o s e  t o  t h e  r a t i o  o f  a p p r o x im a t e ly  6 0 :4 0  d e te r m in e d  

a t  l b a r  fro m  t h e  p h o t o lu m in e s c e n c e  o f  " p a r a b o l ic "  quantum  

w e l ls  ( 1 . 5 )  an d  show s some c o n s is t e n c y  w it h  a l t e r n a t i v e  

m eth od s o f  m e a su re m e n t. One c r i t i c i s m  o f  t h e  h ig h  p r e s s u r e  

m ethod i s  t h a t  i t  i s  d i f f i c u l t  t o  be c e r t a i n  t h a t  t h e  l o s s  

o f  lu m in e s c e n c e  i n t e n s i t y  i s  n o t  c a u s e d  b y  an  im p u r it y
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a s s o c i a t e d  w it h  t h e  X minim um  , r a t h e r  t h a n  t h e  m inim um  

i t s e l f  , c r o s s i n g  t h e  r - l i k e  w e l l  s t a t e .  H o w e ve r, i f  t h i s  

w ere t h e  c a s e ,  i t  w o u ld  i n d i c a t e  an  e v e n  m ore a s y m m e tr ic  

b a n d  o f f s e t  i n  c o n t r a d i c t i o n  o f  t h e  6 0 :4 0  r e s u l t .  W h ile  t h e  

q u e s t io n  o f  b an d  o f f s e t s  r e m a in s  c o n t r o v e r s i a l ,  i t  i s  

c o n s id e r e d  r e a s o n a b le  t o  t a k e  t h e  r a t i o  t o  l i e  b etw een  

l i m i t s  o f  6 0 :4 0  an d  7 0 : 3 0 ,  i n  o r d e r  t h a t  some e s t im a t e  c a n  

be made o f  t h e  d e g r e e  o f  u n c e r t a i n t y  i n  t h e  b a r r i e r  h e ig h t s  

f o r  t u n n e l l i n g  o b t a in e d .

F i g . 1 . 1 1  show s t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  v a le n c e  b an d  

maximum, r v , an d  t h e  c o n d u c t io n  b an d  m in im a , r c , Xc  an d  L c  

f o r  G aAs and A lA s  i n  t h e  6 0 :4 0  m o d e l. Th e b a n d g a p s a r e  a l l  

o b t a in e d  from  t h e  r e v ie w  b y  A d a c h i ( 1 . 4 6 )  an d  a r e  due t o  

C a s e y  an d  P a n is h  ( 1 0 ) .  I t  c a n  be s e e n  fro m  t h e  d ia g r a m  t h a t  

t h e  f o l lo w in g  b an d  o f f s e t s  a r e  o b t a in e d :  r c ( G a A s ) -  

Xc ( A l A s ) = 0 . 10 5 e V  an d  r c ( G a A s ) -rc (A lA s ) = 0 . 9 5 7 e V . F o r  a b an d  

o f f s e t  o f  7 0 : 3 0 ,  t h e s e  v a lu e s  i n c r e a s e  t o  0 .2 6 5 e V  and  

1 . 1 1 7 e V  r e s p e c t i v e l y .  I n  w hat f o l l o w s ,  t h e  v a lu e s  ( a t  l b a r )

t a k e n  f o r t h e  r c -X c  b a r r i e r i s  0 . 2 ± 0 . 1 e V , f o r t h e  r c - r c

b a r r i e r  i s 1 . OeV an d  f o r  t h e r v - r v  b a r r i e r i s  0 . 5 e V . U s in g

t h e  d a t a o f  A d a c h i ( 1 . 4 6 ) an d  a s s u m in g  a p r e s s u r e

in d e p e n d e n t b an d  o f f s e t  f o r t h e  r  band e d g e s , t h e r e  i s

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

and a p r e s s u r e  s h i f t  o f  - l l m e V / K b a r  f o r  t h e  rc-Xc b a r r i e r .

T h i s  p r e s s u r e  s h i f t  o f  r c -X c  i s  i n  e x a c t  a g re e m e n t w it h  th e

v a lu e  e s t im a t e d  fro m  t h e r m io n ic  e m is s io n  m e a su re m e n ts on a

d o u b le  b a r r i e r  A lA s /G a A s  s t r u c t u r e  u n d e r  p r e s s u r e ,  a s

r e p o r t e d  i n  c h a p t e r 4 .  T h e r e f o r e ,  on a s im p le  l e v e l ,  o u r

p r e s s u r e  t h r e s h o ld  o f  8 K b a r f o r  l o s s  o f  NDR a p p e a r s

c o n s i s t e n t  w it h  a r-x b a r r i e r  h e ig h t  a s  low  a s  O . le V  an d  th e
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e x p e c t e d  p r e s s u r e  v a r i a t i o n  o f  - l l m e V / K b a r .  A t t h i s  p r e s s u r e  

t h e  b a r r i e r  h e ig h t  i s  a lm o s t  c o m p le t e ly  s u p p r e s s e d . An 

e x p la n a t io n  o f  t h e  "k n e e "  sh a p e d  c u r v e  o f  F i g . 3 . 6 ,  h o w e v e r, 

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

Th e p o s s i b l e  t u n n e l l i n g  m e ch a n ism s f o r  t h e  s t r u c t u r e  a r e  

c o n s id e r e d  b y  e s t im a t in g  t h e  p r o b a b i l i t i e s  o f  v a r i o u s  

t u n n e l l i n g  p r o c e s s e s .  A f u l l y  in c o h e r e n t  ( o r  s e q u e n t i a l )  

p r o c e s s  and a  f u l l y  c o h e r e n t  p r o c e s s  a r e  c o n s id e r e d  f o r  e a c h  

p o s s i b l e  p o t e n t i a l  b a r r i e r .  T h e  r e s u l t s  a r e  su m m a rise d  i n  

T a b le  1  f o r  v a r i o u s  b a r r i e r s  u s in g  t h e  lo w e s t  p o s s i b l e  r c - X c  

b a r r i e r  h e ig h t  o f  0 . l e v  and l i t e r a t u r e  v a lu e s  f o r  th e  

e f f e c t i v e  m a s s e s , d e t e r m in e d  a t  t h e  b a n d  e d g e s , b o th  f o r  th e  

GaAs an d  A lA s .  A i r y  f u n c t i o n s  h a v e  b e e n  u s e d  t o  c a l c u l a t e  

t h e  s q u a r e  o f  t h e  t r a n s m is s io n  c o e f f i c i e n t  a s s u m in g  t h a t  a l l  

e l e c t r o n s  i n  t h e  " e m it t e r "  c o n t a c t  h a v e  an  e n e r g y  o f  lOmeV 

an d  t h a t  t h e y  im p in g e  n o rm a l t o  t h e  G a A s /A lA s  i n t e r f a c e ,  

i . e . ,  a  one d im e n s io n a l  c a l c u l a t i o n .  T h i s  a p p r o x im a t io n  o f  a 

m o n o e n e r g e t ic  beam o f  e l e c t r o n s  s h o u ld  n o t  be t h a t  

u n r e a s o n a b le  f o r  e s t im a t in g  t h e  t o t a l  r e s o n a n t  c u r r e n t  

b e c a u s e  th e  w id t h s  o f  t h e  r e s o n a n c e s ,  w h ic h  a r e  a l s o  l i s t e d  

i n  T a b le  1 ,  a r e  a l l  q u i t e  b r o a d . The p ro g ram  t o  c a l c u l a t e  

t h e  r e s o n a n t  c u r r e n t  was d e s ig n e d  and w r i t t e n  b y  

A . J . S h i e l d s ,  I m p e r i a l  C o l l e g e .  Th e c o h e r e n t  c u r r e n t s ,  I ' ,  

may th e n  be u s e d  d i r e c t l y  t o  g iv e  a ro u g h  i n d i c a t i o n  o f  th e  

r e l a t i v e  o r d e r in g  o f  t h e  v a r i o u s  p r o c e s s e s .  Th e NDR f e a t u r e  

f o r  t h i s  s t r u c t u r e  i s  assu m ed  t o  be d o m in a te d  b y  t h e  

t h i c k e s t  two b a r r i e r s  o f  w id t h  30A and 24A r e s p e c t i v e l y .  A t  

l e a s t  two b a r r i e r s  a r e  n e c e s s a r y  f o r  NDR an d  i t  i s  e x p e c t e d  

t h a t  th e  r e m a in in g  t h r e e  b a r r i e r s ,  b e in g  so  t h i n  ( 6 ,  1 2  and
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1 8 A ) , w i l l  n o t  a f f e c t  t h e  g r o s s  b e h a v io u r  o f  t h e  s t r u c t u r e .

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

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

h a s  a much s m a l l e r  t r a n s m is s io n  c o e f f i c i e n t  t h a n  t h e  se c o n d  

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

a t  t h e  same e l e c t r i c  f i e l d s  a c r o s s  t h e  f i r s t  b a r r i e r  t h a t  

e x i s t  a t  t h e  c u r r e n t  p e a k s  i n  t h e  c o h e r e n t  p r o c e s s ,  f o r  a  

g iv e n  t u n n e l l i n g  m e ch a n ism . T h en  some c o m p a r is o n  c a n  be  

m ade. I t  i s  e x p e c t e d  t h a t  t h e  o r d e r in g  o f  t h e  m a g n itu d e s  o f  

th e  r e s o n a n t  c u r r e n t s ,  c a l c u l a t e d  f o r  v a r i o u s  d i f f e r e n t  

b a r r i e r  h e ig h t s  an d  e f f e c t i v e  m a s s e s , s h o u ld  be t h e  same f o r  

b o th  c o h e r e n t  an d  s e q u e n t i a l  a p p r o a c h e s  ( 1 . 2 3 ) .

I n s p e c t i o n  o f  T a b le  1  show s t h a t  t h e  o b s e r v e d  e x p e r im e n t a l  

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

o f  X in v o lv e m e n t , i s  c o n s i s t e n t  w it h  t h e  o r d e r in g  o f  th e  

c u r r e n t s :  p r o c e s s e s  2 an d  3 ,  i n v o l v i n g  X -  l i k e  b a r r i e r

s t a t e s ,  a r e  p r e d ic t e d  b y  t h e  c a l c u l a t i o n s  t o  be d o m in a n t. 

S in c e  t h e  c u r r e n t s  f o r  t h e s e  p r o c e s s e s  a r e  so  much l a r g e r  

t h a n  f o r  a n y  o f  th e  o t h e r  p r o c e s s e s ,  i t  i s  e x p e c t e d  t h a t  

t h e y  s h o u ld  re m a in  d o m in a n t e v e n  a f t e r  a l lo w in g  f o r  th e  

p r e f a c t o r  a s s o c i a t e d  w it h  t h e  n o n -c o n s e r v a t io n  o f  w a v e v e c to r  

p a r a l l e l  t o  t h e  i n t e r f a c e .  E v e n  i f  t h i s  i s  n o t  t h e  c a s e ,  

T a b le  1  show s t h a t  p r o c e s s  1 ,  i n v o l v i n g  X - l i k e  s t a t e s  w it h  

p a r a l l e l  w a v e v e c to r  c o n s e r v a t io n ,  w i l l  h a v e , a t  l e a s t ,  an  

e q u a l  c o n t r i b u t i o n  t o  a n y  o t h e r  p r o c e s s  a t  l b a r .  

F u r t h e r m o r e , t h i s  p r o c e s s  w i l l  r a p i d l y  come t o  d o m in a te  a t  

h ig h e r  p r e s s u r e s  a s  t h e  r c -Xc  b a r r i e r  h e ig h t  i s  r e d u c e d .

Two o t h e r  e x p la n a t io n s  f o r  t h e  o b s e r v e d  p r e s s u r e  v a r i a t i o n

m u st a l s o  be m e n tio n e d . T h e s e  a r e  ( i )  a r e d u c t io n  w it h
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p r e s s u r e  o f  t h e  e l e c t r o n  c o n c e n t r a t io n  i n  t h e  e m it t e r  

c o n t a c t  and ( i i )  a d e c r e a s e  i n  t h e  v a lu e  o f  t h e  " p a r a l l e l  

r e s i s t a n c e "  w it h  i n c r e a s i n g  p r e s s u r e  so  t h a t  i t  r e a c h e s  a  

v a lu e  e q u a l  t o  t h e  m a g n itu d e  o f  t h e  NDR, | d V / d l | ,  a t  8 K b a r .  

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

p r o c e s s  a s s o c i a t e d  w it h  e l e c t r o n  o r  h o le  t u n n e l l i n g  th r o u g h  

t h e i r  r e s p e c t i v e  r - r  b a r r i e r s ,  n o t  o t h e r w is e  e x p e c t e d  t o  

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

t h e s e  e x p la n a t io n s  a p p l i e s  w it h  t h e  p r e s e n t  s t r u c t u r e .  I n  

t h e  c a s e  o f  ( i ) ,  Maude e t  a l .  ( 1 1 )  h a v e  o b s e r v e d  a r e d u c t io n  

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

o f  a s i n g l e  b a r r i e r  s t r u c t u r e .  H o w ever, t h i s  was f o r  

p r e s s u r e s  ab o v e  a p p r o x im a t e ly  lO K b a r  an d  an  e m it t e r  d o p in g  

o f  a p p r o x im a t e ly  l O ^ c n T ^ .  T h is  r e d u c t io n  i s  d u e t o  a d e ep  

l e v e l ,  a s s o c i a t e d  w it h  a h ig h e r  m inim um , c r o s s i n g  t h e  F e rm i  

l e v e l  o f  t h e  e m it t e r  e l e c t r o n s  ab o v e  some p r e s s u r e  

t h r e s h o l d .  F o r  t h e  c a s e  o f  t h e  p - i - n  d e v i c e ,  t h e  d o p in g  o f  

t h e  e m it t e r  i s  much lo w e r (~  10-^-^cm "^) and a l a r g e  p r e s s u r e  

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

r a n g e  up t o  8 K b a r . I n  a d d i t i o n ,  w h ile  a s h i f t  i n  t h e  F e rm i  

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

n o t le a d  t o  a t o t a l  s u p p r e s s io n  o f  th e  NDR.

Th e s e c o n d  e x p la n a t io n  f o r  t h e  l o s s  o f  NDR i n  te rm s o f  a 

p r e s s u r e  d e p e n d e n t p a r a l l e l  r e s i s t a n c e  may be r u le d  o u t  

b e c a u s e  o f  t h e  good a g re e m e n t o b t a in e d  f o r  t h e  p r e s s u r e  

t h r e s h o ld  a t  w h ic h  NDR i s  s u p p r e s s e d  i n  s e v e n  d i f f e r e n t  p - i -  

n d e v i c e s .  S in c e  th e  p a r a l l e l  r e s i s t a n c e  i s  t h o u g h t  t o  be  

due t o  some e x t r i n s i c  p r o c e s s ,  i t  i s  m ost u n l i k e l y  t o  

e x h i b i t  th e  same r a t i o  t o  th e  m a g n itu d e  o f  t h e  i n t r i n s i c  NDR
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f o r  e a c h  d e v i c e .  T h u s t h i s  m e ch an ism  w o u ld  le a d  t o  s t r o n g  

v a r i a t i o n s  i n  t h e  t h r e s h o ld  p r e s s u r e  f o r  l o s s  o f  NDR b etw een  

s a m p le s , c o n t r a r y  t o  t h e  r e s u l t s  o f  F i g . 3 . 6 .

N e x t , t h e  o r i g i n  o f  t h e  f e a t u r e s  o b s e r v e d  i n  th e  

d i f f e r e n t i a l  m e a su re m e n ts a r e  d i s c u s s e d .  T h e i r  m o st l i k e l y  

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

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

c o n d u c t io n  b a n d  o r  o f  h o le s  th r o u g h  th e  q u a s i -b o u n d  h o le  

s t a t e s  o f  t h e  v a le n c e  b a n d . A num ber o f  q u a s i -b o u n d  e l e c t r o n  

s t a t e s  a r e  p o s s i b l e  i n c l u d i n g  X - l i k e  s t a t e s ,  l o c a t e d  i n  th e  

b a r r i e r s  and d i s c u s s e d  b y  M endez e t  a l .  ( 1 . 5 7 ) .  I n  v ie w  o f  

t h e  c o n s t a n t  d i f f e r e n c e  b etw een  t h e  v o lt a g e s  o f  t h e s e  h ig h e r  

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

p r e s s u r e  i s  v a r i e d ,  an  e l e c t r o n  m e ch an ism  a l s o  i n v o l v i n g  r - X  

t u n n e l l i n g  i s  p e r h a p s  m ore l i k e l y  th a n  a h o le  t u n n e l l i n g  

m e ch a n ism .

F i n a l l y ,  t h e  c o n t r a s t in g  r e s u l t  o f  Mendez e t  a l .  (8 ) f o r  a  

r e l a t e d  5 0 A -5 0 A -5 0 A  d o u b le  b a r r i e r  G a A s /A lA s  s t r u c t u r e  i s  

c o n s id e r e d .  NDR i s  o b s e r v e d  f o r  t h e i r  s t r u c t u r e  w it h  a  

s i m i l a r  p e a k  t o  v a l l e y  r a t i o  a t  l b a r  b u t  t h e  NDR f e a t u r e  i s  

c o m p le t e ly  s u p p r e s s e d  b y  1 .5 K b a r  and 7 7 K . I t  w o u ld  a p p e a r  

t h a t  NDR may be much more e a s i l y  s u p p r e s s e d  i n  a  5 0 A -5 0 A -5 0 A  

s t r u c t u r e  t h a n  a 3 0 A -7 0 A -2 4 A  s t r u c t u r e .  T h e r e f o r e  th e  

s u p p r e s s io n  o f  NDR w it h  p r e s s u r e  seem s t o  be a v e r y  

s e n s i t i v e  f u n c t io n  o f  w e l l  an d  b a r r i e r  d im e n s io n s .  T h is  

seem s p l a u s i b l e  s i n c e  b a r r i e r  an d  w e l l  d im e n s io n s ,  a s  w e l l  

a s  t h e  b a r r i e r  h e ig h t ,  d e t e r m in e  th e  e n e r g y  o f  t h e  q u a s i ­

bound s t a t e s  i n  t h e  w e l l .  Th e d i f f e r e n c e  i n  p r e s s u r e  

s e n s i t i v i t y  o f  NDR i n  s t r u c t u r e s  w it h  A lA s  b a r r i e r s  may t h u s
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be r e l a t e d  t o  t h e  l a r g e r  c o n f in e m e n t  e n e r g y  o f  t h e  f i r s t  

r e s o n a n t  s t a t e  i n  t h e  5 0 A -5 0 A -5 0 A  co m pared  w it h  th e  3 0 A -7 0 A -  

24A o n e . T h e l a r g e r  c o n f in e m e n t  e n e r g y  w i l l  r e d u c e  t h e  

e n e r g y  d i f f e r e n c e  b etw een  t h i s  s t a t e  and t h e  X s t a t e s  i n  t h e  

b a r r i e r s .  A ssu m in g  t h a t  c o n f in e m e n t  i s  d e t e r m in e d  b y  t h e  r-r 
b a r r i e r s  ( 1 . 6 , 1 . 5 5 ) ,  t h e  d i f f e r e n c e  i n  c o n f in e m e n t  e n e r g ie s  

b e tw ee n  t h e  p - i - n  s t r u c t u r e  an d  t h a t  o f  M endez e t  a l .  i s  

o n ly  a b o u t  42m eV. S in c e  t h e  r-X b a r r i e r  h e ig h t  s h i f t s  a t  

a b o u t  l lm e V /K b a r ,  a s  d e m o n s tra te d  i n  c h a p t e r  4 an d  e ls e w h e r e  

( 1 . 6 , 1 . 4 6 , 1 . 5 5 ) ,  t h i s  w o u ld  im p ly  a  d i f f e r e n c e  i n  p r e s s u r e  

t h r e s h o l d  f o r  l o s s  o f  NDR o f  l e s s  t h a n  4 K b a r . The o b s e r v e d  

d i f f e r e n c e  i s  som ewhat g r e a t e r  an d  t h e r e f o r e  d o e s n o t a p p e a r  

t o  be e x p la in e d  s o l e l y  b y  quantum  c o n fin e m e n t  e f f e c t s .

Th e s e n s i t i v i t y  o f  NDR t o  w e l l  an d  b a r r i e r  d im e n s io n s ,  

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

d i f f e r e n c e s  i n  c o n fin e m e n t  e n e r g y  f o r  th e  two s t r u c t u r e s .  As 

m e n tio n e d  i n  c h a p t e r  1 ,  a c a l c u l a t i o n  b y  Cade e t  a l .  ( 1 . 5 8 )  

f o r  t h i s  p - i - n  s t r u c t u r e  h a s  b e e n  i n t e r p r e t e d  i n  te rm s o f  

a lm o s t  e q u a l  r  an d  X c o n t r i b u t i o n s  t o  t h e  t u n n e l l i n g  

c u r r e n t .  He c o n c lu d e d  t h a t ,  f o r  t h i c k e r  A lA s  b a r r i e r s ,  t h e  

t r a n s m is s io n  o f  e a c h  b a r r i e r  m ig h t  be more s t r o n g l y  X - l i k e ,  

w it h  a c o r r e s p o n d in g ly  s t r o n g e r  p r e s s u r e  d e p e n d e n c e . 

I n c l u d i n g  t h i s  c o n s i d e r a t i o n  c o u ld  p o s s i b l y  e x p l a i n  th e  

d i f f e r e n c e  i n  p r e s s u r e  t h r e s h o ld  f o r  l o s s  o f  NDR b etw een  th e  

p - i - n  s t r u c t u r e  and M e n d e z 's  5 0 A -5 0 A -5 0 A  s t r u c t u r e .

To t e s t  t h e  ab o ve  h y p o t h e s is ,  f u r t h e r  i n v e s t i g a t i o n s  a r e  

r e q u i r e d .  I n  p a r t i c u l a r ,  e x p e r im e n t s  on G a A s /A lA s  d o u b le  

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

NDR f e a t u r e  f o r  v a r io u s  w e l l  an d  b a r r i e r  d im e n s io n s . I n
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a d d i t i o n ,  d u e t o  t h e  c o m p le x  b e h a v io u r  o f  t h e  p - i - n  d e v ic e s  

i n  w h ic h  b o t h  e l e c t r o n  an d  h o le  t u n n e l l i n g  c a n  t a k e  p l a c e ,  

i t  was c o n s id e r e d  im p o r t a n t  t o  p e rfo rm  t h e  same

e x p e r im e n t s  on a  d o u b le  b a r r i e r ,  G a A s /A lA s  n - i - n  s t r u c t u r e  

o f  s i m i l a r  w e l l  an d  b a r r i e r  d im e n s io n s  t o  t h o s e  w h ic h  

d e t e r m in e  t h e  NDR f e a t u r e  i n  t h e  p - i - n  d e v i c e s .  F o r  n - i - n  

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

T h e r e f o r e ,  t h e  c o n c l u s io n s  c o n c e r n in g  t h e  p ro p o s e d

t u n n e l l i n g  m e ch an ism  f o r  t h e  p - i - n  d e v ic e  c a n  be

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

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

im p u r it y  c o n t r i b u t i o n  t o  t h e  t u n n e l l i n g  c u r r e n t  s h o u ld  be  

r e d u c e d . T h i s  w o u ld  c o n f ir m  t h a t  t h e  n o n -r e s o n a n t  im p u r it y  

c o n t r i b u t i o n  t o  t h e  t u n n e l l i n g  c u r r e n t  i s  an  e x t r i n s i c  

p r o p e r t y  o f  t h e  p - i - n  d e v ic e s  a s s o c i a t e d  w it h  im p u r it y  

s t a t e s  i n  t h e  b a r r i e r .  F i n a l l y ,  t h e  e f f e c t  o f  p r e s s u r e  on  

t h e  NDR f e a t u r e  o f  G a A s /A lx G a i_ x As d o u b le  b a r r i e r  

s t r u c t u r e s ,  w it h  x < 0 . 4 5 ,  w o u ld  be an  i n t e r e s t i n g  e x p e r im e n t  

t o  p e rfo rm  s i n c e  t h e  r c - X c  p o t e n t i a l  b a r r i e r  i s  no lo n g e r  

t h e  minimum b a r r i e r  an d  so  t h e  NDR f e a t u r e  i s  e x p e c t e d  t o  be  

l e s s  s e n s i t i v e  t o  p r e s s u r e .  T h e s e  e x p e r im e n t s  a r e  a l l  

a tte m p te d  i n  t h e  f o l lo w in g  c h a p t e r s .

3 .4  C o n c lu s io n s

A n e g a t iv e  d i f f e r e n t i a l  r e s i s t a n c e  and i t s  v a r i a t i o n  w it h

p r e s s u r e  h a s  b e en  o b s e r v e d  i n  s e v e n  s a m p le s  o f  a q u a s i -

g ra d e d  gap s u p e r l a t t i c e  em bedded i n  a p -n  j u n c t i o n .  S c a t t e r

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

f u n c t io n  o f  sa m p le  and p r e s s u r e  h a s  b een  s t r o n g l y  s u p p r e s s e d

b y  p l o t t i n g  t h e  p e a k  t o  v a l l e y  c u r r e n t  d i f f e r e n c e .  T h is

i n d i c a t e s  t h a t  a n o n -r e s o n a n t  le a k a g e  c u r r e n t  i s  a l s o
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p r e s e n t .  From  t h e  c y c l i n g  b e h a v io u r  o f  t h e  I - V  

c h a r a c t e r i s t i c ,  t h i s  c u r r e n t  i s  th o u g h t  t o  be due t o  

im p u r it y  l e v e l s  i n  t h e  b a r r i e r s .

I t  i s  fo u n d  t h a t  t h e  h y s t e r e s i s  lo o p  a s s o c i a t e d  w it h  t h e  NDR 

r e d u c e s  s lo w ly  w it h  p r e s s u r e  up t o  a p p r o x im a t e ly  5 K b a r an d  

m ore r a p i d l y  a t  h ig h e r  p r e s s u r e s ,  d is a p p e a r in g  b y  

a p p r o x im a t e ly  8 K b a r a t  4 . 2 K  and a p p r o x im a t e ly  7 .5 K b a r  a t  

7 7 K . A v a r i a t i o n  w it h  p r e s s u r e  o f  t h e  le a k a g e  " r e s i s t a n c e ” 

o r  o f  t h e  c a r r i e r  c o n c e n t r a t io n  w it h  p r e s s u r e  i s  r u le d  o u t .  

Th e o b s e r v e d  b e h a v io u r  i s  i n t e r p r e t e d  a s  e v id e n c e  f o r  th e  

d o m in a n t r o l e  o f  e l e c t r o n s  t u n n e l l i n g  th r o u g h  X - l i k e  b a r r i e r  

s t a t e s .  On a s im p le  l e v e l ,  t h e  p r e s s u r e  t h r e s h o l d  o f  8 K b a r  

f o r  l o s s  o f  NDR a t  4 . 2 K  a p p e a r s  c o n s i s t e n t  w it h  t h e  

e s t im a t e d ,  low  r -X  b a r r i e r  h e ig h t  o f  a p p r o x im a t e ly  O . l e V  an d  

i t s  p r e s s u r e  v a r i a t i o n  o f  a p p r o x im a t e ly  0 . O l l e V / K b a r .

To s u b s t a n t i a t e  t h e s e  c o n c l u s io n s ,  e x p e r im e n t s  w ere  

p e rfo rm e d  on a G a A s /A lA s , d o u b le  b a r r i e r  n - i - n  s t r u c t u r e  o f  

s i m i l a r  w e l l  and b a r r i e r  d im e n s io n s  t o  t h o s e  w h ic h  d e t e r m in e  

t h e  NDR f e a t u r e  i n  t h e  p - i - n  d e v i c e .  I n  a d d i t i o n ,  

e x p e r im e n t s  w ere p e rfo rm e d  on a  s i m i l a r  n - i - n  s t r u c t u r e  w it h  

d i f f e r e n t  w e l l  and b a r r i e r  d im e n s io n s  t o  i n v e s t i g a t e  t h e i r  

e f f e c t  on t h e  NDR f e a t u r e .  T h e s e  e x p e r im e n t s  a r e  r e p o r t e d  i n  

C h a p t e r  4 .
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T a b le  1 :  E f f e c t i v e  c u r r e n t s  f o r  s e q u e n t i a l ,  I ,  and  

c o h e r e n t ,  I ' ,  t u n n e l l i n g  p r o c e s s e s  t h r o u g h  a 3 0 A -7 0 A -3 0 A  

d o u b le  b a r r i e r  s t r u c t u r e .  Th e s e q u e n t i a l  t u n n e l l i n g  v a lu e s  

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

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

t h e  c a l c u l a t i o n ,  a l l  e l e c t r o n s  i n  t h e  '’e m it t e r "  c o n t a c t  a r e  

assu m ed  t o  h a v e  an e n e r g y  o f  lOmeV an d  t o  im p in g e  n o rm a l t o  

t h e  G a A s /A lA s  i n t e r f a c e .

B a r r i e r

G a A s /A lA s

m*

GaAs

/me

, A lA s

V ( e V ) I  I ' R e s . 

( a r b . u n i t s ) FWHM

W id t h :

(meV)

%.• r c - x c

o
•

o

1 . 9 0 . 1 2 . 2 x l 0 - 5 , 9 . 7 x 1 0 “ ® 4 . 4

(k|| c o n s e r v e d )

1- rc -xc 0 . 0 7 , 0 . 1 9 0 . 1 0 . 1 1 ,  1 . 0 4 . 4

(k|| n o t  c o n s e r v e d , s e e n o te 2)

2- rc-xc o
•

o

0 . 1 1 0 . 1 0 . 2 2 ,  0 . 9 1 2 . 0

( s e e  n o te 1 )

A- r c - r c 0 . 0 7 , 0 . 1 5 1 . 0 l . l x l O - 5 , 1 . 9 x l 0 -6 0 .4

5. rv-rv 0 . 4 , 0 . 4 5 0 . 5 1 . 6 x l 0 - 6 , l . l x l O -8 2 .0

(H e a v y  h o le s )

6 . r v - r v 0 . 0 9 , 0 . 2 6 0 . 5 4 . 3 x l 0 - 5 , l . l x l O - 5 1 . 9

N o te  1 :  T h i s  low  m ass h a s  b e en  p ro p o s e d  w it h  a s i m i l a r  

b a r r i e r  h e ig h t  b y  S in g l e t o n  e t  a l .  ( 1 . 4 7 ) .

N o te  2 :  Th e c u r r e n t s  c a l c u l a t e d  h e r e  m u st be a d ju s t e d  b y  a

s u i t a b l e  p r e f a c t o r  w h ic h  t a k e s  i n t o  a c c o u n t  phonon o r  

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

N o te  3 :  F o r  p r o c e s s  1 ,  m * (A lA s )  i s  o b t a in e d  from  r e f e r e n c e s

r e f e r e n c e s  ( 2 . 1 2 )  a nd ( 2 . 1 4 ) .
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R e f e r e n c e s

3 . 1 .  F .C a p a s s o ,  H . M . C o x ,  A .L .H u t c h in s o n ,  N .A .O l s s o n ,

S .  G .H um m el, A p p l . P h y s . L e t t .  4 5 , 1 1 9 3  ( 1 9 8 6 )

3 . 2 .  T .B a b a ,  T . M i z u t a n i ,  M .O gaw a, J p n . J . A p p l . P h y s .  2 2 ,  L 6 2 7  

( 1 9 8 3 )

3 . 3 .  T .B a b a ,  T . M i z u t a n i ,  M. Ogawa, J . A p p l . P h y s .  59./ 526

( 1 9 8 6 )

3 . 4 .  N .R .C o u c h , M . J . K e l l y ,  T . M . K e r r ,  E . G . B r i t t o n ,

W .M .S to b b s , S e m ic o n d .S c i .T e c h n o l .  2 ,  244 ( 1 9 8 7 )

3 . 5 .  N .R .C o u c h , D .G . P a r k e r ,  M . J . K e l l y ,  T . M . K e r r ,  E l e c t . L e t t .  

2 2 ,  636 ( 1 9 8 6 )

3 . 6 .  N .R .C o u c h , D .G . P a r k e r ,  M . J . K e l l y ,  T . M . K e r r ,  P r o c . l 8 t h  

I n t . C o n f . P h y s . S e m ic o n d u c t o r s  ( 1 9 8 6 )

3 . 7 .  M . J . K e l l y ,  R . A . D a v i e s ,  A . P . L o n g ,  N .R .C o u c h , P .H .B e t o n ,

T .  M .K e r r ,  S u p e r l a t t i c e s  an d  M ic r o s t r u c t u r e s  2 ,  3 1 3  ( 1 9 8 6 )

3 . 8 .  E .E .M e n d e z , E . C a l l e j a ,  W . I . W a n g ,  P h y s .R e v .B  3 4 , 6026  

( 1 9 8 6 )

3 . 9 .  R . A . S t r a d l i n g ,  F e s t k o r p e r p r o b le m e  X X V , 5 9 1  ( 1 9 8 5 )

3 . 1 0 .  H .C .C a s e y  J r . ,  M. B.  P a n i s h ,  " H e t e r o s t r u c t u r e  L a s e r s "  

(A c a d e m ic , New Y o r k  1 9 7 8 )  P a r t s  A an d  B

3 . 1 1 .  D .K .M a u d e , J . C . P o r t a l ,  L .D im o w s k i, T . F o r s t e r ,  L . E a v e s ,

M .N a th a n , M .H e ib lu m , J . J . H a r r i s ,  R . B . B e a l l ,  P h y s . R e v . L e t t . 

5 9 ,  8 15  ( 1 9 8 7 )

3 . 1 2 .  B . R h e in l a n d e r , H .N eu m an n , H . F i s c h e r ,  P .K u h n ,  

P h y s . S t a t . S o l i d i  B 4 9 ,  K 16 7  ( 1 9 7 2 )

3 . 1 3 .  U .V e n k a t e s w a r a n , M .C h a n d r a s e k h a r , H .R .C h a n d r a s e k h a r ,

B . A . V o j a k ,  F .A .C h a m b e r s , J . M . M e e s e ,  P h y s .R e v .B  3 2 /  8 4 1 6

( 1 9 8 6 )

3 . 1 4 .  J .S .B la k e m o r e ,  " S e m ic o n d u c t in g  and o t h e r  m a jo r  

p r o p e r t i e s  o f  G aA s" M a n u s c r ip t  K - 0 0 9  (O reg o n  G r a d u a te
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C e n t r e )



32

F i g . 3 . 1  F o rw a rd  b i a s  I - V  c h a r a c t e r i s t i c s  a t  l b a r  an d  
t e m p e r a t u r e s  o f  3 0 OK an d  4 . 2 K .

F i g . 3 . 2  A s c h e m a t ic  p r o f i l e  o f  t h e  a s y m m e tr ic  s u p e r l a t t i c e  
u n d e r  (a )  z e r o  b i a s  and (b ) fo r w a rd  b i a s  a t  r e s o n a n c e .

95



V(V)
F i g . 3 . 3  I - V  c h a r a c t e r i s t i c s  f o r  t h e  d e v ic e  m e a su re d  a t  4 . 2 K  
u n d e r  c o n s t a n t  c u r r e n t  c o n d i t i o n s  i n  t h e  same sa m p le  a t  
l b a r  an d  7 . 4 K b a r .



V(V)
F i g . 3 . 4  F i r s t  an d  s e c o n d  d e r i v a t i v e  c h a r a c t e r i s t i c s  f o r  th e  
d e v ic e  a t  p r e s s u r e s  up t o  7 . 5 K b a r .  The s e c o n d  d e r i v a t i v e  
was m e a su re d  w it h  a s e n s i t i v i t y  2 . 5  t im e s  s m a l l e r  t h a n  f o r  
t h e  f i r s t  d e r i v a t i v e .



A / B

F i g . 3 . 5  P r e s s u r e  d e p e n d e n ce  o f  t h e  p e a k  t o  v a l l e y  c u r r e n t  
r a t i o ,  A / B ,  a t  ( a )  7 7 k  and (b)  4 . 2 K ,  f o r  5 s a m p le s  o f  th e  
p - i - n  s t r u c t u r e .
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F i g . 3 . 6  P r e s s u r e  d e p e n d e n ce  o f  t h e  p e a k  t o  v a l l e y  c u r r e n t  
d i f f e r e n c e  a t  (a )  4 . 2 K  a nd (b)  7 7 K ,  f o r  s i x  s a m p le s  o f  t h e  
p - i - n  s t r u c t u r e .
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CHAPTER 4

H IG H  PRESSURE MEASUREMENTS ON G a A s /A lA s  DOUBLE B A R R IER  

STRUCTURES

M e a su re m e n ts a r e  r e p o r t e d  on two n - i - n  d e v ic e s  a t  p r e s s u r e s  

up t o  9 K b a r . T h e i n t r i n s i c  r e g io n  o f  t h e  d e v ic e s  c o n t a in s  a  

d o u b le  b a r r i e r  G a A s /A lA s  s t r u c t u r e  w it h ,  n o m in a l ly ,  e i t h e r  a 

70A  q uantum  w e l l  an d  30A b a r r i e r s  o r  a 15 A  w e l l  an d  50A  

b a r r i e r s .  Th e 3 0 A -7 0 A -3 0 A  d o u b le  b a r r i e r  s t r u c t u r e  show s NDR 

i n  b o th  i t s  fo r w a rd  an d  r e v e r s e  b i a s  I - V  c h a r a c t e r i s t i c  

w h ic h  h a v e  a p e a k  t o  v a l l e y  c u r r e n t  r a t i o  ( A / B )  g r e a t e r  t h a n  

10  a t  4 . 2 K .  On a p p ly in g  p r e s s u r e ,  t h e  fo r w a rd  b i a s  

c h a r a c t e r i s t i c  o f  t h i s  d e v ic e  e x h i b i t s  s i m i l a r  b e h a v io u r  to  

t h e  p - i - n  d e v ic e  d i s c u s s e d  i n  c h a p t e r  3 ,  t h e  NDR f e a t u r e  

d is a p p e a r in g  a t  j u s t  o v e r  8 K b a r a t  7 7 K .  I n  r e v e r s e  b i a s ,  A /B  

f i r s t  i n c r e a s e s  b e f o r e  f a l l i n g  r a p i d l y  ab o ve  5 K b a r . B y  

8 K b a r , t h e  f e a t u r e  i n  r e v e r s e  b i a s  i s  n o t  c o m p le t e ly  

s u p p r e s s e d . T h e s e  o b s e r v a t io n s  c o n f ir m  t h e  c o n c l u s io n s  o f  

c h a p t e r  3 w here i t  was a rg u e d  t h a t  t h e  d o m in a n t m e ch an ism  o f  

c o n d u c t io n  th r o u g h  t h e  m u l t i p l e  b a r r i e r  G a A s /A lA s  s t r u c t u r e  

o f  t h e  p - i - n  d e v ic e  i n v o l v e s  e l e c t r o n s  t u n n e l l i n g  th r o u g h  X -  

l i k e  b a r r i e r  s t a t e s  i n  t h e  two t h i c k e s t  b a r r i e r s ,  r a t h e r  

t h a n  h o le  t u n n e l l i n g .  I n  a d d i t i o n ,  no s c a t t e r  i n  t h e  A /B  

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

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

t h a t  t h e  n o n -r e s o n a n t  le a k a g e  c u r r e n t  w h ic h  c a u s e d  s c a t t e r  

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

c a s e .

F o r  t h e  5 0 A -1 5 A -5 0 A  d o u b le  b a r r i e r  s t r u c t u r e ,  no NDR 

f e a t u r e s  w ere a t  a l l  d i s c e r n i b l e  i n  th e  I - V  c h a r a c t e r i s t i c
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a t  4 . 2 K ,  an d  o n ly  a v e r y  w eak f e a t u r e  c o u ld  be s e e n  i n  t h e  

f i r s t  d e r i v a t i v e  p l o t  ( d l / d V - V ) .  T h i s  i n d i c a t e s  t h a t  t h e  NDR 

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

s e n s i t i v e l y  on w e l l  an d  b a r r i e r  d im e n s io n s . Th e d e v ic e  

b e h a v e d  i n  many r e s p e c t s  l i k e  a s i n g l e  b a r r i e r  s t r u c t u r e  a s  

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

( f o r  a f i x e d  v o lt a g e )  w it h  t e m p e r a t u r e , an  in d e p e n d e n t  

m e asu rem e n t o f  t h e  b a r r i e r  h e ig h t  and i t s  v a r i a t i o n  w it h  

p r e s s u r e  w ere d e t e r m in e d . Th e r e s u l t s  s u g g e s t  t h a t  t h e  

t h e r m io n ic  e m is s io n  o f  e l e c t r o n s  o v e r  t h e  b a r r i e r s  i s  

c o n t r o l l e d  b y  t h e  r ( G a A s ) - X ( A l A s )  b a r r i e r .

M a g n e t ic  f i e l d  m e a su re m e n ts (B ||J )  up t o  1 2 . 6T on t h e  3 0 - 7 0 -  

30 s t r u c t u r e  f o r  p r e s s u r e s  o f  l b a r  and 5 K b a r , r e v e a l  

m agnetoquantum  o s c i l l a t i o n s  ( S h u b n ik o v -d e  H a a s l i k e )  i n  t h e  

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

L a n d a u  l e v e l  s t r u c t u r e  o f  t h e  d e g e n e r a t e  t w o -d im e n s io n a l  

e l e c t r o n  g a s  i n  t h e  a c c u m u la t io n  l a y e r  o f  t h e  e m i t t e r .  Th e  

o s c i l l a t i o n s  a p p e a r  t o  " s t r e n g t h e n "  and "w eaken" a s  t h e  b i a s  

a c r o s s  t h e  s t r u c t u r e  i s  in c r e a s e d  and t h e  o s c i l l a t i o n s  

o b s e r v e d  a t  l b a r  a r e  " s t r o n g e r "  f o r  a g iv e n  b i a s  t h a n  t h o s e  

o b s e r v e d  a t  5 K b a r . T h e s e  o b s e r v a t io n s  c a n  be e x p la in e d  b y  

c o n s id e r in g  how t h e  t im e  f o r  i o n i s e d  im p u r it y  s c a t t e r i n g  i n  

t h e  e m i t t e r ,  t h e  c h a r a c t e r i s t i c  t im e  f o r  t u n n e l l i n g  th r o u g h  

t h e  A lA s  b a r r i e r s ,  an d  t h e  t im e  an  e le c t r o n  t a k e s  t o  p e rfo rm  

a c y c l o t r o n  o r b i t ,  v a r y  w it h  a p p l ie d  b i a s .

4 . 1  E x p e r im e n t

The c o m p o s it io n  o f  t h e  two d e v ic e s  an d  t h e i r  f a b r i c a t i o n  a r e  

r e p o r t e d  i n  c h a p t e r  2 .  Th e s t r u c t u r e s  w ere s u b s e q u e n t ly  

m e a su re d  b y  TEM t o  c h e c k  t h e i r  l a y e r  t h ic k n e s s e s  w it h  an
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a c c u r a c y  o f  ± 2 A ,  ( s e e  c h a p t e r  2 ,  page 6 2 ) .  T h e  f o l l o w in g  

v a lu e s  w ere o b t a in e d  f o r  t h e  n o m in a lly  3 0 A - 7 0 A - 3 0 A  an d  5 0 A -  

•2.SA-50A s t r u c t u r e s  r e s p e c t i v e l y :  4 0 A - 7 2 A - 4 3 A  ( t h in n e r  

b a r r i e r  a d ja c e n t  t o  s u b s t r a t e )  and 5 0 A -1 5 A -4 5 A  ( t h i c k e r  

b a r r i e r  a d ja c e n t  t o  s u b s t r a t e ) .  H e r e a f t e r ,  t h e  s t r u c t u r e s  

a r e  r e f e r r e d  t o  a s  t h e  3 0 A - 7 0 A - 3 0 A  s t r u c t u r e  an d  t h e  5 0 A -  

1 5 A -5 0 A  s t r u c t u r e .

DC c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  w ere o b t a in e d  f o r  two 

s e p a r a t e  n - i - n  d e v ic e s  o f  b o th  t h e  3 0 A -7 0 A -3 0 A  an d  t h e  5 0 A -  

1 5 A -5 0 A  s t r u c t u r e s  a t  p r e s s u r e s  up t o  8 .4 K b a r  an d  

t e m p e r a t u r e s  down t o  4 . 2 K .  F o r  t h e  5 0 A -1 5 A -5 0 A  s t r u c t u r e ,  

c o n d u c t a n c e -v o lt a g e  ( d l / d V - V )  c h a r a c t e r i s t i c s  w ere a l s o  

o b t a in e d  s i n c e  t h e r e  was no e v id e n c e  o f  a  NDR f e a t u r e  i n  t h e  

I - V  c h a r a c t e r i s t i c .  The d e v ic e s  w ere p r e p a r e d  fro m  d i f f e r e n t  

p a r t s  o f  e a c h  w a fe r  a s  200um d ia m e t e r  m esas w it h  Ohm ic  

c o n t a c t s  a t t a c h e d  t o  t h e  to p  o f  t h e  m esa an d  t h e  s u b s t r a t e .

M agnetoquantum  o s c i l l a t i o n s  w ere o b t a in e d  f o r  t h e  3 0 A -7 0 A -  

30A s t r u c t u r e  u s in g  t h e  m a g n e t ic  f i e l d  s y s te m  d e s c r ib e d  i n  

c h a p t e r  2 .  Th e d e v ic e  was b ia s e d  a t  d i f f e r e n t  v o lt a g e s  o f  

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

f u n c t i o n - o f  m a g n e t ic  f i e l d  (B ||J )  w ere o b s e r v e d  a s  t h e  

m a g n e t ic  f i e l d  was sw ept up t o  1 2 . 6 T .  By n u m e r i c a l l y  

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

f i r s t  ( d l / d B )  and se c o n d  ( d 2 I / d B 2 ) d e r i v a t i v e s  v e r s u s  B w ere  

o b t a in e d .  To o b t a in  th e  fu n d a m e n ta l f i e l d ,  B p , f o r  t h e  SdH 

o s c i l l a t i o n s ,  a F o u r ie r  t r a n s f o r m  o f  t h e  d a t a  was t a k e n  

u s in g  a f a s t  F o u r ie r  t r a n s f o r m  p ro g ra m . T h e s e  m a g n e t ic  f i e l d  

m e a su rem e n ts w ere r e p e a t e d  w it h  t h e  d e v ic e  u n d e r  a p r e s s u r e  

o f  5 K b a r , b y  a t t a c h in g  t h e  B e -C u  l i q u i d  c e l l  t o  t h e  end o f
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t h e  i n s e r t  u s e d  f o r  t h e  c r y o m a g n e t ic  f i e l d  s y s t e m .

4 .2  R e s u l t s  f o r  t h e  3 0 A -7 0 A -3 0 A  S t r u c t u r e

T y p i c a l  DC I - V  c h a r a c t e r i s t i c s ,  m e a su re d  a t  4 . 2 K ,  a r e  shown 

i n  F i g . 4 . 1 .  A c e r t a i n  d e g re e  o f  asym m e try  c a n  be o b s e r v e d  

b e tw ee n  t h e  fo r w a rd  b i a s  d i r e c t i o n  ( s u b s t r a t e  p o s i t i v e )  and  

t h e  r e v e r s e  b i a s  d i r e c t i o n  ( s u b s t r a t e  n e g a t i v e ) .  A p e a k  t o  

v a l l e y  c u r r e n t  r a t i o  ( A / B )  o f  9 . 8  i s  o b t a in e d  i n  fo rw a rd  

b i a s  and a  v a lu e  o f  1 4 . 9  i s  o b t a in e d  i n  r e v e r s e  b i a s .  T h e s e  

v a lu e s  d e c r e a s e  t o  6 .9  an d  8 .4  r e s p e c t i v e l y  a t  7 7 K . T h is  

asym m e try  i s  th o u g h t  t o  be i n d i c a t i v e  o f  t h e  s l i g h t l y  

d i f f e r e n t  b a r r i e r  w id t h s .  A l a r g e r  v a lu e  i n  r e v e r s e  b i a s  o f  

t h e  p e a k  c u r r e n t  t o g e t h e r  w it h  a l a r g e r  A / B ,  i s  c o n s i s t e n t  

w it h  t h e  t h in n e r  o f  t h e  two b a r r i e r s  b e in g  a d ja c e n t  t o  t h e  

e m it t e r  c o n t a c t  f o r  t h i s  b i a s  ( 1 . 1 9 ) .  T h i s  i s  c o n f ir m e d  b y  

th e  TEM r e s u l t s .  An a sym m e try  c o u ld  a l s o  a r i s e  fro m  

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

t h e  d o u b le  b a r r i e r  s y s t e m . T h i s  d o p in g  h a s  b e e n  m e a su re d  

w it h  an e le c t r o c h e m ic a l  P o la r o n  p l o t t e r  an d  v a lu e s  o f  

1 . 4 xlO -l-7 cm“ 3  f o r  t h e  f i r s t  grow n o f  th e  two l a y e r s ,  an d  

1 .7 x l( ) 1 7 c m ” 3 f o r  t h e  o t h e r  l a y e r  w ere o b t a in e d .  I t  i s  a l s o  

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

c o n t r ib u t e  t o  t h e  o b s e r v e d  asym m e try  ( 1 . 2 3 ) .

Th e I - V  c h a r a c t e r i s t i c s  o f  t h i s  d e v ic e  show h y s t e r e s i s  and  

s t e p - l i k e  f e a t u r e s  i n  t h e  NDR r e g io n  w h ic h  a r e  b o th  an  

a r t i f a c t  o f  t h e  m e a s u r in g  c i r c u i t .  The d e v ic e  i s  fo u n d  t o  

o s c i l l a t e  when b ia s e d  i n  t h e  NDR r e g io n  a t  a f r e q u e n c y  o f  

a p p r o x im a t e ly  0 . 1 M H z .  To h e lp  s u p p r e s s  t h e  o s c i l l a t i o n s  and  

t h u s  o b t a in  t h e  t r u e  I - V  c h a r a c t e r i s t i c ,  a s m a l l e r  d ia m e t e r  

m esa was f a b r i c a t e d  t o  i n c r e a s e  t h e  d e v ic e  im p e d a n ce  ( s e e
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A p p e n d ix  1 ) .  40um d ia m e t e r  m esas w ere p r o c e s s e d  b y  N . C . C o u c h  

a t  G . E . C .  from  t h e  same w a f e r .  H o w e ve r, e v e n  w it h  t h e  l a r g e r  

d e v ic e  im p e d a n ce  a n d , t h e r e f o r e ,  l a r g e r  m a g n itu d e  o f

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

w ere n o t  s i g n i f i c a n t l y  r e d u c e d  an d  t h e  d e v ic e  c o n t in u e d  t o  

o s c i l l a t e  when b ia s e d  i n  t h e  NDR r e g io n .  T h i s  i s  n o t  

a l t o g e t h e r  s u r p r i s i n g  s i n c e  a lOvim d ia m e t e r  m esa i s  

r e q u i r e d ,  a s  d i s c u s s e d  b e lo w .

A n o th e r  way o f  s u p p r e s s in g  t h e  o s c i l l a t i o n s  i s  t o  p l a c e  a  

c a p a c i t o r ,  C p , i n  p a r a l l e l  w it h  t h e  d e v ic e  v i a  s h o r t

c o n n e c t in g  le a d s  ( A p p e n d ix  1 ) .  T h i s  t e c h n iq u e  was t e s t e d  

u s in g  t h e  40um d ia m e t e r  m e s a s . A lt h o u g h  a v a r i e t y  o f

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

h y s t e r e s i s  w ere n o t  s u p p r e s s e d . H o w e ve r, t h e  c a p a c i t o r s  d id  

rem ove m ost o f  t h e  s t e p - l i k e  f e a t u r e s  t o  p ro d u c e  a sm o o th e r  

c u r v e ,  a s  shown i n  F i g . 4 . 2 a ) , b )  and c ) .  S k e t c h e d  i n  

F i g . 4 . 2 c )  i s  t h e  e x p e c t e d  I - V  c h a r a c t e r i s t i c  i n  t h e  a b s e n c e  

o f  s p a c e  c h a r g e  e f f e c t s  ( 1 . 1 9 )  an d  c u r r e n t  o s c i l l a t i o n s .

I n  fo rw a rd  b i a s  a t  l b a r ,  a se c o n d  r e s o n a n c e  i s  o b s e r v e d  a t  

1A  an d  4 . 8 V ,  a s  shown i n  F i g . 4 . 3 .  I n  r e v e r s e  b i a s ,  no se c o n d  

r e s o n a n c e  i s  s e e n  up t o  1 . 4 A and 7 . 2 V .  T h e v a r i a t i o n  w it h  

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

r e s o n a n c e  i s  shown i n  F i g . 4 . 4 .  A t  3 0 OK, t h e  NDR i s  a lm o s t  

c o m p le t e ly  s u p p r e s s e d  due t o  t h e  r a p i d  r i s e  o f  t h e  v a l l e y  

c u r r e n t  w it h  i n c r e a s i n g  t e m p e r a t u r e .

F i g . 4 . 5  shows t h e  v a r i a t i o n  o f  th e  p e a k  and v a l l e y  c u r r e n t s

w it h  p r e s s u r e  f o r  th e  f i r s t  (a n d  se c o n d ) r e s o n a n c e  a t  7 7 K .

F o r  t h e  f i r s t  r e s o n a n c e , th e  p e a k  c u r r e n t  (A) i n c r e a s e s  w it h

p r e s s u r e  w h ile  th e  v a l l e y  c u r r e n t  (B ) i n c r e a s e s  more r a p i d l y
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w it h  p r e s s u r e  l e a d in g  t o  an  o v e r a l l  d e g r a d a t io n  o f  A / B ,  

F i g . 4 . 6 . Th e  i n c r e a s e  o f  p e a k  an d  v a l l e y  c u r r e n t s  w it h  

p r e s s u r e  c a n  be e x p la in e d  b y  a s s u m in g  t h a t  t h e  T ( G a A s ) -  

X ( A l A s )  b a r r i e r  c o n t r o l s  t h e  t u n n e l l i n g  o f  e l e c t r o n s .  The  

e f f e c t  o f  p r e s s u r e  i s  t o  lo w e r t h i s  b a r r i e r  c a u s in g  an  

i n c r e a s e  i n  t h e  n o n -r e s o n a n t  t u n n e l l i n g  com ponent a n d ,  

t h e r e f o r e ,  a n  i n c r e a s e  i n  A an d  B w it h  p r e s s u r e  an d  a  

d e c r e a s e  i n  A /B  w it h  p r e s s u r e .  T h i s  i s  s i m i l a r  t o  t h e  e f f e c t  

o f  i n c r e a s i n g  t h e  te m p e r a t u r e  w h ic h  a l s o  le a d s  t o  an  

i n c r e a s e  i n  n o n -r e s o n a n t  c o n t r i b u t i o n s  t o  t h e  c u r r e n t .

As shown i n  F i g . 4 . 6 , A /B  b e h a v e s  s y s t e m a t i c a l l y  a s  a  

f u n c t io n  o f  p r e s s u r e .  I n  fo r w a rd  b i a s ,  t h e  NDR i s  s u p p r e s s e d  

b y  ~ 8 K b a r . T h i s  b e h a v io u r  i s  v e r y  s i m i l a r  t o  t h a t  o f  t h e  p -  

i - n  d e v ic e s  w here t h e  t h i c k e s t  b a r r i e r  i s  a l s o  a d ja c e n t  t o  

t h e  e m it t e r  c o n t a c t .  When t h e  t h in n e r  b a r r i e r  i s  a d ja c e n t  t o  

th e  e m it t e r  c o n t a c t ,  i n  r e v e r s e  b i a s ,  t h e  r e s o n a n c e  i s  much 

s t r o n g e r  and t h e  NDR i s  n o t  c o m p le t e ly  s u p p r e s s e d  a t  th e  

maximum p r e s s u r e  a p p l ie d  o f  8 .5 K b a r  ( A / B = 1 . 3 5 ) .  The

s u p p r e s s io n  o f  NDR w it h  p r e s s u r e  i s  se e n  m ore d r a m a t i c a l l y  

i n  F i g . 4 . 7  w here t h e  d i f f e r e n c e  i n  p e a k  and v a l l e y  c u r r e n t s ,  

n o r m a lis e d  t o  t h e  l b a r  v a l u e ,  i s  p l o t t e d  a g a i n s t  p r e s s u r e .  A 

s t r i k i n g  s i m i l a r i t y  i s  se e n  b etw een  t h e  r e s u l t s  f o r  fo rw a rd  

b i a s  and t h e  r e s u l t s  f o r  t h e  p - i - n  d e v ic e  i n  F i g . 3 . 6 , w it h  a 

more r a p id  f a l l  a t  h ig h e r  p r e s s u r e s  and a t h r e s h o ld  f o r  

c o m p le te  s u p p r e s s io n  o f  ~ 8 K b a r . H o w ever, f o r  r e v e r s e  b i a s  

t h e  r a t i o  p l o t t e d  i n  F i g . 4 . 7  f i r s t  i n c r e a s e s  b e f o r e  

e x h i b i t i n g  a r a p i d  f a l l  ab o ve  5 K b a r .

4 .3  D i s c u s s i o n

The d i f f i c u l t y  fo u n d  i n  s u p p r e s s in g  th e  c u r r e n t  o s c i l l a t i o n s
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i n  t h e  NDR r e g io n  an d  h e n c e  o b t a in in g  a  sm ooth I - V  

c h a r a c t e r i s t i c  w it h o u t  h y s t e r e s i s  c a n  be e x p la in e d  b y  

c o n s i d e r i n g  t h e  d e v ic e  im p e d a n c e . F o r  t h e  200um d ia m e t e r  

m e sa , t h e  m a g n itu d e  o f  t h e  NDR, | d V / d l | ,  i s  a p p r o x im a t e ly  

1 0 f l ,  an d  f o r  t h e  40]im d ia m e t e r  m esa t h i s  i n c r e a s e s  t o  

a p p r o x im a t e ly  l OOn.  T h e s e  v a lu e s  a r e  r a t h e r  s m a l l  co m p ared  

t o  t h e  v a lu e  o f  | d V / d l |  o b t a in e d  f o r  t h e  d e v ic e  i n v e s t i g a t e d  

b y  H u g h es e t  a l .  ( 1 . 3 2 ) .  A lt h o u g h  t h e i r  d e v ic e  was a lOOum 

d ia m e t e r  m e sa , i t  was com posed o f  w id e , A l g . 3 3 G aQ . 6 7 AS 

b a r r i e r s  ( 8 8 A) an d  a w id e  GaAs w e l l  ( 56A)  g i v i n g  a  d e v ic e  

im p e d a n ce  o f  a p p r o x im a t e ly  6 0 On. T h e y  f o u n d , b y  p l a c i n g  a

0 .2 8 jjlF  c h ip  c a p a c i t o r  i n  p a r a l l e l  w it h  t h e  d e v ic e  v i a  s h o r t  

c o n n e c t in g  l e a d s ,  t h a t  a sm ooth I - V  c u r v e  was o b t a in e d  w it h  

no h y s t e r e s i s  and no o s c i l l a t i o n s  t h r o u g h o u t  t h e  NDR r e g io n .  

A s S o l l n e r  p o in t e d  o u t  ( 1 . 3 1 ) ,  i t  i s  d i f f i c u l t  t o  s u p p r e s s  

t h e  o s c i l l a t i o n s  when t h e  n e g a t iv e  im p e d a n ce  i s  o n ly  

a p p r o x im a t e ly  1 0 0 n .  Any s e r i e s  in d u c t a n c e  fro m  c o n n e c t in g  

le a d s  o r  bond w ir e s  o f t e n  m akes i t  d i f f i c u l t  to  m e a su re  

s t a b l e  n e g a t iv e  r e s i s t a n c e s  l e s s  t h a n  a p p r o x im a t e ly  1 KQ. 

T h e r e f o r e ,  f o r  t h e  3 0 A - 7 0 A - 3 0 A ,  G a A s /A lA s  s t r u c t u r e ,  t h e  

f a b r i c a t i o n  o f  a d e v ic e  w it h  a m esa d ia m e t e r  o f  

a p p r o x im a t e ly  1 0 um i s  r e q u ir e d  t o  i n c r e a s e  t h e  n e g a t iv e  

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

o s c i l l a t i o n s  s h o u ld  be s u p p r e s s e d  b y  a c a p a c i t o r  p la c e d  i n  

p a r a l l e l  w it h  t h e  d e v ic e  an d  a sm ooth I - V  c u r v e  o b t a in e d .

I n  t h e  p r e v io u s  c h a p t e r  i t  was a rg u e d  t h a t  t h e  d o m in a n t  

c o n d u c t io n  m e ch an ism  i n v o l v e s  e le c t r o n s  t u n n e l l i n g  th r o u g h  

X - l i k e  s t a t e s  i n  t h e  two t h i c k e s t  b a r r i e r s ,  r a t h e r  t h a n  h o le  

t u n n e l l i n g .  T h is  i s  c o n f ir m e d  b y  t h e  s i m i l a r i t y  i n  b e h a v io u r
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b e tw ee n  t h a t  shown i n  F i g . 3 . 6  an d  t h e  fo r w a rd  b i a s  r e s u l t s  

o f  F i g . 4 . 7 .  I n  a d d i t i o n ,  s i n c e  t h e  two s e t s  o f  s a m p le s  h a v e  

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

i n  p r e s s u r e  b e h a v io u r  o f  t h e  n o r m a lis e d  d i f f e r e n c e  i n  p e a k  

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

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

i n v e s t i g a t e d .

F i g . 4 . 7  show s t h a t  t h e  r e s o n a n c e  i n  r e v e r s e  b i a s  i s  more  

d i f f i c u l t  t o  s u p p r e s s  t h a n  t h e  f i r s t  r e s o n a n c e  i n  fo rw a rd  

b i a s .  T h e l a r g e r  v a lu e  i n  r e v e r s e  b i a s  o f  t h e  p e a k  c u r r e n t  

t o g e t h e r  w it h  a l a r g e r  p e a k  t o  v a l l e y  r a t i o  a t  l b a r ,  i s  

c o n s i s t e n t  w it h  t h e  t h in n e r  o f  t h e  two b a r r i e r s  b e in g  

a d ja c e n t  t o  t h e  e m it t e r  c o n t a c t  f o r  t h i s  b i a s .  The s i z e  o f  

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

c o n t r i b u t i o n s  t o  t h e  c u r r e n t  w h ic h  a r e  in h e r e n t  t o  a  

p a r t i c u l a r  d e v i c e .  F o r  e x a m p le , t h e  p - i - n  d e v ic e  d is c u s s e d  

i n  c h a p t e r  3 h a s  a much s m a l l e r  A /B  t h a n  t h e  d e v ic e  

d i s c u s s e d  h e r e  i n  fo r w a rd  b i a s  e v e n  th o u g h  t h e  w e l l  and  

b a r r i e r  d im e n s io n s  d e t e r m in in g  t h e  NDR f e a t u r e s  a r e  v e r y  

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

c o n t r i b u t i o n s  t o  t h e  t u n n e l l i n g  c u r r e n t  w h ic h  a c t  t o  d e g ra d e  

A / B ,  a r e  l a r g e r  i n  t h e  p - i - n  d e v ic e  t h a n  t h e  n - i - n  d i s c u s s e d  

i n  t h i s  c h a p t e r .  S in c e  n o n -r e s o n a n t  c o n t r i b u t i o n s  t o  t h e  

t u n n e l l i n g  c u r r e n t  m u st be v e r y  s i m i l a r  f o r  t h e  n - i - n  d e v ic e  

i n  fo rw a rd  and r e v e r s e  b i a s ,  i t  i s  n o t  s u r p r i s i n g  t h a t  t h e  

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

p r e s s u r e  t h a n  t h e  s m a l le r  fo r w a rd  b i a s  r e s o n a n c e .

Th e n - i - n  d e v ic e  show s a sm ooth v a r i a t i o n  o f  t h e  p e a k  t o  

v a l l e y  c u r r e n t  r a t i o  w it h  p r e s s u r e ,  F i g . 4 . 6 . T h is  i n d i c a t e s
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t h a t  t h e  d e v ic e  d o e s n o t  c o n t a in  a n o n -r e s o n a n t  c u r r e n t  

com ponent r e l a t e d  t o  c o n d u c t io n  t h r o u g h  im p u r it y  s t a t e s  

l o c a t e d  i n  t h e  b a r r i e r ,  i n  c o n t r a s t  t o  t h e  p - i - n  d e v i c e .  

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

r e s o n a n t  com ponent i n  t h e  p - i - n  d e v ic e s  i s  a n  e x t r i n s i c  

f e a t u r e  o f  t h i s  d e v i c e .  T h i s  i s  p r o b a b ly  a r e s u l t  o f  t h e  

f a c t  t h a t  no s p a c e r  l a y e r  was in c lu d e d  b e tw ee n  t h e  u ndoped  

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

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

Th e s e c o n d  r e s o n a n c e  o b s e r v e d  i n  fo r w a rd  b i a s  o c c u r s  a t  

a p p r o x im a t e ly  1A  an d  4 . 8 V  a t  l b a r  an d  7 7 K .  T h i s  r e s o n a n c e  i s  

s u p p r e s s e d  more r a p i d l y  w it h  p r e s s u r e  t h a n  t h e  f i r s t  

r e s o n a n c e  v a n is h in g  a t  a p p r o x im a t e ly  3 K b a r , F i g . 4 . 8 . S in c e  

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

s u g g e s t s  t h a t  i t  i s  a l s o  s e n s i t i v e  t o  t h e  T ( G a A s ) - X ( A l A s )  

b a r r i e r .  T h e r e f o r e ,  i t  i s  p o s s i b l e  t h a t  t h i s  r e s o n a n c e  

a r i s e s  fro m  t h e  r e s o n a n t  t u n n e l l i n g  o f  e l e c t r o n s  t h r o u g h  X -  

l i k e  s t a t e s  i n  t h e  A lA s  b a r r i e r s  i n t o  t h e  se c o n d  r e s o n a n t  

s t a t e  o f  t h e  quantum  w e l l .  H o w e ve r, t h e  s e c o n d  r e s o n a n t  

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

b a r r i e r s  ( 1 . 6 , 1 . 5 5 ) ,  h a s  a l a r g e r  c o n f in e m e n t  e n e r g y  t h a n  

t h e  f i r s t  r e s o n a n t  s t a t e ,  b y  ~200m eV, and i s  w e l l  ab o ve  t h e  

to* o f  t h e  T ( G a A s ) - X ( A l A s )  b a r r i e r ,  a s s u m in g  a r -X  b a r r i e r  

h e ig h t  o f  ~ 0 . 1 e V .  I t  w o u ld  t h e r e f o r e  a p p e a r  t h a t  t h i s  

m e ch an ism  i s  n o t  t h e  m ost l i k e l y  o r i g i n  o f  t h e  se c o n d  

r e s o n a n c e .

A n o th e r  p o s s i b l e  m ech an ism  b y  w h ic h  t h e  r e s o n a n c e  o c c u r s  i s  

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

i n t o  t h e  se c o n d  r e s o n a n t  s t a t e  o f  t h e  w e l l .  T h i s  c o u ld  th e n
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e x p l a i n  t h e  d e c r e a s e  o f  t h e  p e a k  c u r r e n t  w it h  i n c r e a s i n g

p r e s s u r e  ( i n s e t  o f  F i g . 4 . 5 )  w h ic h  i s  p r e d ic t e d  b y  E q n . 5 . 2  

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

w it h  p r e s s u r e  i s  due t o  t h e  i n c r e a s e  i n  m * ( D  w it h  p r e s s u r e .  

H o w e ve r, t h e  e s t im a t e d  d e c r e a s e  o f  t h e  n o r m a lis e d  p e a k  t o  

v a l l e y  c u r r e n t  d i f f e r e n c e  f o r  t h i s  p r o c e s s  i s  o n ly  ~ 2 % /K b a r .  

T h i s  i s  som ewhat s m a l l e r  t h a n  t h e  o b s e r v e d  d e c r e a s e  o f  

~ 3 0 % /K b a r .  H o w e ve r, t h e  s i t u a t i o n  i s  r a t h e r  c o m p lic a t e d  

b e c a u s e  t h e  r -X  b a r r i e r  i s  lo w e r i n  e n e r g y  t h a n  t h e  r - r

b a r r i e r  an d  t h e  e l e c t r o n  c u r r e n t  c a n n o t  be e x p la in e d  b y

s im p le  e f f e c t i v e  m ass t h e o r y ,  E q n . 5 . 2 .  T h e r e f o r e ,  i t  w o u ld  

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

t h e  b a r r i e r s  i n t o  t h e  se c o n d  q u a s i -b o u n d  s t a t e  o f  t h e  

quantum  w e l l  i s  t h e  m ost l i k e l y  o r i g i n  o f  t h e  s e c o n d

r e s o n a n c e . H o w e ve r, i t  s h o u ld  be m e n tio n e d  t h a t  t h i s  

r e s o n a n c e  c o u ld  be due t o  r e s o n a n t  e l e c t r o n  t u n n e l l i n g  

th r o u g h  c o n f in e d  s t a t e s  i n  t h e  A lA s  b a r r i e r s  a t  t h e  X - p o in t  

o f  t h e  B r i l l o u i n  z o n e . NDR f e a t u r e s  a t t r i b u t e d  t o  t h i s  

m e ch an ism  h a v e  b e e n  o b s e r v e d  b y  M endez e t  a l .  ( 1 . 5 7 )  i n  a 

G a A s /A lx G a i_ x A s d o u b le  b a r r i e r  s t r u c t u r e .  T h i s  r e s o n a n t  

t u n n e l l i n g  m e ch an ism  i s  p r e d ic t e d  t o  o c c u r  a t  h ig h  v o l t a g e s ,  

a s  o b s e r v e d , b u t  a s t r o n g  s u p p r e s s io n  o f  t h e  NDR i s  n o t  

e x p e c t e d .

I n  r e v e r s e  b i a s , no se c o n d  r e s o n a n c e  i s  o b s e r v e d  up t o  1 . 4A

a nd 7 . 2 V .  I t  seem s u n l i k e l y  t h a t  t h i s  r e s o n a n c e  a p p e a r s  a t

h ig h e r  v o lt a g e s  b e c a u s e  a t  s u c h  h ig h  b i a s e s ,  t h e  e n e r g y  o f

t h e  e l e c t r o n s  i n  t h e  e m it t e r  w i l l  be c l o s e  t o  t h e  to p  o f  t h e

f i r s t  r - r  b a r r i e r .  T h e r e f o r e ,  i t  a p p e a r s  t h a t  w h ile  t h i s

r e s o n a n c e  e x i s t s  i n  fo rw a rd  b i a s ,  i t  d o e s n o t  e x i s t  i n

r e v e r s e  b i a s .  B o n n e f o i e t  a l .  ( 1 . 4 9 )  h a v e  o b s e r v e d  t h i s
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e f f e c t  i n  a  7 9 A - 7 6 . 5 A - 7 1 A  G a A s /A lA s  d o u b le  b a r r i e r

s t r u c t u r e  i n  w h ic h  t h e y  a l s o  o b s e r v e  asym m e try  i n  fo r w a rd  

an d  r e v e r s e  b i a s  f o r  t h e  f i r s t  r e s o n a n c e .

4 .4  R e s u l t s  f o r  t h e  5 Q A -1 5 A -5 0 A  S t r u c t u r e

T y p i c a l  I - V  an d  d l / d V - V  c h a r a c t e r i s t i c s  a t  7 7 K  an d  l b a r  a r e  

shown f o r  t h i s  d e v ic e  i n  F i g . 4 . 9 .  As show n, o n ly  a v e r y  weak  

NDR f e a t u r e  i s  d i s c e r n i b l e  i n  t h e  d l / d V - V  c u r v e  a t  0 . 8 3 V  

(fo r w a r d  b i a s )  an d  0 . 9 6 V  ( r e v e r s e  b i a s ) .  U n d er p r e s s u r e ,  

t h i s  f e a t u r e  s t i l l  e x i s t s  up t o  8 K b a r i n  t h e  d l / d V - V  

c h a r a c t e r i s t i c  a t  7 7 K . The d e v ic e  b e h a v e d  i n  many r e s p e c t s  

l i k e  a s i n g l e  b a r r i e r  s t r u c t u r e .  F i g . 4 . 1 0  show s t h e  I - V  

c h a r a c t e r i s t i c  i n  fo r w a rd  b i a s  f o r  a  s e r i e s  o f  d i f f e r e n t  

p r e s s u r e s  a t  7 7 K .  I t  c a n  be se e n  t h a t  t h e r e  i s  an  i n c r e a s e  

i n  t h e  c u r r e n t  w it h  p r e s s u r e  f o r  a  g iv e n  v o l t a g e .  A t  7 7 K ,  

t h e  t h e r m io n ic  e m is s io n  o f  e l e c t r o n s  o v e r  t h e  b a r r i e r s  i s  

n e g l i g i b l e  an d  t h e  m e a su re d  c u r r e n t  i s  due o n ly  t o  t h e  

t u n n e l l i n g  o f  e l e c t r o n s .  I n  t h i s  r e g im e , t h e  ch a n g e  o f  

c u r r e n t  w it h  p r e s s u r e  i s  p r o p o r t io n a l  t o  ( 3 . 8 )

d ( l n I ) / d P  a  - {  d ( ln m ) /d P  + d ( l n V B ) /d P  } ..............( 4 . 1 )

w here VB i s  t h e  b a r r i e r  h e ig h t  an d  m i s  t h e  e f f e c t i v e  m ass  

o f  t h e  e l e c t r o n s .  A ssu m in g  t h a t  t h e  p e r c e n t a g e  c h a n g e  i n  

m*(X)  w it h  p r e s s u r e  i s  a p p r o x im a t e ly  e q u a l  t o  t h e  p e r c e n t a g e  

ch a n g e  o f  t h e  r v -X c  e n e r g y  gap w it h  p r e s s u r e ,  i . e . ,  

d ln m ( X ) /d P ~ d ln E G ( X ) / d P ,  t h e n  m*(X)  i s  e s s e n t i a l l y  

in d e p e n d e n t  o f  p r e s s u r e  ( d l n E G ( X ) / d P ~ - 0 . 0 3 % ) . T h e r e f o r e ,  a n y  

i n c r e a s e  i n  t h e  t u n n e l l i n g  c u r r e n t  m u st be due t o  a  

r e d u c t io n  o f  t h e  b a r r i e r  h e ig h t .  T h i s  s u g g e s t s  t h a t  t h e  

t u n n e l l i n g  o f  t h e  e l e c t r o n s  i s  d o m in a te d  b y  th e  r ( G a A s ) -  

X ( A l A s )  b a r r i e r .
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T h e r ( G a A s ) - X ( A l A s ) b a r r i e r  h e ig h t  f o r  t h e r m io n ic  e m is s io n  

c a n  be m e a su re d  b y  f i t t i n g  t h e  te m p e r a t u r e  d e p e n d e n ce  o f  t h e  

c u r r e n t  d e n s i t y ,  J ,  t o  t h e  s t a n d a r d  f o r m u la

J / T 2 =  A* . e x p ( eVB / k BT ) ................................ ( 4 . 2 )

w here A* i s  t h e  R ic h a r d s o n  c o n s t a n t  and T  r e p r e s e n t s  t h e  

t e m p e r a t u r e . The te m p e r a t u r e  d e p e n d e n ce  o f  t h e  I - V

c h a r a c t e r i s t i c  f o r  t h e  d e v ic e  w as m e a su re d  fro m  300K  t o  4 . 2 K  

a t  l b a r  an d  5 K b a r . F o r  a  g iv e n  p r e s s u r e ,  t h e  b a r r i e r  h e ig h t  

f o r  t h e r m io n ic  e m is s io n  i s  g iv e n  b y  th e  g r a d ie n t  o f  t h e  I / T 2 

v e r s u s  1 / T  c u r v e  a t  c o n s t a n t  v o lt a g e  f o r  t e m p e r a t u r e s  

b e tw ee n  1 5 0 K  an d  3 0 0 K.  I n  t h i s  te m p e r a t u r e  r a n g e , t h e  

c u r r e n t  i s  d o m in a te d  b y  t h e  t h e r m io n ic  e m is s io n  o f  e l e c t r o n s  

a t  t h e  b a r r i e r s  an d  t h e  g r a d ie n t  i s ,  t h e r e f o r e ,  c o n s t a n t .

T h e  b a r r i e r  h e ig h t  a g a i n s t  b i a s  v o lt a g e  i s  p l o t t e d  i n  

F i g . 4 . 1 1  f o r  p r e s s u r e s  o f  l b a r  an d  5 K b a r . A p r e s s u r e  c h a n g e  

o f  a p p r o x im a t e ly  lK b a r  o c c u r r e d  o v e r  t h e  m e a su re d

t e m p e r a t u r e  r a n g e , so  t h e  r e s u l t s  f o r  5 K b a r , w h ic h  was t h e  

a v e r a g e  p r e s s u r e  o v e r  t h i s  r a n g e , a r e  o n ly  a p p r o x im a t e .  

N e v e r t h e l e s s ,  t h e  b a r r i e r  h e ig h t s  o f  0 . 1 5eV a t  I b a r  and  

0 . 0 9 5 e V  a t  5 K b a r a r e  c o n s i s t e n t  w it h  l i t e r a t u r e  v a lu e s  

( 1 . 6 , 1 . 1 2 , 1 . 5 5 , 3 . 8 ) .  I t  s h o u ld  be m e n tio n e d  t h a t  t h e  b a r r i e r  

h e ig h t s  a t  l b a r  and 5 K b a r o b t a in e d  fronm  F i g . 4 . 1 1  a r e  0 . 1 2 e V  

a n d  0 . 0 6 5 e V  r e s p e c t i v e l y .  30meV h a s  b een  ad d ed  on t o  t h e s e  

v a lu e s  t o  t a k e  a c c o u n t  o f  t h e  t u n n e l l i n g  c u r r e n t  com ponent 

( 1 . 4 4 ) .  T h e r a p id  f a l l  o f  b a r r i e r  h e ig h t  w it h  b i a s  i s  due t o  

e l e c t r o n  a c c u m u la t io n  and b a n d  b e n d in g .

One a p p a r e n t  i n c o n s i s t e n c y  i s  t h e  v a lu e s  o f  th e  R ic h a r d s o n

c o n s t a n t  w h ic h  w ere a l l  i n  t h e  ra n g e  o f  lAm “ ^K ” ^ . The v a lu e s

a r e  a p p r o x im a t e ly  f o u r  o r d e r s  o f  m a g n itu d e  s m a l le r  t h a n  t h e
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f o r m u la  o f t e n  u s e d  ( 1 . 4 3 )

A* =  4nem*kB 2 / h 3  ........................ ( 4 . 3 )

T h e  r e a s o n  f o r  t h e  la r g e  d is c r e p a n c y  i s  n o t  u n d e r s t o o d .  

H o w e ve r, t h i s  f o r m u la  n e g l e c t s  t h e  e f f e c t  o f  o p t i c a l  phonon  

s c a t t e r i n g  an d  quantum  m e c h a n ic a l  r e f l e c t i o n  an d  so  may n o t  

b e e x p e c t e d  t o  g iv e  p r e c i s e  a g re e m e n t ( 1 . 4 5 ) .  The p r e s e n c e  

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

s i n g l e  b a r r i e r  a rra n g e m e n t f o r  t h e r m io n ic  e m is s io n  s t u d i e s ,  

may a l s o  e f f e c t  t h e  v a lu e  o f  t h e  R ic h a r d s o n  c o n s t a n t .

4 .5  D i s c u s s i o n

T h e  p e a k  t o  v a l l e y  c u r r e n t  r a t i o  ( A /B )  i s  c l e a r l y  a

s e n s i t i v e  f u n c t i o n  o f  w e l l  an d  b a r r i e r  d im e n s io n s  s i n c e  

m e a su re m e n ts on a  n - i - n  s t r u c t u r e ,  grown c o n s e c u t i v e l y  w it h  

t h e  3 0 A -7 0 A -3 0 A  s t r u c t u r e  b u t  w it h  50A b a r r i e r s  and a 1 5 A  

w e l l ,  do n o t  show a n y  r e g io n s  o f  NDR. O n ly  a  v e r y  w eak  

f e a t u r e  i s  r e v e a le d  i n  t h e  d l / d V - V  c h a r a c t e r i s t i c .

Th e d e v ic e  b e h a v e d  l i k e  a s i n g l e  b a r r i e r  s t r u c t u r e  a n d , fro m  

m e a su re m e n ts o f  t h e  c u r r e n t  d e n s i t y  a s  a f u n c t io n  o f

t e m p e r a t u r e , t h e  b a r r i e r  h e ig h t  i s  e s t im a t e d  a t  l b a r  an d  

5 K b a r . T h e s e  v a lu e s  i n d i c a t e  t h a t  t h e  T ( G a A s ) - X ( A l A s ) 

b a r r i e r  c o n t r o l s  t h e  t h e r m io n ic  e m is s io n  o f  e l e c t r o n s  o v e r

t h e  A lA s  b a r r i e r s  and h a s  a p r e s s u r e  v a r i a t i o n  o f

a p p r o x im a t e ly  - l l m e V / K b a r .

4 .6  M a g n e tic  F i e l d  M e asu rem e n ts on t h e  3 0 A -7 0 A -3 0 A  S t r u c t u r e

A t l b a r ,  w it h  B | |J ,  w e l l  r e s o lv e d  m agnetoquantum

o s c i l l a t i o n s  ( S h u b n ik o v -d e  H a a s l i k e ) ,  p e r i o d i c  i n  1 / B ,  

w ere o b s e r v e d  u n d e r  c o n s t a n t  v o lt a g e  c o n d i t i o n s  i n  f o r w a rd  

b i a s  o v e r  a  l i m i t e d  v o lt a g e  ra n g e  o f  t h e  I - V  c h a r a c t e r i s t i c ,
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F i g . 4 . 1 2 .  O s c i l l a t i o n s  a r e  n o t  o b s e r v e d  u n t i l  t h e  d e v ic e  i s  

b ia s e d  i n t o  t h e  NDR r e g io n .  As t h e  b i a s  i s  i n c r e a s e d ,  t h e  

o s c i l l a t i o n s  a p p e a r  t o  " s t r e n g t h e n ” , i . e . ,  t h e  e n v e lo p e  o f  

t h e  o s c i l l a t i o n  a m p lit u d e s  i s  l a r g e r  a t  a g iv e n  m a g n e t ic  

f i e l d ,  t o  j u s t  b e yo n d  t h e  m inim um  o f  t h e  I - V  c u r v e .  As t h e  

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

w eaken and d is a p p e a r  a l t o g e t h e r  b y  1 . 3 V .  B y  r e p e a t in g  t h e  

e x p e r im e n t  w it h  t h e  d e v ic e  o r ie n t e d  p e r p e n d ic u l a r  t o  t h e  

m a g n e t ic  f i e l d  , a l l  t h e  m agneto q uantum  o s c i l l a t i o n s  

v a n is h e d .  T h e r e f o r e ,  t h e  o s c i l l a t i o n s  a r e  t w o -d im e n s io n a l  i n  

c h a r a c t e r .

A t  5 K b a r , m agnetoquantum  o s c i l l a t i o n s  a r e  n o t  o b s e r v e d  u n t i l  

t h e  d e v ic e  i s  b ia s e d  a t  t h e  minim um  o f  t h e  I - V  c u r v e .  A g a in ,  

t h e  o s c i l l a t i o n s  a p p e a r  t o  s t r e n g t h e n  an d  t h e n  w eaken on  

i n c r e a s i n g  t h e  b i a s ,  F i g . 4 . 1 3 .  The o s c i l l a t i o n s  d is a p p e a r  

a l t o g e t h e r  b y  a p p r o x im a t e ly  0 . 8 1 V .  I t  s h o u ld  be p o in t e d  o u t  

t h a t  t h e  m agnetoquantum  o s c i l l a t i o n s  o b s e r v e d  a t  l b a r ,  

F i g . 4 . 1 2 a ) ,  a r e  p l o t t e d  on a s c a l e  a p p r o x im a t e ly  2 .8  t im e s  

l e s s  s e n s i t i v e  t h a n  t h e  o s c i l l a t i o n s  o b s e r v e d  a t  5 K b a r .

M agnetoquantum  o s c i l l a t i o n s  c a n  be co m pared  d i r e c t l y  f o r  a  

g iv e n  v o lt a g e  a t  l b a r  and 5 K b a r . T h is  i s  b e c a u s e  t h e  v o lt a g e  

a t  w h ic h  t h e  r e s o n a n t  t u n n e l l i n g  f e a t u r e  o c c u r s  i s  

e s s e n t i a l l y  p r e s s u r e  in d e p e n d e n t . T h is  i s  c o n s i s t e n t  w it h  

t h e  t h e o r y  t h a t  t h e  rc-r c b a r r i e r  d e t e r m in e s  U ie  c o n fin e m e n t  

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

(s e e  c h a p t e r  1 ,  p ag e  3 3 ) .  T h e r e f o r e ,  fro m  F i g s . 4 . 1 2  and  

4 . 1 3 ,  i t  c a n  be s e e n  t h a t  t h e  o s c i l l a t i o n s  a t  l b a r  a r e  

s t r o n g e r  t h a n  t h e  o s c i l l a t i o n s  a t  5 K b a r f o r  a g iv e n  v o l t a g e .  

M o re o v e r, t h e  m agnetoquantum  o s c i l l a t i o n s  o b s e r v e d  a t  5 K b a r
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w eaken and d is a p p e a r  a t  lo w e r  b i a s e s  t h a n  a t  l b a r .  The  

o r i g i n  and t h e  b e h a v io u r  o f  t h e  o s c i l l a t i o n s  w it h  i n c r e a s i n g  

b i a s ,  w i l l  now be c o n s id e r e d .

T h e  m o st l i k e l y  o r i g i n  o f  t h e  o s c i l l a t i o n s  i s  fro m  t h e  

L a n d a u  l e v e l  s t r u c t u r e  o f  t h e  d e g e n e r a t e  t w o -d im e n s io n a l  

e l e c t r o n  g a s  ( 2D E G ) i n  t h e  a c c u m u la t io n  s e c t i o n  o f  t h e  

b u f f e r  l a y e r  ( s e e  c h a p t e r  1 ,  p ag e  2 7 ) .  T h i s  c a n  be j u s t i f i e d  

i f  t h e  m agneto quantum  o s c i l l a t i o n s  o b s e r v e d  b y  P a y l in g  e t  

a l .  ( 1 . 3 7 , 1 . 3 8 )  i n  a  d o u b le  b a r r i e r  G a A s Z A lo .3 3 G a o . 6 7 As 

s t r u c t u r e  a r e  c o n s id e r e d .  T h e y  a t t r i b u t e  a s e r i e s  o f  

o s c i l l a t i o n s  w h ic h  a l s o  commence a s  th e  s t r u c t u r e  i s  b ia s e d  

i n t o  t h e  NDR r e g io n  o f  t h e  I - V  c u r v e ,  t o  t h e  L a n d a u  l e v e l  

s t r u c t u r e  o f  t h e  2DEG i n  t h e  a c c u m u la t io n  l a y e r .  Th e  

fu n d a m e n ta l f i e l d ,  BF =N 2 D*1/ 2 e ' o f  t h i s  s e r i e s  i n c r e a s e s  

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

b y  P a y l in g  e t  a l .  and t h e  o s c i l l a t i o n s  o b s e r v e d  f o r  t h e  

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

la r g e  v o lt a g e s  an d  a r e  n o t  o b s e r v e d  a t  lo w e r v o l t a g e s .  T h i s  

i s  b e c a u s e  t h e  lo w e s t  s u b -b a n d  i n  t h e  a c c u m u la t io n  l a y e r  i s  

n o t  r e s o lv e d  u n t i l  h ig h  v o lt a g e s  a r e  a t t a i n e d .  S in c e  t h e  

o s c i l l a t i o n s  a r e  t w o -d im e n s io n a l  i n  c h a r a c t e r ,  t h e i r  o n ly  

o t h e r  l i k e l y  o r i g i n  i s  fro m  o s c i l l a t i o n s  a s s o c i a t e d  w it h  t h e  

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

t h e  quantum  w e l l  a s  o b s e r v e d  b y  P a y l in g  e t  a l .  ( 1 . 3 7 )  and  

Goldm an e t  a l .  ( 1 . 3 6 ) .  H o w e ve r, t h e s e  o s c i l l a t i o n s  a r e  

o b s e r v e d  a ro u n d  t h e  p e a k  v o lt a g e  i n  t h e  I - V  c u r v e  an d  so  

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

m agnetoquantum  o s c i l l a t i o n s  d i s c u s s e d  h e r e .

Th e o s c i l l a t i o n s  s t r e n g t h e n  w it h  b i a s  up t o  0 .9 1 V  a t  l b a r
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an d  fro m  0 .4 4 V  t o  0 .5 5 V  a t  5 K b a r , F i g s . 4 . 1 2  an d  4 . 1 3 .  A 

l a r g e r  e n v e lo p e  o f  t h e  o s c i l l a t i o n  a m p lit u d e s ,  i m p l ie s  a  

lo n g e r  s c a t t e r i n g  t im e ,  T j ,  f o r  t h e  e l e c t r o n s .  T h i s  i s  

b e c a u s e  t h e  e l e c t r o n s  c a n  p e r fo r m  more c y c l o t r o n  o r b i t s  

b e f o r e  m a k in g  a  c o l l i s i o n  an d  t h e  L a n d a u  l e v e l s  a r e ,  

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

them  (w ct j>1, w here wc =eB/m * i s  t h e  c y c lo t r o n  f r e q u e n c y ,  f o r  

w e l l  d e f in e d  L a n d a u  l e v e l s ) .  T h i s  i s  r e f l e c t e d  b y  a  l a r g e r

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

r e s i s t a n c e o f t h e  sa m p le  w i l l  be l a r g e r a s  th e m a g n e t ic

f i e l d  i s  sw ep t an d  t h e  F e r m i l e v e l  p a s s e s  th r o u g h  t h e  L a n d a u  

l e v e l  s t r u c t u r e .

An in c r e a s e  o f  T j ,  t h e  e l e c t r o n  s c a t t e r i n g  t im e  i n  t h e  

a c c u m u la t io n  l a y e r ,  w it h  b i a s  c a n  b e e x p la in e d  b y  

c o n s id e r in g  t h e  F e r m i l e v e l  i n  t h e  e m it t e r  an d  a s s u m in g  t h a t  

i o n i s e d  im p u r it y  s c a t t e r i n g  i s  t h e  d o m in a n t m e ch an ism  

b r o a d e n in g  t h e  L a n d a u  l e v e l s  a t  4 .2 K .  As t h e  b i a s  i n c r e a s e s ,  

t h e  F e rm i l e v e l ,  E p , i n c r e a s e s  b e c a u s e  o f  t h e  f o r m a t io n  o f  

t h e  a c c u m u la t io n  l a y e r .  T h i s  i s  r e f l e c t e d  b y  t h e  fu n d a m e n ta l

f i e l d ,  BF =N 2 p h / 2 e ,  i n c r e a s i n g  a s  t h e  b i a s  i s  i n c r e a s e d ,  a s

. . . . 1i n d i c a t e d  m  F i g s . 4 . 1 2  an d  4 . 1 3 .  S in c e  Vp a  E p * , w here Vp i s

t h e  F e rm i v e l o c i t y ,  t h e  F e r m i v e l o c i t y  a l s o  in c r e a s e s  w it h

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

s c a t t e r i n g ,  CTj, a  l / V p ^ .  T h u s , a s  t h e  b i a s  i n c r e a s e s ,  O j

d e c r e a s e s  an d  t h e  s c a t t e r i n g  t im e  o f  t h e  e l e c t r o n s  i n  t h e

e m i t t e r ,  T j ,  i n c r e a s e s .  Th e s t r e n g t h e n in g  o f  t h e

m agnetoquantum  o s c i l l a t i o n s  a s  t h e  b i a s  i s  in c r e a s e d  c a n

t h e n  be r e l a t e d  t o  t h e  d e c r e a s e  i n  i o n is e d  im p u r it y

s c a t t e r i n g  c a u s e d  b y  an i n c r e a s e  i n  th e  F e rm i e n e r g y  o f  th e

e l e c t r o n s  i n  t h e  a c c u m u la t io n  l a y e r ,  a s  i n d i c a t e d  b y  an
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i n c r e a s e  i n  N 2 d  w it h  b i a s .  I t  s h o u ld  be m e n tio n e d  t h a t  t h e  

fu n d a m e n t a l f i e l d s ,  an d  h e n c e  c a r r i e r  c o n c e n t r a t i o n s ,  

e v a lu a t e d  f o r  t h e  m agneto q uantum  o s c i l l a t i o n s  a t  t h e  h i g h e s t  

b i a s e s  ( 1 . 1 V  a t  l b a r  an d  0 .8 1 V  a t  5 K b a r)  do n o t  show a  

c o n t in u in g  i n c r e a s e  w it h  b i a s  a s  e x p e c t e d  fro m  t h e  

i n c r e a s i n g  v a lu e  o f  E F . T h i s  i s  p r o b a b ly  b e c a u s e  t h e  

o s c i l l a t i o n s  a t  t h e s e  b i a s e s  a r e  r a t h e r  w eak an d  t h e r e  i s  a 

c o r r e s p o n d in g ly  l a r g e  e r r o r  i n  t h e  v a lu e  o f  BF  e v a l u a t e d .  

T h i s  c a n  b e  s e e n  i n  t h e  i n c r e a s e  i n  th e  w id t h  o f  th e  F o u r i e r  

t r a n s f o r m . A c o n t in u in g  i n c r e a s e  i n  BF w it h  i n c r e a s i n g  b i a s  

i s  w i t h i n  t h e  e r r o r  ra n g e  o f  BF  e v a lu a t e d  f o r  t h e s e  b i a s e s .

A t h ig h e r  b i a s e s ,  t h e  m agn eto q uan tum  o s c i l l a t i o n s  w eaken an d  

e v e n t u a l l y  d is a p p e a r  a l t o g e t h e r .  T h is  c a n  be e x p la in e d  b y  

c o n s id e r in g  t h e  t r a n s m is s io n  o f  t h e  b a r r i e r s  a s  th e  b i a s  i s  

i n c r e a s e d .  U n d er i n c r e a s i n g  b i a s ,  t h e  b a r r i e r s  t i l t  down and  

becom e e s s e n t i a l l y  lo w e r i n  e n e r g y . T h u s , t h e i r  t r a n s m is s io n  

c o e f f i c i e n t s  i n c r e a s e .  To o b t a in  m agnetoquantum  

o s c i l l a t i o n s ,  t h e  c o n d i t i o n  w cTj>1, w here wc =eB/m * i s  t h e  

c y c lo t r o n  f r e q u e n c y ,  m u st b e m et s i n c e  t h e  s e p a r a t io n  o f  t h e  

L a n d a u  l e v e l  m u st be g r e a t e r  t h a n  t h e  e n e r g y  b r o a d e n in g  o f  

t h e  l e v e l s .  T h e t im e  an e l e c t r o n  t a k e s  t o  make one c y c l o t r o n  

o r b i t  i s  xc=2Ti/wc=2Tim*/eB. I f  t h i s  t im e  i s  g r e a t e r  t h a n  t h e  

t im e  i t  t a k e s  an  e l e c t r o n  t o  t u n n e l  th r o u g h  t h e  b a r r i e r s  t o  

t h e  c o l l e c t o r  o v e r  th e  w h o le  m a g n e t ic  f i e l d  r a n g e , t h e n  t h e  

m agnetoquantum  o s c i l l a t i o n s  w i l l  n o t  be o b s e r v e d . Th e t im e  

an  e l e c t r o n  t a k e s  t o  t u n n e l  th r o u g h  one o f  t h e  A lA s  b a r r i e r s  

c a n  be e s t im a t e d  from  t h e  e x p r e s s io n  u s e d  b y  L u r y i  (1.20). 
B y c o n s id e r in g  t h e  t u n n e l  r e s i s t a n c e ,  R , a n d  c a p a c i t a n c e ,  C ,  

o f  a b a r r i e r ,  he o b t a in s  t h e  e x p r e s s io n
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( 4 .4 )t t  = RC =  e 7 v /a c .e x p (  4 n d /> )  

w here e i s  t h e  d i e l e c t r i c  p e r m i t t i v i t y  o f  th e  b a r r i e r  

m a t e r i a l ,  1 / a  « 1 3 7 ,  c  i s  t h e  sp e e d  o f  l i g h t ,  d i s  t h e  

b a r r i e r  w id t h  an d  =  h /V (2 m V B ) .  A ssu m in g  a p a r a l l e l

w a v e v e c t o r  c o n s e r v in g  t u n n e l l i n g  p r o c e s s  s u c h  t h a t  m*/me ~

1 . 9  an d  t h e  b a r r i e r  h e ig h t ,  V B ~ O . le V ,  an d  t a k in g  e ~ 1 0 ,  

g i v e s  t t  ~ 0 . 4 p s .  From  E q . 4 . 4  i t  c a n  be s e e n  t h a t  a s  t h e  b i a s  

i n c r e a s e s ,  t t  w i l l  d e c r e a s e .

T h e  d e c r e a s e  i n  t u n n e l l i n g  t im e  w it h  i n c r e a s i n g  b i a s  a p p e a r s

t o  i n f l u e n c e  t h e  m agnetoquantum  o s c i l l a t i o n s  a t  h ig h

b i a s e s ,  > 0 .9 1 V  a t  l b a r  an d  > 0 .5 5 V  a t  5 K b a r . C o n s id e r  t h e

o s c i l l a t i o n s  o b s e r v e d  a t  l b a r  and a b i a s  o f  0 . 9 1 V .  T h e s e

o s c i l l a t i o n s ,  an d  t h o s e  o b s e r v e d  a t  lo w e r b i a s e s  a t  l b a r ,

commence a t  a p p r o x im a t e ly  t h e  same m a g n e t ic  f i e l d ,  3 . 2 T .

T h i s  v a lu e  o f  m a g n e t ic  f i e l d  i s  assum ed  t o  c o r r e s p o n d  t o  t h e

c a s e  o f  an  e l e c t r o n  c o m p le t in g  one c y c l o t r o n  o r b i t ,  i . e . ,

w ct~1. U s in g  t h i s  v a lu e  o f  m a g n e t ic  f i e l d ,  t c  i s  e s t im a t e d

t o  be ~ 0 .6 p s .  The m agnetoquantum  o s c i l l a t i o n s  o b s e r v e d  a t

l b a r  an d  1 . 1 V  commence a t  a  h ig h e r  m a g n e t ic  f i e l d ,  ~ 4 .2 T .

T h i s  i n c r e a s e  i n  m a g n e t ic  f i e l d  f o r  t h e  o n s e t  o f  t h e

m agnetoquantum  o s c i l l a t i o n s  i s  th o u g h t  t o  be due t o  t t , t h e

c h a r a c t e r i s t i c  t im e  f o r  t u n n e l l i n g ,  d e c r e a s in g  w it h

in c r e a s e d  b i a s  s u c h  t h a t  t c , t h e  t im e  t a k e n  f o r  an e l e c t r o n

t o  p e rfo rm  one c y c lo t r o n  o r b i t ,  m u st d e c r e a s e  u n t i l  i t  i s

c o m p a ra b le  t o  xT . I n  t h i s  m o d e l, th e  o s c i l l a t i o n s  w i l l

w eaken on i n c r e a s i n g  t h e  b i a s ,  a s  o b s e r v e d . T h i s  i s  b e c a u s e ,

w it h  i n c r e a s i n g  b i a s ,  t h e  e l e c t r o n s  p e rfo rm  a s m a l le r  num ber

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

t u n n e l l i n g  t h r o u g h  t h e  b a r r i e r s .  I t  i s  c l e a r  t h a t  xT ,

~ 0 .4 p s ,  i s  c o m p a ra b le  t o  t c , ~ 0 .6 p s  an d  so  i t  i s  p o s s i b l e
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t h a t  t h i s  p r o c e s s  i s  t h e  c a u s e  o f  t h e  m agn eto q uan tum  

o s c i l l a t i o n s  w e a k e n in g  w it h  i n c r e a s e d  b i a s .  The  

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

t t  h a s  d e c r e a s e d  t o  a v a lu e  s m a l l e r  t h a n  t h e  minim um  v a lu e  

o f  t c  a t t a i n a b l e .

The d e c r e a s e  o f  t t  a n d , h e n c e  i n c r e a s e  o f  t c , w it h

i n c r e a s i n g  b i a s  c a n  a l s o  e x p l a i n  t h e  w e a k e n in g  o f  t h e  

m agnetoquantum  o s c i l l a t i o n s  o b s e r v e d  a t  5 K b a r  ab o ve  0 .5 5 V .  

The o n s e t  o f  t h e  o s c i l l a t i o n  a t  0 .5 5 V  (a n d  0 .4 4 V )  o c c u r s  a t  

~ 4 T . A t 0 .6 7 V ,  t h e  o s c i l l a t i o n s  h a v e  w eakened and t h i s  v a lu e  

i n c r e a s e s  t o  ~ 5 T . B y 0 . 8 1 V ,  t h e  o s c i l l a t i o n s  a r e  a lm o s t  

c o m p le t e ly  s u p p r e s s e d  an d  t h i s  v a lu e  h a s  i n c r e a s e d  a g a in  t o  

~ 9 T . T h e p ro p o s e d  m o d el c a n  e x p l a i n  why t h e  m agnetoquantum  

o s c i l l a t i o n s  o b s e r v e d  a t  5 K b a r  a r e  w e ake r an d  a r e  c o m p le t e ly  

s u p p r e s s e d  a t  lo w e r b i a s e s  t h a n  a t  l b a r .  A t 5 K b a r , t h e  

b a r r i e r  h e ig h t  i s  a p p r o x im a t e ly  55meV lo w e r i n  e n e r g y  t h a n  

a t  l b a r ,  a s s u m in g  a d e c r e a s e  i n  b a r r i e r  h e ig h t  o f  l lm e V /K b a r  

( s e e  s e c t i o n  4 . 5 ) ,  and so  t h e  b a r r i e r s  h a v e  a h ig h e r

t r a n s m is s io n  c o e f f i c i e n t  f o r  a  g iv e n  b i a s .  T h e r e f o r e ,  f o r  a  

g iv e n  b i a s  v o l t a g e ,  t t  w i l l  be much s m a l l e r  a t  5 K b a r  t h a n

I b a r .  T h i s  im p l ie s  t h a t  t h e  m a g n e t ic  f i e l d  a t  w h ic h  t h e

e l e c t r o n s  a r e  c a p a b le  o f  p e r f o r m in g  one c y c l o t r o n  o r b i t  i s  

s h i f t e d  t o  h ig h e r  f i e l d s ,  a s  o b s e r v e d . T h u s  ,t h e

o s c i l l a t i o n s  w i l l  d is a p p e a r  a t  a lo w e r b i a s .  I n  a d d i t i o n ,  

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

s m a l le r  num ber o f  o r b i t s  t h a n  a t  l b a r  w h ic h  w i l l  w eaken th e  

o s c i l l a t i o n s .

I n  sum m ary, t h e  m agnetoquantum  o s c i l l a t i o n s  i n  t h e

t u n n e l l i n g  c u r r e n t  o b s e r v e d  f o r  t h i s  s t r u c t u r e  a r e
1 1 8



a t t r i b u t e d  t o  t h e  L a n d a u  l e v e l  s t r u c t u r e  o f  t h e  2DEG i n  t h e  

a c c u m u la t io n  l a y e r  o f  t h e  e m i t t e r .  Th e a p p a r e n t  

" s t r e n g t h e n in g "  an d  " w e a k e n in g "  o f  t h e  m agneto quantum  

o s c i l l a t i o n s  w it h  i n c r e a s i n g  b i a s  a t  l b a r  an d  5 K b a r , i s  

th o u g h t  t o  be a co m p ro m ise  b etw een  a d e c r e a s e  i n  im p u r it y  

s c a t t e r i n g  a s  t h e  b i a s  i n c r e a s e s  w h ic h  w i l l  t e n d  t o  

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

t im e  t h r o u g h  t h e  b a r r i e r s  a s  t h e  b i a s  i n c r e a s e s  w h ic h  w i l l  

t e n d  t o  w eaken t h e  m agnetoquantum  o s c i l l a t i o n s .  The  

o s c i l l a t i o n s  s e e n  a t  5 K b a r a r e  w e a k e r an d  d is a p p e a r  a t  lo w e r  

a p p l ie d  b i a s e s  t h a n  a t  l b a r .  T h i s  i s  th o u g h t  t o  be a  r e s u l t  

o f  t h e  t r a n s m is s io n  o f  t h e  b a r r i e r s  i n c r e a s i n g  w it h  

p r e s s u r e ,  due t o  a  r e d u c t io n  o f  t h e  b a r r i e r  h e ig h t .  T h i s  

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

t h r o u g h  t h e  d e v ic e  w i l l  be s h o r t e r .  T h e r e f o r e ,  t h e  e l e c t r o n s  

w i l l  p r e f e r e n t i a l l y  t u n n e l  t h r o u g h  t h e  b a r r i e r s  t h a n  p e rfo rm  

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

m agnetoquantum  o s c i l l a t i o n s .

4 .7  C o n c lu s io n s

A n - i - n  d e v ic e  w it h  s i m i l a r  d im e n s io n s  t o  t h o s e  w h ic h  

d e t e r m in e  t h e  NDR f e a t u r e  i n  t h e  p - i - n  d e v ic e  d is c u s s e d  i n  

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

p r e s s u r e .  A lt h o u g h  t h e  two d e v ic e s  h a v e  v e r y  d i f f e r e n t  p e a k  

t o  v a l l e y  c u r r e n t  r a t i o s ,  t h e i r  n o r m a lis e d  p e a k  t o  v a l l e y  

c u r r e n t  d i f f e r e n c e  e x h i b i t s  v e r y  s i m i l a r  b e h a v io u r  a s  a 

f u n c t io n  o f  p r e s s u r e .  T h i s  s u g g e s t s  t h a t  t h e  o b s e r v e d  

v a r i a t i o n  o f  NDR w it h  p r e s s u r e  i s  an i n t r i n s i c  p r o p e r t y  o f  a  

3 0 A -7 0 A -3 0 A  G a A s /A lA s  s t r u c t u r e  and d e p e n d s on t h e  

b a n d s t r u c t u r e s  o f  t h e  w e l l  an d  b a r r i e r  m a t e r i a l s .
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T h e  v a r i a t i o n  o f  t h e  NDR w it h  p r e s s u r e  f o r  t h e  3 0 A -7 0 A -3 0 A  

s t r u c t u r e  c o n f ir m s  t h e  c o n c l u s io n s  o f  c h a p t e r  3 .  I n  t h i s  

c h a p t e r  i t  was a rg u e d  t h a t ,  f o r  a 3 0 A -7 0 A -3 0 A  GaAs d o u b le  

b a r r i e r  s t r u c t u r e ,  t h e  c u r r e n t  i s  d o m in a te d  b y  e l e c t r o n s  

t u n n e l l i n g  t h r o u g h  X - l i k e  b a r r i e r  s t a t e s .  On a s im p le  l e v e l ,  

t h e  p r e s s u r e  t h r e s h o l d  o f  8 K b a r  f o r  l o s s  o f  NDR a p p e a r s  

c o n s i s t e n t  w it h  t h e  low  T ( G a A s ) -X ( A lA s )  b a r r i e r  h e ig h t  o f  

0 .1 5 e V  an d  t h e  p r e s s u r e  v a r i a t i o n  o f  a p p r o x im a t e ly  -  

l lm e V /K b a r .  T h i s  e s t im a t e  o f  t h e  r ( G a A s ) -X ( A lA s )  b a r r i e r  

h e ig h t  an d  i t s  p r e s s u r e  v a r i a t i o n  h a v e  b e en  m e a su re d  

d i r e c t l y  fro m  t h e  t h e r m io n ic  e m is s io n  o f  e l e c t r o n s  o v e r  t h e  

b a r r i e r  o f  t h e  5 0 A -1 5 A -5 0 A  s t r u c t u r e .

F o r  t h e  3 0 A -7 0 A -3 0 A  s t r u c t u r e ,  a se c o n d  r e s o n a n c e  i s  

o b s e r v e d  i n  fo r w a rd  b i a s  o n l y .  T h i s  r e s o n a n c e  i s  s u p p r e s s e d  

b y  3 K b a r  a t  7 7 K . I t  i s  th o u g h t  t h a t  t h e  m ost l i k e l y  o r i g i n  

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

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

s t a t e  o f  t h e  quantum  w e l l .

No NDR i s  o b s e r v e d  f o r  t h e  n - i - n  s t r u c t u r e  w it h  50A b a r r i e r s  

an d  a 15 A  w e l l .  T h i s  s u g g e s t s  t h a t  NDR i s  a s e n s i t i v e  

f u n c t io n  o f  w e l l  and b a r r i e r  d im e n s io n s . In d e e d , a s s u m in g  

t h a t  t h e  c o n fin e m e n t  o f  t h e  r e s o n a n t  s t a t e s  i s  d e t e r m in e d  b y  

t h e  r  b a r r i e r s ,  th e n  t h e  c o n fin e m e n t  e n e r g y  o f  t h e  f i r s t  

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

t h a n  t h e  r - X  b a r r i e r ,  a s s u m in g  a r - X  b a r r i e r  o f  

a p p r o x im a t e ly  0 . 1 5 e V .  T h i s  may e x p l a i n  why t h e  r e s o n a n c e  i s  

so  w eak.

On a more d e t a i l e d  l e v e l ,  a c o m p le te  u n d e r s t a n d in g  o f  t h e
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v a r i a t i o n  o f  NDR w it h  p r e s s u r e ,  and w it h  w e l l  an d  b a r r i e r  

d im e n s io n s  a w a it s  f u r t h e r  t h e o r e t i c a l  a n a l y s i s .  I n  a d d i t i o n ,  

f u r t h e r  i n v e s t i g a t i o n s  a r e  r e q u ir e d  t o  t e s t  t h e  h y p o t h e s is  

t h a t  t h i c k e r  A lA s  b a r r i e r s  a r e  e x p e c t e d  t o  e x h i b i t  

t r a n s m is s io n  o f  more X - l i k e  c h a r a c t e r  t h a n  t h i n n e r  A lA s  

b a r r i e r s .

M a g n e t ic  f i e l d  m e a su re m e n ts on t h e  3 0 A -7 0 A -3 0 A  s t r u c t u r e  a t  

p r e s s u r e s  o f  l b a r  an d  5 K b a r  w it h  B | |J ,  r e v e a l  m agneto quantum  

o s c i l l a t i o n s  i n  t h e  t u n n e l l i n g  c u r r e n t .  T h e s e  o s c i l l a t i o n s  

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

an d  a r e  t h o u g h t  t o  be d u e t o  t h e  L a n d a u  l e v e l  s t r u c t u r e  o f  

t h e  2DEG i n  t h e  a c c u m u la t io n  l a y e r  o f  t h e  e m i t t e r .  B y  

c o n s id e r in g  t h e  s c a t t e r i n g  t im e  f o r  i o n is e d  im p u r it y  

s c a t t e r i n g ,  T j ,  t h e  c h a r a c t e r i s t i c  t im e  f o r  t u n n e l l i n g  

th r o u g h  t h e  A lA s  b a r r i e r s ,  t t , an d  th e  t im e  an  e l e c t r o n  

t a k e s  t o  c o m p le te  a  c y c l o t r o n  o r b i t ,  x c , t h e  a p p a r e n t  

" s t r e n g t h e n in g "  and " w e a k e n in g "  o f  t h e  m agnetoquantum  

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

s t r u c t u r e  i s  i n c r e a s e d .  I n  a d d i t i o n ,  b y  t a k in g  t h e  same 

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

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

f ix e d  a p p l ie d  b i a s  c a n  be e x p la in e d .
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ro
fN j

F i g . 4 . 1  4 .2 K ,  I - V  characteristic for the first resonance of 
the 30A-70A-30A double barrier structure in forward bias 
(substrate positive) and reverse bias (substrate negative).



F i g . 4 .2  R e v e r s e  b i a s ,  I - V  c h a r a c t e r i s t i c  o f  3 0 A -7 0 A  
s t r u c t u r e  a t  7 7 K  w it h  (a )  C p = 0 , (b ) Cp= 0 .4 3 u F  and  
C p = 0 .4 4 y ,F . Shown i n  F i g . 4 . 2 c )  i s  th e  e x p e c t e d  
c h a r a c t e r i s t i c  i n  th e  a b s e n c e  o f  s p a c e  c h a r g e  e f f e c t s  
c u r r e n t  o s c i l l a t i o n s .
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0 1.0 2.0 3.0 4.0 5.0
VOLTAGE (V)

F i g . 4 .3  7 7 K , f o r w a rd  b i a s  I - V  c h a r a c t e r i s t i c  o f  3 0 A -7 0 A -3 0 A  
s t r u c t u r e  sh o w in g  b o th  t h e  f i r s t  an d  s e c o n d  r e s o n a n c e .

0 100 200 300
TEMPERATURE (K)

F i g . 4 .4  T h e p e a k , A , an d  v a l l e y ,  B , c u r r e n t s  o f  th e  f i r s t  
r e s o n a n c e  f o r  th e  30A-70A-30A s t r u c t u r e  i n  fo rw a rd  and  
r e v e r s e  b i a s e s ,  a s  a f u n c t i o n  o f  t e m p e r a t u r e .
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PRESSURE (Kbar)

F i g . 4 .5  The p e a k , A , #a n d #v a l l e y ,  B , c u r r e n t s  o f  th e  f i r s t  
r e s o n a n c e  f o r  t h e  3 0 A -7 0 A -3 0 A  s t r u c t u r e  i n  fo r w a rd  and  
r e v e r s e  b i a s e s ,  an d  f o r  t h e  se c o n d  r e s o n a n c e  i n  fo r w a rd  
b i a s  ( i n s e t :  0 -4 K b a r ) ,  a t  7 7 K , a s  a f u n c t io n  o f  p r e s s u r e .
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PRESSURE (k bar)
F ig *  4 .7  P r e s s u r e  d e p e n d e n ce  a t  7 7 K , o f  th e  p e a k  t o  v a l l e y  
c u r r e n t  d i f f e r e n c e  f o r  t h e  f i r s t  r e s o n a n c e  o f  th e  3 0 A -7 0 A -  
30A s t r u c t u r e  i n  fo r w a rd  and r e v e r s e  b i a s e s .
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(A-B)p
(A-B)ibar

PRESSURE (Kbar)
F i g . 4 .8  P r e s s u r e  d e p e n d e n c e  a t  7 7 K , o f  t h e  p e a k  t o  y a l l e y  
c u r r e n t  d i f f e r e n c e  f o r  t h e  se c o n d  r e s o n a n c e  o f  t h e  3 0 A -7 0 A -  
30A s t r u c t u r e  i n  fo r w a r d  b i a s .

F i g . 4 .9  I - V  and d l / d V  c h a r a c t e r i s t i c  a t  7 7 K  f o r  t h e  5 0 A -  
1 5 A -5 0 A  s t r u c t u r e .
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F i g . 4 . 1 0  F o rw a rd  b i a s  I - V  c h a r a c t e r i s t i c  o f  t h e  5 0 A -1 5 A -5 0 A  
s t r u c t u r e  a t  7 7 K  f o r  a s e r i e s  o f  p r e s s u r e s .

Bias (mV)

F i g . 4 . 1 1  B a r r i e r  h e ig n t ,  d e t e r m in e d  from  t h e r m io n ic  
e m is s io n  m e a su re m e n ts , o f  th e  5 0 A -1 5 A -5 0 A  s t r u c t u r e  a s  a 
f u n c t i o n  o f  b i a s  and p r e s s u r e .
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(a)

F i g . 4 . 1 2  
sh o w in g  
p a r t s  o f

(a )  Th e f i r s t  d e r i v a t i v e  o f  1 ( B )  a t  4 .2 K  and l b a r  
th e  S h u b n ik o v - de H a a s  o s c i l l a t i o n s  a t  v a r io u s  
th e  I (V ) c u r v e , ( b ) .
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(a)

B(T)

V(V)
F i g . 4 . 1 3  (a )  The f i r s t  d e r i v a t i v e  o f  1 ( B )  a t  4 .2 K  and 5 K b a r  
sh o w in g  t h e  S h u b n ik o v - d e  H a a s  o s c i l l a t i o n s  a t  v a r i o u s  
p a r t s  o f  t h e  I ( V )  c u r v e ,  ( b ) .



CHAPTER 5

A D D ITIO N A L H IG H  PRESSURE S T U D IE S  OF RESONANT TU N N ELLIN G  IN  

M U LTIPLE B A R R IER  G a A s /A lv G a 1 _x As STRUCTURES

PART A : A D o u b le  B a r r i e r  G a A s /A in . 3 3 G a n . ^ As S t r u c t u r e  

H ig h  p r e s s u r e  m e a su re m e n ts a r e  r e p o r t e d  a t  p r e s s u r e s  up t o  

1 2 K b a r  on a n - i - n  d e v ic e  i n  w h ic h  t h e  i - r e g i o n  c o n s i s t s  o f  a  

d o u b le  b a r r i e r  G a A s /A lQ . 3 3 G a g . 6 7 AS s t r u c t u r e .  Th e d e v ic e  was 

grow n b y  MBE an d  c o n s i s t s  o f  a  6 8 A GaAs w e l l  an d  two 85A  

A l o . 3 3 G a o . 5 7 As b a r r i e r s .

The d e v ic e  show s NDR i n  b o th  i t s  fo rw a rd  an d  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  s i z e  o f  w h ic h  i n c r e a s e s  a s  th e  

t e m p e r a t u r e  d e c r e a s e s .  A t  4 .2 K  an d  l b a r ,  t h e  p e a k  t o  v a l l e y  

r a t i o  ( A /B )  i s  a p p r o x im a t e ly  1 0  i n  fo rw a rd  an d  r e v e r s e  b i a s .  

On a p p ly in g  p r e s s u r e ,  t h e  s i z e  o f  t h e  NDR d e c r e a s e s  s lo w ly  

up t o  lO K b a r  an d  more r a p i d l y  a t  h ig h e r  .p r e s s u r e s .  The  

o b s e r v a t io n  o f  t h e  weak p r e s s u r e  d e p e n d e n ce  b e lo w  lO K b a r  i s  

t a k e n  a s  e v id e n c e  f o r  t h e  d o m in a n t r o l e  o f  t h e  r ( G a A s ) -  

r ( A l 0 .3 3 G a 0 .6 7 A s ) p o t e n t i a l  b a r r i e r  i n  t h e  e le c t r o n  

t u n n e l l i n g  p r o c e s s .  A bove lO K b a r , th e  s t r o n g e r  s u p p r e s s io n  

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

no lo n g e r  d o m in a te d  b y  r - l i k e  e l e c t r o n  s t a t e s  i n  t h e  b a r r i e r  

b u t  h a s  a s i g n i f i c a n t  c o n t r i b u t i o n  from  X - l i k e  an d  ( o r )  L -  

l i k e  e l e c t r o n  s t a t e s .

A t  h ig h  b i a s ,  a se c o n d  r e s o n a n c e  i s  o b s e r v e d  i n  r e v e r s e  and  

fo rw a rd  b i a s  w it h  A / B ~ 1 . 3  a t  7 7 K  and l b a r ,  an d  a t h i r d  

r e s o n a n c e  i s  o b s e r v e d  i n  fo r w a rd  b i a s  w it h  A / B ~ 1 . 2 .  The  

o r i g i n  o f  t h e  se c o n d  r e s o n a n c e  i s  from  e l e c t r o n s  t u n n e l l i n g  

i n t o  t h e  s e c o n d  q u a s i -b o u n d  e l e c t r o n  s t a t e  i n  t h e  w e l l .  The
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o r i g i n  o f  t h e  t h i r d  r e s o n a n c e , o n ly  o b s e r v e d  i n  f o r w a rd  

b i a s ,  i s  r a t h e r  a m b ig u o u s . I t  c o u ld  be due t o  e l e c t r o n s  

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

i s  p o s s i b l y  an  a r t i f a c t  o f  t h e  sa m p le  f a b r i c a t i o n  p r o c e s s  

w h ic h  c a u s e s  a r e p e a t  o f  t h e  s e c o n d  r e s o n a n c e . B o th  o f  t h e s e  

r e s o n a n c e s  a r e  s t r o n g l y  s u p p r e s s e d  a t  p r e s s u r e s  ab o ve  

~ 8 . 5 K b a r .

5 . 1  E x p e r im e n t a l

Th e s t r u c t u r e  i n v e s t i g a t e d  was grow n b y  MBE on a  n+  ( 1 0 0 )  

GaAs s u b s t r a t e .  A 0.75yxm t h i c k  b u f f e r  l a y e r  o f  GaAs n -d o p e d  

t o  1 0 -^ c m - 3  w it h  S i  was grow n f i r s t .  T h is  was f o llo w e d  b y  a  

0.5]im  b u f f e r  l a y e r  o f  G aAs n -d o p e d  w it h  S i  t o  1 0 - ^ c m ” 3  grown  

a t  a t e m p e r a t u r e  4 0 ° C  h ig h e r  t h a n  th e  f i r s t  l a y e r .  The  

se q u e n c e  o f  g ro w th  was t h e n  t h e  f i r s t  85A A l o . 3 3 G a o . 5 7 As 

b a r r i e r ,  t h e  6 8 A G aAs w e l l ,  f o llo w e d  b y  t h e  s e c o n d  85A  

A I q . 3 3 G aQ . 6 7 As b a r r i e r .  F i n a l l y  a to p  c o n t a c t  l a y e r  o f  0 .5u m  

o f  l O ^ c n f ^  S i  do ped G aAs was g ro w n . D e v ic e s  w ere p r e p a r e d  

fro m  d i f f e r e n t  p a r t s  o f  t h e  same w a fe r  a s  400yim d ia m e t e r  

m esas w it h  Ohm ic c o n t a c t s  a t t a c h e d  t o  t h e  to p  o f  t h e  m esa  

an d  t h e  s u b s t r a t e .  The d e v ic e s  w ere th e n  m ounted in t o  

s t a n d a r d  m icro w a v e  p a c k a g e s .

DC c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  w ere o b t a in e d  f o r  two 

s e p a r a t e  d e v ic e s  a t  p r e s s u r e s  up t o  1 1 . 5 K b a r  u s in g  t h e  g a s  

c e l l  s y s te m  and t h e  " C a m b rid g e "  c e l l  d e s c r ib e d  i n  c h a p t e r  2 .  

I - V  c h a r a c t e r i s t i c s  w ere a l s o  o b t a in e d  a s  a f u n c t io n  o f  

te m p e r a t u r e  down t o  4 . 2K a t  l b a r .

5 . 2  R e s u l t s

T y p i c a l  DC I - V  c h a r a c t e r i s t i c s  a r e  shown i n  F i g . 5 . 1  a t  77 K

an d  l b a r  f o r  t h e  f i r s t  r e s o n a n c e . A /B  i s  o b s e r v e d  t o  be 7 . 5
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i n  t h e  fo r w a rd  b i a s  d i r e c t i o n  ( s u b s t r a t e  p o s i t i v e )  an d  8 .5  

i n  t h e  r e v e r s e  b i a s  d i r e c t i o n  ( s u b s t r a t e  n e g a t i v e ) .  Th e p e a k  

o c c u r s  a t  a p p r o x im a t e ly  t h e  same c u r r e n t  i n  r e v e r s e  and  

fo r w a rd  b i a s ,  b u t  t h e  v o lt a g e  a t  w h ic h  NDR o c c u r s  i s  

a p p r o x im a t e ly  t w ic e  a s  l a r g e  i n  r e v e r s e  b i a s  a s  i n  fo r w a rd  

b i a s .  I n  a d d i t i o n ,  t h e  v o lt a g e  a t  r e s o n a n c e  i n  fo r w a rd  b i a s  

i s  much l a r g e r  t h a n  t h a t  p r e d ic t e d  b y  t h e o r y ,  E q . 1 . 1 0 .  Th e  

l a r g e  asym m e try  i n  v o lt a g e  an d  l a r g e  a d d i t i o n a l  v o lt a g e  d ro p  

i n  fo r w a rd  b i a s ,  i s  th o u g h t  t o  b e d ue t o  an  a c c u m u la t io n  o f  

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

b u f f e r  l a y e r .  T h i s  p r o d u c e s  a p - t y p e  l a y e r .  A s i m i l a r  d e v ic e  

grown s u b s e q u e n t ly  b u t  i n c l u d i n g  a S i  doped s p ik e  b etw een  

t h e  s u b s t r a t e  an d  t h e  f i r s t  b u f f e r  l a y e r ,  showed a h i g h l y  

s y m m e tric  I - V  c h a r a c t e r i s t i c  an d  r e s o n a n c e  o c c u r r in g  a t  

a p p r o x im a t e ly  t h e  p r e d ic t e d  v o l t a g e .

Th e I - V  c h a r a c t e r i s t i c ,  F i g . 5 . 1 ,  show s t h a t  t h e r e  i s  a 

s h a r p ,  a lm o s t  v e r t i c a l  f a l l  i n  c u r r e n t  a f t e r  t h e  p e a k  a s  th e  

d e v ic e  i s  b ia s e d  i n t o  t h e  r e g io n  o f  NDR. The NDR o c c u r s  o v e r  

a  n a rro w  v o lt a g e  r a n g e , a p p r o x im a t e ly  40mV, i n d i c a t i n g  t h a t  

t h e  m a g n itu d e  o f  t h e  n e g a t iv e  r e s i s t a n c e  i s  s m a l l .  In d e e d ,  

t h e  n e g a t iv e  r e s i s t a n c e  i s  o n ly  a p p r o x im a t e ly  10 Q . T h i s  i s  

p r o b a b ly  due t o  t h e  la r g e  m esa d ia m e t e r  o f  (4 0 0 u m )2 . The  

d e v ic e  was fo u n d  t o  o s c i l l a t e  i n  th e  NDR r e g io n  a t  a  

f r e q u e n c y  o f  0 . 1 - l M H z  w h ic h  i s  d e te r m in e d  b y  t h e  e x t e r n a l  

c i r c u i t  p a r a m e t e r s  and t h e  m a g n itu d e  o f  t h e  n e g a t iv e  

r e s i s t a n c e .  To s u p p r e s s  t h e  o s c i l l a t i o n s ,  a s m a l le r  d ia m e t e r  

m esa i s  r e q u ir e d  t o  i n c r e a s e  t h e  d e v ic e  im p e d a n ce  (A p p e n d ix  

1 ).

A la r g e  r e g io n  o f  h y s t e r e s i s  i s  fo u n d  i n  t h e
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c h a r a c t e r i s t i c  b e tw ee n  sw e e p in g  up i n  v o lt a g e  and down i n  

v o l t a g e ,  F i g . 5 . 1 .  S i m i l a r  h y s t e r e s i s  h a s  b e e n  o b s e r v e d  many 

t im e s  b e f o r e ,  p a r t i c u l a r l y  f o r  l a r g e  d ia m e t e r  m esas an d  

m e sa s w it h  p o o r O hm ic c o n t a c t s ,  an d  i s  d i s t i n c t l y  d i f f e r e n t  

fro m  t h e  h y s t e r e s i s  o b s e r v e d  f o r  t h e  d e v ic e s  d i s c u s s e d  i n  

c h a p t e r  4 w h ic h  o c c u r r e d  o v e r  a  l i m i t e d  v o lt a g e  r a n g e  w i t h i n  

t h e  NDR r e g io n .  H o w e ve r, t h i s  t y p e  o f  h y s t e r e s i s  h a s  b e e n  

s e e n  i n  t h e  d e v ic e s  d i s c u s s e d  i n  c h a p t e r  4 w it h  a  s e r i e s  

r e s i s t a n c e  (~20 Q ) i n c lu d e d  i n  t h e  m e a s u r in g  c i r c u i t .  A 

p ro b le m  a r i s e s  when d e c id in g  w h ic h  ra m p in g  d i r e c t i o n  

(s w e e p in g  v o lt a g e  up o r  down) g i v e s  th e  t r u e  p e a k  and v a l l e y  

c u r r e n t s  when t h i s  t y p e  o f  h y s t e r e s i s  i s  p r e s e n t .  B y  

c o m p a rin g  t h e  I - V  c h a r a c t e r i s t i c s  o f  t h e  d e v ic e  o f  c h a p t e r  4 

w it h  an d  w it h o u t  a s e r i e s  r e s i s t a n c e ,  i t  i s  c l e a r  t h a t  

sw e e p in g  up i n  v o lt a g e  g i v e s  t h e  t r u e  p e a k  c u r r e n t  an d  

sw e e p in g  down i n  v o lt a g e  g i v e s  t h e  t r u e  v a l l e y  c u r r e n t .  T h i s  

i s  c o n f ir m e d  b y  t h e  f a c t  t h a t  f o r  t h e  d e v ic e  d i s c u s s e d  h e r e  

an d  t h e  d e v ic e  o f  c h a p t e r  4 , t h e s e  c u r r e n t s  a r e  c o n s t a n t  on  

c o n s e c u t iv e  ram ps b u t  t h e  v a l l e y  c u r r e n t  on sw e e p in g  up i n  

v o lt a g e  and t h e  p e a k  c u r r e n t  on sw e e p in g  down i n  v o l t a g e ,  

v a r y  on c o n s e c u t iv e  ra m p s. T h e r e f o r e ,  t h e  o r i g i n s  o f  t h i s  

h y s t e r e s i s  a r e  c o m p le t e ly  d i f f e r e n t  from  t h a t  d is c u s s e d  i n  

c h a p t e r  4 . I t  i s  th o u g h t  t o  b e due t o  t h e  s e r i e s  r e s i s t a n c e  

o f  th e  Ohm ic c o n t a c t s  w h ic h  c a u s e s  a d d i t i o n a l  v o lt a g e  d r o p s  

when t h e  c u r r e n t  i s  h ig h .  Th e s e r i e s  r e s i s t a n c e  a l s o  a f f e c t s  

t h e  b i a s  p o s i t i o n s  o f  t h e  p e a k  an d  v a l l e y  c u r r e n t s .  T h is  may 

e x p l a i n  why t h e  NDR i s  se e n  t o  o c c u r  o v e r  a v e r y  n a rro w  

v o lt a g e  r a n g e . T h e r e f o r e ,  t h e  m a g n itu d e  o f  th e  n e g a t iv e  

r e s i s t a n c e  may be l a r g e r  t h a n  t h e  v a lu e  e s t im a t e d  from  t h e

I - V  c h a r a c t e r i s t i c .
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A t h ig h e r  b i a s ,  a  se c o n d  r e s o n a n c e  c a n  be o b s e r v e d  a t  148mA  

an d  2 .9 6 V  i n  fo r w a r d  b i a s  an d  a t  4 .2 V  an d  145m A i n  r e v e r s e  

b i a s ,  F i g . 5 . 2 .  I n  a d d i t i o n ,  a  t h i r d  r e s o n a n c e  i s  o b s e r v e d  i n  

fo r w a rd  b i a s  a t  3 . 5 V  an d  190mA f o r  t e m p e r a t u r e s  b e lo w  1 0 0 K .  

T h i s  r e s o n a n c e  i s  n o t  se e n  up t o  5V and 200mA i n  r e v e r s e  

b i a s .

The v a r i a t i o n  w it h  t e m p e r a t u r e  o f  th e  p e a k  an d  v a l l e y  

c u r r e n t s  o f  t h e  f i r s t  r e s o n a n c e  a r e  shown i n  F i g . 5 . 3 .  Th e  

NDR i s  c o m p le t e ly  s u p p r e s s e d  b y  2 4 OK due t o  t h e  r a p i d  r i s e  

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

se c o n d  r e s o n a n c e  i s  c o m p le t e ly  s u p p r e s s e d  b y  14 0 K  and t h e  

t h i r d  r e s o n a n c e  b y  1 0 0 K . T h i s  b e h a v io u r  p re su m a m b ly  r e f l e c t s  

t h e  i n c r e a s e  o f  n o n -r e s o n a n t , t h e r m io n ic  co m p o n en ts t o  th e  

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

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

b a r r i e r .  T h e r e f o r e ,  i t  i s  e x p e c t e d  t h a t  r e s o n a n c e s  o c c u r r in g  

a t  h ig h e r  v o lt a g e s  w i l l  be s u p p r e s s e d  more r a p i d l y  w it h  

i n c r e a s i n g  t e m p e r a t u r e  t h a n  t h e  r e s o n a n c e  o c c u r in g  a t  lo w e r  

v o l t a g e s .

I n  F i g . 5 .4  t h e  v a r i a t i o n  o f  t h e  p e a k  and v a l l e y  c u r r e n t s  

w it h  p r e s s u r e  a r e  p l o t t e d  f o r  t h e  f i r s t  r e s o n a n c e . B elo w  

lO K b a r , th e  v a l l e y  c u r r e n t  i s  e s s e n t i a l l y  c o n s t a n t  a s  a 

f u n c t io n  o f  p r e s s u r e  w h ile  t h e  p e a k  c u r r e n t  d e c r e a s e s  

r e s u l t i n g  i n  an  o v e r a l l  s lo w  d e c r e a s e  o f  A /B .  Above lO K b a r ,  

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

b e g in s  t o  d e c r e a s e  more r a p i d l y  le a d in g  t o  a more r a p id  

d e c r e a s e  o f  A /B .  T y p i c a l  I - V  c h a r a c t e r i s t i c s  a t  77 K  a r e  

shown i n  F i g . 5 . 5  f o r  p r e s s u r e s  o f  l b a r  and 1 0 . 5 K b a r .  I n
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fo r w a rd  b i a s ,  t h e  p e a k  t o  v a l l e y  c u r r e n t  r a t i o  ( A /B )  

d e c r e a s e s  fro m  7 . 5  a t  I b a r  t o  5 . 7  a t  1 0 . 5 K b a r .  The r a p i d  

s u p p r e s s io n  o f  NDR w it h  p r e s s u r e  ab o ve  lO K b a r  i s  se e n  more  

d r a m a t i c a l l y  when t h e  n o r m a lis e d  p e a k  t o  v a l l e y  c u r r e n t  

d i f f e r e n c e  i s  p l o t t e d ,  F i g . 5 . 6 . The s i z e  o f  t h e  NDR 

d e c r e a s e s  s lo w ly  up t o  lO K b a r  b u t  i s  th e n  s u p p r e s s e d  r a p i d l y  

a t  h ig h e r  p r e s s u r e s .

F i g . 5 . 7  p l o t s  t h e  n o r m a lis e d  d i f f e r e n c e  b e tw ee n  t h e  p e a k  an d  

v a l l e y  c u r r e n t s  f o r  t h e  s e c o n d  r e s o n a n c e . T h e s i z e  o f  t h e  

NDR d e c r e a s e s  s lo w ly  up t o  8 .5 K b a r  b u t  th e n  i s  s u p p r e s s e d  

r a p i d l y  a t  p r e s s u r e s  ab o ve  8 .5 K b a r .  F o r  t h i s  r e s o n a n c e , t h e  

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

s i m i l a r ,  a s  shown i n  F i g . 5 . 8 . B e lo w  ~ 8 .5 K b a r ,  t h e y  b o th  

d e c r e a s e  a t  a p p r o x im a t e ly  t h e  same r a t e  f o llo w e d  b y  a  s h a r p  

d ro p  i n  c u r r e n t  an d  th e n  an  i n c r e a s e  i n  c u r r e n t .  Th e t h i r d  

r e s o n a n c e  e x h i b i t s  v e r y  s i m i l a r  p r e s s u r e  b e h a v io u r  t o  t h a t  

o f  t h e  s e c o n d  r e s o n a n c e . A g a in ,  th e  s i z e  o f  t h e  NDR 

d e c r e a s e s  s lo w ly  up t o  ~ 8 .5 K b a r  f o llo w e d  b y  a r a p i d  

s u p p r e s s io n  a b o v e  t h i s  p r e s s u r e .

I t  h a s  b e e n  a ssu m ed  t h a t  t h e  t h i r d  r e s o n a n c e  i s  due t o  

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

quantum  w e l l .  H o w e ve r, I - V  m e a su re m e n ts p e rfo rm e d  b y  A .H ig g s  

a t  RSRE on d e v ic e s  f a b r i c a t e d  fro m  th e  same w a f e r ,  do n o t  

r e v e a l  a t h i r d  r e s o n a n c e  i n  fo rw a rd  b i a s .  Th e d e v ic e s  

i n v e s t i g a t e d  b y  A .H ig g s  w ere d e f in e d  from  t h e  w a fe r  b y  m esa  

e t c h i n g ,  w h e r e a s , t h e  d e v ic e s  d is c u s s e d  h e r e  w ere c le a v e d  

fro m  t h e  w a f e r .  T h e r e f o r e ,  i t  i s  p o s s i b l e  t h a t  th e  t h i r d  

r e s o n a n c e , o b s e r v e d  i n  t h e  d e v ic e s  i n v e s t i g a t e d  i n  t h i s  

c h a p t e r ,  i s  a  r e s u l t  o f  sa m p le  damage d u r in g  t h e  f a b r i c a t i o n
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p r o c e s s .  S in c e  i t  e x h i b i t s  v e r y  s i m i l a r  b e h a v io u r  t o  t h e  

s e c o n d  r e s o n a n c e  u n d e r  p r e s s u r e ,  t h e  t h i r d  r e s o n a n c e  c o u ld  

be a r e p e t i t i o n  o f  t h e  s e c o n d  r e s o n a n c e . N e v e r t h e l e s s ,  t h e  

m e ch an ism  b y  w h ic h  t h e  r e p e t i t i o n  o c c u r s  i s  n o t  u n d e r s to o d  

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

f e a t u r e  i s  n o t  r u l e d  o u t .

5 . 3  D i s c u s s i o n

T h e h ig h  p r e s s u r e  m e a su re m e n ts show t h a t  i n  a  d o u b le  b a r r i e r  

G a A s /A lx G a ^ _ x As s t r u c t u r e  w it h  x = 0 . 3 3 ,  t h e  NDR i s  much l e s s  

s e n s i t i v e  t o  p r e s s u r e s  b e lo w  lO K b a r  t h a n  a s t r u c t u r e  w it h  

A lA s  b a r r i e r s .  T h i s  i s  a  c o n s e q u e n c e  o f  t h e  much l a r g e r  

r ( G a A s ) -X ( A lA s )  p o t e n t i a l  b a r r i e r  i n  t h e s e  s a m p le s . C o n s id e r  

F i g . 5 . 9  w here t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  v a le n c e  b an d  

maximum r v  an d  t h e  c o n d u c t io n  b an d  m in im a r c , X c  and L c  a r e  

draw n f o r  G aAs an d  A l o . 3 3 G a o . 5 7 As i n  t h e  6 0 :4 0  m o d e l. The  

b a n d g a p s a r e  a l l  o b t a in e d  fro m  t h e  r e v ie w  b y  A d a c h i ( 1 . 4 6 )  

an d  a r e  due t o  C a s e y  an d  P a n is h  ( 3 . 1 0 ) .  I t  c a n  be se e n  fro m  

F i g . 5 . 9  t h a t  t h e  f o l lo w in g  b an d  o f f s e t s  a r e  o b t a in e d :  

T q ( Ga A s ) —r q ( A I q  ̂ 3 3 G a o .6 7 ^ ® ) = 0 •24 7 e V , T q ( Ga A s ) —

X q ( A 1 q ^ 3 G aQ . 5 7 A s ) = 0 . 3 6 8 eV an d  r Q ( G a A s ) - L q ( A 1 q . 3 3 GaQ . 5 7 A S ) =  

0 . 3 3 1 e V .  S in c e  r c - r c  i s  t h e  minimum p o t e n t i a l  b a r r i e r  an d  

m * (r)  i s  t h e  l i g h t e s t ,  e l e c t r o n  t u n n e l l i n g  i s  e x p e c t e d  t o  

p r o c e e d  a lm o s t  e x c l u s i v e l y  th r o u g h  t h e  r ( G a A s ) -  

r ( A l o . 3 3 G a Q .6 7 A s ) b a r r i e r  a t  l b a r .  X and L  c o n t r i b u t i o n s  t o  

t h e  t u n n e l l i n g  may becom e more im p o r t a n t  f o r  t h i n  b a r r i e r s  

s i n c e  X -  an d  L -  l i k e  s t a t e s  i n  t h e  b a r r i e r  h a v e  a l a r g e r  

d e c a y  c o n s t a n t  t h a n  r - l i k e  s t a t e s .  F o r  t h e  s t r u c t u r e  

d i s c u s s e d  h e r e ,  q u i t e  w id e  b a r r i e r s  a r e  e m p lo ye d  ( 8 5 A ) so  i t  

i s  m ost l i k e l y  t h a t  t h e  t u n n e l l i n g  c u r r e n t  i s  d o m in a te d  b y

t h e  r  minimum a t  l b a r .
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U s in g  t h e  d a t a  o f  A d a c h i ( 1 . 4 6 )  an d  a s s u m in g  a  p r e s s u r e  

in d e p e n d e n t  b a n d  o f f s e t  f o r  t h e  r  b an d  e d g e s , t h e r e  a r e  

n e g l i g i b l e  p r e s s u r e  s h i f t s  t o  t h e  r c - r c  an d  r v -*ry b a r r i e r s ,  

a p r e s s u r e  s h i f t  o f  ~ - l l m e V / K b a r  f o r  t h e  r c -X c  b a r r i e r  an d  a  

p r e s s u r e  s h i f t  o f  ~ - 8 . 5 m e V /K b a r f o r  t h e  r c -L c  b a r r i e r .  

T h e r e f o r e ,  f o r  A l o . 3 3 G a o .g 7 As b a r r i e r s ,  t h e  r c -X c  b a r r i e r  

becom es t h e  m inim um  p o t e n t i a l  b a r r i e r  a t  ~ l l K b a r  an d  t h e  r c -  

L c  b a r r i e r  becom es t h e  m inim um  p o t e n t i a l  b a r r i e r  a t  ~ 1 0 K b a r .  

B elo w  lO K b a r , i t  i s  e x p e c t e d  t h a t  r c - l i k e  e l e c t r o n  s t a t e s  i n  

t h e  b a r r i e r  w i l l  c o n t in u e  t o  d o m in a te  t h e  t u n n e l l i n g  

c u r r e n t .  S in c e  t h i s  b a r r i e r  i s  a lm o s t  in d e p e n d e n t  o f  

p r e s s u r e ,  i t  i s  a l s o  e x p e c t e d  t h a t  th e  s i z e  o f  t h e  NDR w i l l  

n o t ch a n g e  s u b s t a n t i a l l y .  Above lO K b a r , i t  i s  p o s s i b l e  t h a t  

a s u b s t a n t i a l  am ount o f  c u r r e n t  may now t u n n e l  t h r o u g h  L c -  

an d  X q -  l i k e  e l e c t r o n  s t a t e s  i n  t h e  b a r r i e r .  I f  t h i s  i s  t h e  

c a s e ,  i t  w i l l  m a n if e s t  i t s e l f  b y  t h e  s i z e  o f  NDR e x h i b i t i n g  

a p r e s s u r e  d e p e n d e n c e . T h e  s i z e  o f  t h e  NDR s h o u ld  th e n  

d e c r e a s e  a s  t h e  p o t e n t i a l  b a r r i e r  d e c r e a s e s  an d  t h e  n o n -  

r e s o n a n t ,  t h e r m io n ic  c o n t r i b u t i o n s  t o  t h e  c u r r e n t  i n c r e a s e .

Th e m odel d e s c r ib e d  ab o ve  a p p e a r s  t o  be c o n s i s t e n t  w it h  t h e

o b s e r v a t io n  o f  a more r a p i d  s u p p r e s s io n  o f  NDR ab o ve  ~ 10 K b a r

f o r  th e  f i r s t  r e s o n a n c e , F i g . 5 . 6 . The se c o n d  and t h i r d

r e s o n a n c e s  show a r a p id  s u p p r e s s io n  o f  NDR ab o ve  ~ 8 -9 K b a r ,

F i g s . 5 . 7  and 5 . 8 .  H o w e ve r, i t  i s  n o t  c l e a r  a s  t o  w h ic h

t u n n e l l i n g  m e ch an ism  i s  d o m in a n t a t  h ig h  p r e s s u r e s  i n  t h i s

s t r u c t u r e .  Th e r a p id  s u p p r e s s io n  o f  NDR f o r  p r e s s u r e s  a b o v e

lO K b a r  i n d i c a t e s  t h a t  a p r e s s u r e  s e n s i t i v e  b a r r i e r  i s

i n v o l v e d .  T h e r e f o r e ,  t h e  p o s s i b l e  m e ch a n ism s a r e ;  ( i )  a r c -

X c  b a r r i e r  w it h  a h e a v y  e f f e c t i v e  m ass i n  a p a r a l l e l
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w a v e v e c t o r  c o n s e r v in g  p r o c e s s ,  ( i i ) a r c -X c  b a r r i e r  w it h  a  

l i g h t  e f f e c t i v e  m a s s , m *(X) ~ 3 m * ( r ) ,  i n  a  p a r a l l e l

w a v e v e c to r  n o n -c o n s e r v in g  p r o c e s s  an d  ( i i i )  a  r c - L c  b a r r i e r  

w it h  a  l i g h t  e f f e c t i v e  m a s s , m * (L) m * ( r ) ,  i n  a p a r a l l e l

w a v e v e c to r  n o n -c o n s e r v in g  p r o c e s s .  I t  i s  p o s s i b l e  t h a t  t h e r e  

a r e  c o m p a ra b le  L  an d  X c o n t r i b u t i o n s  t o  t h e  t u n n e l l i n g  

c u r r e n t  a t  h ig h  p r e s s u r e s .  A p r e c i s e  t h e o r e t i c a l  m o d el w h ic h  

t a k e s  i n t o  a c c o u n t  t h e  r ,  X an d  L  m in im a  i s  r e q u ir e d  t o  

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

c u r r e n t  f o r  t h i s  s t r u c t u r e  a t  p r e s s u r e s  g r e a t e r  t h a n  lO K b a r .

M endez e t  a l .  ( 3 . 8 )  h a v e  p e rfo rm e d  h ig h  p r e s s u r e

m e a su re m e n ts on a s i m i l a r  d e v i c e .  T h e i r  d e v ic e  c o m p r is e d  a 

d o u b le  b a r r i e r  G a A s /A lx G a ^ _ x As s t r u c t u r e  w it h  10 0 A  b a r r i e r s  

an d  a 40A w e l l  and x = 0 .4 .  W ith  t h i s  x  c o m p o s it io n ,  t h e  r c -X c  

b a r r i e r  becom es t h e  minim um  p o t e n t i a l  b a r r i e r  a t  ~ 4 .5 K b a r  

an d  t h e  rc-Lc b a r r i e r  a lw a y s  l i e s  h ig h e r  i n  e n e r g y  t h a n  t h e  

r c -X c b a r r i e r  b u t  i s  lo w e r t h a n  t h e  r c - r c  b a r r i e r  a t  ~ 5 K b a r .  

H o w e ve r, a t  l b a r ,  t h e  r ,  X and L  c o n d u c t io n  b an d  m in im a  i n  

t h e  b a r r i e r  a r e  q u i t e  c l o s e  i n  e n e r g y . M endez e t  a l .  f i n d  

t h a t  NDR i s  o b s e r v e d  a t  l b a r  b u t  t h e  s i z e  o f  t h e  NDR b e g in s  

t o  d e c r e a s e  r a p i d l y  a b o v e  ~ 4 K b a r an d  i s  c o m p le t e ly  

s u p p r e s s e d  b y  1 0 .8 K b a r  a t  7 7 K . Th e i n c r e a s e  i n  p r e s s u r e  

s e n s i t i v i t y  o f  t h e  NDR f e a t u r e  ab o ve 4 K b a r i s  w e l l  

e x p la in e d  when t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  c o n d u c t io n  b an d  

m in im a  i n  t h e  b a r r i e r  a r e  c o n s id e r e d .  Th e r a p id  s u p p r e s s io n  

o f  NDR w it h  p r e s s u r e  i s  a t t r i b u t e d  b y  M endez t o  t h e  d o m in a n t  

r o l e  o f  X - l i k e  e l e c t r o n  s t a t e s  i n  t h e  b a r r i e r  on th e  

t u n n e l l i n g  c u r r e n t  f o r  p r e s s u r e s  g r e a t e r  t h a n  ~ 4 K b a r .

F o r  t h e  s t r u c t u r e  i n v e s t i g a t e d ,  th e  p e a k  c u r r e n t  o f  th e
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f i rst r e s o n a n c e  is f o u n d  to d e c r e a s e  as a f u n c t i o n  of

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

p r e s s u r e s  l e s s  t h a n  8 .5 K b a r .  H o w e ve r, t h e  r a t e  o f  c h a n g e  o f  

c u r r e n t  w it h  p r e s s u r e ,  d ( l n I ) / d P ,  i s  t h e  same f o r  b o t h  p e a k  

an d  v a l l e y  c u r r e n t s ,  ~ - 0 . 0 1 7 / K b a r . A t 7 7 K  ( n e g l i g i b l e  

t h e r m io n ic  c u r r e n t ) , t h e  c h a n g e  o f  c u r r e n t  w it h  p r e s s u r e  i s  

p r o p o r t io n a l  t o

d ( l n I ) / d P  a  - {  d ( ln m ) /d P  + d ( ln V B ) /d P  } ................ ( 5 . 1 )

S in c e  p r e s s u r e  s l i g h t l y  d e c r e a s e s  th e  b a r r i e r  h e ig h t ,  V B , 

b e lo w  8 .5 K b a r ,  a n y  d e c r e a s e  i n  c u r r e n t  i s  due t o  an i n c r e a s e  

i n  th e  e f f e c t i v e  m a s s . In d e e d , f o r  t h e  se c o n d  an d  t h i r d  

r e s o n a n c e , t h e  p e a k  an d  v a l l e y  c u r r e n t s  a l s o  d e c r e a s e  a t  

a p p r o x im a t e ly  t h e  same r a t e  o f  0 . 0 1 7 / K b a r .  The v a lu e  o f  

d ( l n I ) / d P  c a n  be e s t im a t e d  fro m  th e  f o l lo w in g  e q u a t io n  

( 1 . 5 1 )  d e r iv e d  fro m  e f f e c t i v e  m ass t h e o r y ,

p = - d ( l n I ) / d P  =  a f ( V ) / 2  { d ( ln m ) /d P  + d ( ln V B ) /d P  }

............. ( 5 . 2 )

w here a  =  2 b ( 2m*VB / h 2 ) ^ , b i s  t h e  t o t a l  b a r r i e r  w id t h  and

f (V ) d e s c r i b e s  t h e  e f f e c t  t h a t  an  i n c r e a s i n g  e l e c t r i c  f i e l d

i n  t h e  b a r r i e r  h a s  i n  i n c r e a s i n g  t h e  t u n n e l l i n g  t r a n s m is s io n

p r o b a b i l i t y .  I t  i s  assu m ed  t h a t  f ( V )  ~ 1 .  T h is  i s  b e c a u s e ,

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

e x p e c t e d  t o  d o m in a te  t h e  o v e r a l l  t u n n e l l i n g  p r o b a b i l i t y

s i n c e  i t  h a s  a  much s m a l l e r  t r a n s m is s io n  c o e f f i c i e n t  t h a n

t h e  se c o n d  b a r r i e r  u n d e r  b i a s .  An i n c r e a s i n g  e l e c t r i c  f i e l d

i n  th e  b a r r i e r s  i s  e x p e c t e d  t o  h a v e  a l a r g e r  i n f l u e n c e  on

t h e  t r a n s m is s io n  p r o b a b i l i t y  o f  th e  s e c o n d  b a r r i e r .

T h e r e f o r e ,  t o  f i r s t  o r d e r ,  i t  i s  assum ed  t h a t  t h e

t r a n s m is s io n  o f  t h e  f i r s t  b a r r i e r  i s  n o t g r e a t l y  in c r e a s e d

a s  t h e  b i a s  i s  i n c r e a s e d .  T a k in g  th e  v a lu e s  u s e d  i n
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r e f e r e n c e  ( 1 . 5 1 )  o f  d ( ln m ) / d P = 7 . 4 x lO " ^ /K b a r  an d  d ( l n V B ) / d P = -  

1 . I x l 0 " 3 / K b a r , g i v e s  (3 =  0 . 0 1 4 / K b a r .  T h i s  i s  i n  r e a s o n a b le  

a g re e m e n t w it h  t h e  o b s e r v e d  v a lu e  o f  0 . 0 1 7 / K b a r .  Th e  

d e p a r t u r e  o f  t h e  d a t a  fro m  t h e  l i n e a r  d e p e n d e n ce  o f  l n l  on  

p r e s s u r e  a b o v e  ~ 8 .5 K b a r ,  i s  t a k e n  a s  e v id e n c e  f o r  t h e  

i n c r e a s i n g  r o l e  o f  X -  an d  L - l i k e  e l e c t r o n  s t a t e s  i n  t h e  

b a r r i e r  on t h e  t u n n e l l i n g  c u r r e n t .  T h en  t h e  e f f e c t i v e  m ass  

t h e o r y  o f  t u n n e l l i n g  b r e a k s  down and t u n n e l l i n g  c a n  no 

lo n g e r  be e x p la in e d  i n  te rm s o f  a w a v e f u n c t io n  d e s c r ib e d  b y  

a s i n g l e  e f f e c t i v e  m a ss .

A bove 8 .5 K b a r ,  t h e  p e a k  and v a l l e y  c u r r e n t s  o f  t h e  s e c o n d  

an d  t h i r d  r e s o n a n c e s  b e g in  t o  i n c r e a s e  w it h  p r e s s u r e .  T h is  

r e f l e c t s  a d e c r e a s e  o f  b a r r i e r  h e ig h t  w it h  p r e s s u r e

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

a n d /o r  L - l i k e  s t a t e s  i n  t h e  b a r r i e r  ab o ve 8 .5 K b a r .  H ig h e r  

p r e s s u r e s  t h a n  l l K b a r  a r e  r e q u ir e d  t o  o b s e r v e  t h e  e x p e c t e d  

i n c r e a s e  o f  p e a k  c u r r e n t  w it h  p r e s s u r e  f o r  t h e  f i r s t

r e s o n a n c e  a lt h o u g h  t h e  v a l l e y  c u r r e n t  i s  fo u n d  t o  i n c r e a s e  

s h a r p l y  a t  l l K b a r .  Mendez e t  a l .  o b s e r v e  an  i n c r e a s e  o f  p e a k  

an d  v a l l e y  c u r r e n t  w it h  p r e s s u r e  o v e r  t h e  w h o le  p r e s s u r e  

ra n g e  e m p lo y e d . T h is  s u g g e s t s  t h a t  f o r  t h e i r  s t r u c t u r e ,  th e  

d e c r e a s e  o f  t h e  rc-Lc and r c -X c p o t e n t i a l  b a r r i e r s  w it h

p r e s s u r e  i s  i n f l u e n c i n g  t h e  t u n n e l l i n g  c u r r e n t  e v e n  when

t h e s e  b a r r i e r s  a r e  n o t b e lo w  t h e  r c - r c  b a r r i e r  a t  low  

p r e s s u r e s .

The se c o n d  an d  t h i r d  r e s o n a n c e s  a r e  a lm o s t  c o m p le t e ly

s u p p r e s s e d  b y  l l K b a r .  E x t r a p o l a t in g  from  F i g . 5 . 7  i n d i c a t e s  a

p r e s s u r e  t h r e s h o ld  f o r  c o m p le te  s u p p r e s s io n  o f  NDR o f

~ 1 2 .5 K b a r  f o r  t h e s e  r e s o n a n c e s .  E x t r a p o l a t in g  fro m  F i g . 5 . 6
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i n d i c a t e s  t h a t  t h e  f i r s t  r e s o n a n c e  w i l l  be c o m p le t e ly  

s u p p r e s s e d  b y  ~ 1 4 .5 K b a r  a t  7 7 K . T h e s e  e s t im a t e s  a r e  a t  

p r e s s u r e s  r a t h e r  lo w e r t h a n  e x p e c t e d . A t lO K b a r , t h e  r - L  and  

r - X  b a r r i e r  h e ig h t s  a r e  q u i t e  l a r g e ,  ~ 0 .2 5 e V ,  and t h e  f i r s t  

an d  se c o n d  r e s o n a n c e s  a r e  ~200m eV an d  ~50m eV b e lo w  t h e  to p  

o f  t h e  m inim um  b a r r i e r ,  r e s p e c t i v e l y .  A t  1 4 . 5 K b a r ,  t h e  r - X  

b a r r i e r  i s  p r e d ic t e d  t o  be ~ 0 . 2eV and t h e  r - L  b a r r i e r  

~ 0 . 2 1 e V ,  an d  so  t h e  f i r s t  r e s o n a n t  s t a t e  i s  s t i l l  w e l l  b e lo w  

t h e  to p  o f  t h e  b a r r i e r s .  A t t h i s  p r e s s u r e ,  t h e  se c o n d

r e s o n a n t  s t a t e  i s  a p p r o x im a t e ly  a t  th e  e n e r g y  p o s i t i o n  o f  

t h e  to p  o f  t h e  r - X  b a r r i e r  an d  ~ O . le V  b e lo w  t h e  r-L
b a r r i e r .  F o r  t h e  G a A s /A lA s  s y s te m s  d i s c u s s e d  i n  c h a p t e r s  3 

an d  4 , t h e  p r e s s u r e  t h r e s h o ld  f o r  c o m p le te  l o s s  o f  NDR

a p p e a r s  t o  be c o n s i s t e n t  w it h  t h e  c o m p le te  s u p p r e s s io n  o f  

t h e  r - X  b a r r i e r ,  i . e . ,  when t h e  q u a s i -b o u n d  s t a t e  i n  th e  

w e l l  a s s o c i a t e d  w it h  t h e  r e s o n a n c e  i s  c o i n c id e n t  w it h  t h e  

to p  o f  t h e  r - X  b a r r i e r .  T h e r e f o r e ,  i t  i s  som ewhat s u r p r i s i n g  

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

s u p p r e s s e d  so  r a p i d l y  ab o v e  lO K b a r  w it h  an  e x t r a p o la t e d  

p r e s s u r e  v a lu e  f o r  c o m p le te  s u p p r e s s io n  o f  ~ 1 4 .5 K b a r .  F o r  

t h e  se c o n d  r e s o n a n c e , i t  i s  e x p e c t e d , u s in g  t h e  a b o ve  

c r i t e r i o n ,  t h a t  t h e  r e s o n a n c e  w i l l  be s u p p r e s s e d  b y  ~ 1 5 K b a r ,  

w h ic h  i s  a b o v e  t h e  e x t r a p o la t e d  v a lu e  o f  ~ 1 2 .5 K b a r .  I t  

s h o u ld  a l s o  be m e n tio n e d  t h a t  th e  r e s u l t s  o f  Mendez e t  a l .  

( 3 . 8 ) ,  d i s c u s s e d  a b o v e , a l s o  show t h a t  th e  c o m p le te  

s u p p r e s s io n  o f  t h e  NDR o c c u r s  a t  p r e s s u r e s  w e l l  b e lo w  t h e  

p r e s s u r e  a t  w h ic h  t h e  r - X  b a r r i e r  f o r  t h e i r  sa m p le  i s  

c o m p le t e ly  s u p p r e s s e d .

As p o i n t e d  o u t  earlier, there is a d i f f e r e n c e  in p r e s s u r e
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s e n s i t i v i t y  b e tw ee n  t h e  f i r s t  an d  s e c o n d  r e s o n a n c e . T h i s  may 

be r e l a t e d  t o  t h e  l a r g e r  c o n f in e m e n t  e n e r g y  o f  t h e  se c o n d  

( E 2 ) r e s o n a n t  s t a t e  co m p ared  t o  t h e  f i r s t  one ( E ^ ) ,  E 2 “E^  

~ 0 . 1 5 e V .  T h i s  i m p l ie s  a  d i f f e r e n c e  i n  p r e s s u r e  t h r e s h o ld  f o r  

l o s s  o f  NDR o f  ~ 1 2 K b a r  f o r  a r - X  b a r r i e r  an d  a d i f f e r e n c e  

i n  p r e s s u r e  t h r e s h o l d  o f  ~ 1 6 K b a r  f o r  a r - L  b a r r i e r .  T h i s  i s  

som ewhat l a r g e r  t h a n  t h e  e s t im a t e d  d i f f e r e n c e  o f  ~ 2 K b a r  ( s e e  

a b o v e ) .

A lth o u g h  t h e  p r e s s u r e s  a t  w h ic h  t h e  NDR f e a t u r e s  b e g in  t o  be  

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

d e p e n d e n t b a r r i e r  b e co m in g  t h e  lo w e s t  i n  e n e r g y , th e  

s u b s e q u e n t  r a p i d  s u p p r e s s io n  o f  NDR i s  n o t  e x p e c t e d . I n  

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

t h r e s h o ld  f o r  c o m p le te  l o s s  o f  NDR b etw een  t h e  f i r s t  and  

s e c o n d  r e s o n a n c e s  i s  n o t  e x p la in e d  w e l l  b y  t h e  d i f f e r e n c e s  

i n  c o n fin e m e n t  e n e r g y  o f  t h e  r e s o n a n t  s t a t e s .  H o w ever, 

m e a su re m e n ts a t  h ig h e r  p r e s s u r e s  a r e  r e q u ir e d  t o  c o n f ir m  

t h a t  t h e  f i r s t  r e s o n a n c e  i s  s u p p r e s s e d  b y  a p p r o x im a t e ly  

1 4 .5 K b a r  an d  t h e  s e c o n d  r e s o n a n c e  b y  ~ 1 2 . 5 K b a r .

A n o th e r  e x p la n a t io n  f o r  t h e  o b s e r v e d  p r e s s u r e  v a r i a t i o n  

a b o ve  lO K b a r  m u st a l s o  be m e n tio n e d . T h i s  i s  a r e d u c t io n  

w it h  p r e s s u r e  o f  th e  e l e c t r o n  c o n c e n t r a t io n  i n  th e  e m it t e r  

c o n t a c t .  Maude e t  a l .  ( 3 . 1 1 )  h a v e  o b s e r v e d  a r e d u c t io n  w it h  

p r e s s u r e  o f  t h e  e le c t r o n  d e n s i t y  i n  th e  e m it t e r  c o n t a c t  o f  a 

s i n g l e  b a r r i e r  s t r u c t u r e  f o r  p r e s s u r e s  a b o ve  lO K b a r  an d  an  

e m it t e r  d o p in g  o f  ~10^-® cm "^. T h is  r e d u c t io n  i s  due t o  a d eep  

l e v e l ,  a s s o c i a t e d  w it h  t h e  X m inim um , c r o s s i n g  t h e  F e rm i 

l e v e l  o f  t h e  e m it t e r  e l e c t r o n s  ab o ve some p r e s s u r e  

t h r e s h o l d .  F o r  th e  s t r u c t u r e  d is c u s s e d  i n  t h i s  c h a p t e r ,  th e
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d o p in g  o f  t h e  e m it t e r  i s  much lo w e r (~ 10 ^ ^ c m “ ^ ) .  A l s o ,  a  

d e c r e a s e  i n  t h e  F e r m i l e v e l  w it h  i n c r e a s i n g  p r e s s u r e  w o u ld  

c a u s e  t h e  p e a k  an d  v a l l e y  c u r r e n t s  t o  d e c r e a s e .  T h i s  i s  i n  

c o n f l i c t  w it h  t h e  o b s e r v e d  b e h a v io u r  ab o ve  lO K b a r . F o r  t h e  

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

w it h  p r e s s u r e  a b o ve  8 K b a r  an d  t h e  v a l l e y  c u r r e n t  o f  t h e  

f i r s t  r e s o n a n c e  i n c r e a s e s  w it h  p r e s s u r e  a b o v e  lO K b a r .

5 . 4  C o n c lu s io n s

N e g a t iv e  d i f f e r e n t i a l  r e s i s t a n c e  and i t s  v a r i a t i o n  w it h  

p r e s s u r e  h a v e  b e e n  o b s e r v e d  i n  two sa m p le s  o f  a  d o u b le  

b a r r i e r  s t r u c t u r e  em bedded i n  t h e  i - r e g i o n  o f  a n - i - n  

d e v i c e .  T h e b a r r i e r s  a r e  com posed o f  A l x G a ^ _ x As w it h  x = 0 . 3 3 .  

T h i s  low  a lu m in iu m  c o n c e n t r a t io n  m eans t h a t  t h e  r c - r c  

p o t e n t i a l  b a r r i e r  i s  t h e  lo w e s t  up t o  lO K b a r , i n  c o n t r a s t  t o  

t h e  d e v ic e s  d i s c u s s e d  i n  c h a p t e r s  3 and 4 . Above ~ 1 0 K b a r ,  

t h e  r c - r c  b a r r i e r  i s  no lo n g e r  t h e  minimum p o t e n t i a l  

b a r r i e r .

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

r e s o n a n c e  i n d i c a t e s  t h a t  X - l i k e  o r  L - l i k e  e le c t r o n  s t a t e s  i n  

t h e  b a r r i e r s ,  o r  b o t h , a r e  s t r o n g l y  in v o lv e d  i n  th e  

t u n n e l l i n g  p r o c e s s  a b o ve  lO K b a r . T h i s  i s  c o n s i s t e n t  w it h  t h e  

X an d  L  m in im a  i n  t h e  b a r r i e r  b e co m in g  lo w e r i n  e n e r g y  t h a n  

t h e  r  m inim um . To e s t im a t e  th e  r e l a t i v e  c o n t r i b u t i o n s  o f  X -  

l i k e  an d  L - l i k e  e l e c t r o n  s t a t e s  t o  t h e  t u n n e l l i n g  c u r r e n t  a t  

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

r e q u ir e d .

Th e p r e s s u r e  b e h a v io u r  o f  th e  se c o n d  r e s o n a n c e  i n d i c a t e s  

t h a t  X - l i k e  and ( o r )  L - l i k e  s t a t e s  i n  t h e  b a r r i e r  becom e
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im p o r t a n t  a t  lo w e r p r e s s u r e s ,  ~ 8 .5 K b a r .  T h i s  i s  p r o b a b ly  

b e c a u s e  t h e  q u a s i -b o u n d  s t a t e  a s s o c i a t e d  w it h  t h e  s e c o n d  

r e s o n a n c e  h a s  a l a r g e r  c o n f in e m e n t  e n e r g y  t h a n  t h e  f i r s t  

r e s o n a n c e  an d  i s  t h e r e f o r e  c l o s e r  i n  e n e r g y  t o  X an d  L  

s t a t e s  i n  t h e  b a r r i e r .  H o w e ve r, c o n s id e r in g  t h e  d i f f e r e n c e  

i n  c o n f in e m e n t  e n e r g i e s ,  t h e  o b s e r v e d  d i f f e r e n c e  i n  p r e s s u r e  

s e n s i t i v i t y  b e tw ee n  t h e  f i r s t  and se c o n d  r e s o n a n c e s  i s  n o t  

q u a n t i t a t i v e l y  w e l l  e x p l a in e d .

Th e e s t im a t e d  p r e s s u r e  t h r e s h o ld s  f o r  c o m p le te  l o s s  o f  NDR 

f o r  t h e  f i r s t  and se c o n d  r e s o n a n c e , a r e  n o t  c o n s i s t e n t  w it h  

t h e  p r e s s u r e  t h r e s h o ld s  a t  w h ic h  t h e  r - X  o r  r - L  b a r r i e r s  a r e  

c o m p le t e ly  s u p p r e s s e d . A d d i t i o n a l  e x p e r im e n t s  a t  p r e s s u r e s  

g r e a t e r  t h a n  1 2 K b a r  a r e  r e q u ir e d  a s  t h e  r e a s o n  f o r  t h i s  

d is c r e p a n c y  i s  n o t ,  a t  p r e s e n t ,  u n d e r s t o o d .

B y c o m p a rin g  t h e  e x p e r im e n t a l ly  d e te r m in e d  v a lu e  o f  

d ( l n I ) / d P  a t  t h e  p e a k  and v a l l e y  c u r r e n t s  w it h  t h e  

t h e o r e t i c a l l y  d e t e r m in e d  v a l u e ,  i t  i s  c l e a r  t h a t  e f f e c t i v e  

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

p r e s s u r e s  b e lo w  ~ 8 .5 K b a r .  T h is  c o n f ir m s  t h a t ,  a t  lo w  

p r e s s u r e s  ( < 8 .5 K b a r ) ,  r - l i k e  e l e c t r o n  s t a t e s  i n  th e  b a r r i e r s  

d o m in a te  t h e  t u n n e l l i n g  c u r r e n t .  A t h ig h e r  p r e s s u r e s ,  t h e  

c u r r e n t s  a r e  no lo n g e r  a c c u r a t e l y  d e s c r ib e d  b y  e f f e c t i v e  

m ass t h e o r y .  T h is  c o n f ir m s  t h a t  X -  an d  ( o r )  L - l i k e  

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

p r e s s u r e s  g r e a t e r  t h a n  ~ 8 .5 K b a r  f o r  t h i s  s t r u c t u r e .
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F i g . 5 . 1  I - V  c h a r a c t e r i s t i c  a t  7 7 K  an d  l b a r  sh o w in g  th e  
f i r s t  r e s o n a n c e  f o r  t h e  A l o . 3 3 G a Q .6 7 A s /G a A s  s t r u c t u r e  i n  
r e v e r s e  an d  fo r w a rd  b i a s .

F i g . 5 . 2  I - V  c h a r a c t e r i s t i c  a t  7 7 K  and l b a r  sh o w in g  th e  
f i r s t ,  se c o n d  an d  t h i r d  r e s o n a n c e s  f o r  th e  
A I q . s i G a o , 6 7 &s / G aA s s t r u c t u r e  i n  r e v e r s e  and fo r w a rd  b i a s .
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F i g . 5 . 3  The v a r i a t i o n  w it h  t e m p e r a t u r e  o f  th e  
v a l l e y  c u r r e n t s  i n  fo r w a rd  and r e v e r s e  b i a s  f o r  
r e s o n a n c e  o f  th e  A l o . 3 3 G a Q .6 7 A s /G a A s  s t r u c t u r e .
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F i g . 5 . 4  The v a r i a t i o n  w it h  p r e s s u r e  o f  t h e  p e a k  an d  v a l l e y  
c u r r e n t s  i n  fo r w a rd  b i a s  and r e v e r s e  b i a s  f o r  t h e  f i r s t  
r e s o n a n c e  o f  t h e  A I q #3 3 G aQ #g y A s /G a A s  s t r u c t u r e  a t  7 7 K .
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F i g . 5 . 5  T y p i c a l  fo r w a r d  b i a s  I - V  c h a r a c t e r i s t i c s  a t  77 K  
sh o w in g  t h e  f i r s t  r e s o n a n c e  a t  l b a r  and 1 0 . 5 K b a r  f o r  th e  
Al o . 3 3 G a 0 .6 7 A s / GaAs s t r u c t u r e .
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F i g . 5 . 6  P e a k  t o  v a l l e y  c u r r e n t  d i f f e r e n c e  a s  a f u n c t io n  o f  
p r e s s u r e  a t  7 7 K  f o r  t h e  f i r s t  r e s o n a n c e  o f  th e  
A I q . 3 3 G a 0 . 6 7A s / G aAs s t r u c t u r e .
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F i g . 5 . 7  P e a k  t o  v a l l e y  c u r r e n t  d i f f e r e n c e  a s  a f u n c t io n  o f  
p r e s s u r e  a t  7 7 K  f o r  t h e  s e c o n d  r e s o n a n c e  o f  th e  
A l o . 3 3 G a o . 6 7 A s /G a A s  s t r u c t u r e .
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F i g . 5 . 8  The v a r i a t i o n  w it h  p r e s s u r e  o f  th e  p e a k  and v a l l e y  
c u r r e n t s  f o r  t h e  se c o n d  r e s o n a n c e  o f  th e  
A l o . 3 3 G a o . 6 7 A s /G a A s  s t r u c t u r e  a t  7 7 K .
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F i g . 5 .9  R e l a t i v e  p o s i t i o n s  o f  t h e  r , X  and L  b a n d  e x tre m a  i n  
G aAs an d  A l o . 3 3 GaQ 6 7 As a s s u m in g  a 6 0 :4 0  b a n d  o f f s e t  r a t i o  
an d  t h e  b a n d g a p s g iv e n  i n  r e f . ( 1 . 4 6 ) .
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PART B : A S y m m e tric  G a A s /A lA s  S u p e r l a t t i c e

H ig h  p r e s s u r e  t r a n s p o r t  m e a su re m e n ts a r e  r e p o r t e d  on a  

G a A s /A lA s  s u p e r l a t t i c e  a t  p r e s s u r e s  up t o  9 K b a r . Th e  

s u p e r l a t t i c e  i s  e n c lo s e d  i n  t h e  i n t r i n s i c  r e g io n  o f  a G aAs  

p - i - n  d e v ic e  an d  c o n s i s t s  o f  a s y m m e tric  G a A s /A lA s  s t r u c t u r e  

w it h  f o u r  70A G aAs w e l l s  and f i v e  30A b a r r i e r s .  M e asu rem e n ts  

on t h e s e  d e v ic e s  p r e s e n t  an  i n t e r e s t i n g  c o m p a r is o n  t o  t h o s e  

d is c u s s e d  i n  c h a p t e r  3 .  I n  c h a p t e r  3 ,  h ig h  p r e s s u r e  

m e a su re m e n ts on a p - i - n  d e v ic e  c o n t a in in g  an  a s y m m e tr ic  

G a A s /A lA s  s u p e r l a t t i c e  w ere r e p o r t e d ,  t h e  f i r s t  b a r r i e r  

b e in g  30A w id e  an d  t h e  f i r s t  w e l l  b e in g  70A  w id e . Th e  

b a r r i e r s  grew  p r o g r e s s i v e l y  t h i n n e r  b y  6 A p e r  p e r io d  ( 1 0 0 A) 

an d  t h e  w e l ls  grew  w id e r  b y  an  e q u a l  am ount p e r  p e r io d .  F i v e  

b a r r i e r s  an d  f o u r  w e l l s  w ere grow n f o r  b o th  d e v i c e s .

T h e a s y m m e tric  s u p e r l a t t i c e  s t r u c t u r e  show ed a NDR f e a t u r e  

i n  fo rw a rd  b i a s  a s s o c i a t e d  w it h  e l e c t r o n s  t u n n e l l i n g  i n t o  

t h e  n = l  l e v e l  o f  t h e  f i r s t  q uantum  w e l l .  U n d er p r e s s u r e ,  

t h i s  f e a t u r e  i s  c o m p le t e ly  s u p p r e s s e d  b y  7 .5 K b a r  a t  7 7 K .  

T h i s  i s  t a k e n  a s  e v id e n c e  f o r  t h e  s t r o n g  in v o lv e m e n t  i n  t h e  

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

A se c o n d  w e ake r f e a t u r e  i s  o b s e r v e d  a t  h ig h e r  b i a s  and i s  

a s s o c i a t e d  w it h  e l e c t r o n s  t u n n e l l i n g  i n t o  t h e  n = 2  l e v e l  o f  

t h e  f i r s t  w e l l .  S in c e  t h e  b a r r i e r s  becom e p r o g r e s s i v e l y  

t h i n n e r ,  i t  i s  t h o u g h t  t h a t  th e  l a s t  t h r e e  do n o t  

s i g n i f i c a n t l y  a f f e c t  t h e  t u n n e l l i n g  c u r r e n t .

T h e  s y m m e tric  s u p e r l a t t i c e ,  i n  a d d i t i o n  t o  e x h i b i t i n g  NDR 

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

an d  n=2 s t a t e  o f  t h e  f i r s t  w e l l ,  show s NDR f e a t u r e s  

a s s o c i a t e d  w it h  e l e c t r o n  t u n n e l l i n g  i n t o  t h e  n = l  and t h e  n = 2
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s t a t e  o f  t h e  se c o n d  w e l l .  Th e b e h a v io u r  o f  t h e s e  NDR

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

c h a p t e r s ,  t h a t  X - l i k e  e l e c t r o n  s t a t e s  i n  A lA s  b a r r i e r s  

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

e l e c t r o n  s t a t e s  i n  th e  quantum  w e l l s  a r e  e x p e c t e d  t o  be r -  

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

b etw een  t h e  d i f f e r e n t  NDR f e a t u r e s  and t h e i r  d i f f e r e n c e  i n  

s i z e  a t  l b a r ,  a p p e a r s  t o  be in f l u e n c e d  b y  t h e  o t h e r  b a r r i e r s  

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

t u n n e l l i n g  p r o c e s s .

5 . 5  E x p e r im e n t a l

Th e s t r u c t u r e  i n v e s t i g a t e d  was grow n b y  MBE on n+ ( 1 0 0 )  GaAs 

s u b s t r a t e s .  Th e s t r u c t u r e  c o n s i s t e d  o f  a p - i - n  d io d e  w here  

t h e  i - r e g i o n  c o m p r is e d  t h e  s h o r t  p e r io d  G a A s /A lA s  

s u p e r l a t t i c e .  The l a y e r s  i n  o r d e r  o f  g ro w th  w ere 0 .5u m  o f  

G aAs n -d o p e d  t o  lx lO -^ c m - 3 , 0.5iJLm o f  GaAs l i g h t l y  n -d o p e d  t o  

lx lO -^ ^ c m " ^ , f o l lo w e d  b y  t h e  s u p e r l a t t i c e .  N e x t was 0 .5u m  o f  

GaAs p -d o p e d  t o  lxlO-^-^cm - ^ , an d  f i n a l l y  a c a p p in g  l a y e r  o f  

0 .5u m  o f  GaAs p -d o p e d  t o  l x l 0 1 3 cm- 3 . The n d o p a n t was S i  and  

t h e  p d o p a n t B e . The s u p e r l a t t i c e  was o f  a l t e r n a t e  l a y e r s  o f  

A lA s  and GaAs w it h  a r e p e a t  p e r io d  o f  10 0 A . Th e f i v e  A lA s  

b a r r i e r s  w ere 30A t h i c k  and t h e  f o u r  GaAs w e l l s  w ere 70A  

t h i c k .

S t a n d a r d  p h o t o lit h o g r a p h y  and e t c h in g  t e c h n iq u e s  p ro d u c e d  

m esas o f  55um d ia m e t e r  s q u a r e .  The m esas w ere d ic e d  an d  

m ounted i n  s m a l l ,  g o ld  m ic ro w a v e  p a c k a g e s . A u /Z n  an d  A u /G e  

m e t a l l i s a t i o n s  w ere u s e d  t o  make Ohm ic c o n t a c t s  t o  t h e  p+  

l a y e r  and n+ s u b s t r a t e  r e s p e c t i v e l y .

DC c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  w ere o b t a in e d  a t  7 7 K  f o r
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two s e p a r a t e  d e v ic e s  a t  p r e s s u r e s  up t o  9 K b a r u s in g  th e  B e -  

Cu l i q u i d  c e l l  d e s c r ib e d  i n  c h a p t e r  2 .  D e v ic e  breakdow n

so m e tim e s o c c u r r e d  a t  h ig h  b i a s ,  ab o ve ~ 3 V , due t o  J o u le  

h e a t in g  e f f e c t s .  T h e r e f o r e ,  some d i f f i c u l t y  was fo u n d  i n  

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

a s  i t  o c c u r s  a t  ~ 3 . 1 8 V  a t  7 7 K  an d  l b a r .  S in c e  t h i s  i s  a weak  

NDR f e a t u r e ,  a p u ls e d  v o lt a g e  t e c h n iq u e  d o e s n o t  c l e a r l y  

r e v e a l  t h i s  r e s o n a n c e . H o w e ve r, I - V  c h a r a c t e r i s t i c s  w ere  

o b t a in e d  up t o  ~ 3 .4 V  f o r  p r e s s u r e s  o f  l b a r ,  7 K b a r  and

8 . 5 K b a r .

5 . 6  R e s u l t s

T y p i c a l  DC I - V  c h a r a c t e r i s t i c s  a t  7 7 K  an d  l b a r  a r e  shown i n

F i g . 5 . 1 0 .  Th e c h a r a c t e r i s t i c  shows f o u r  NDR f e a t u r e s  a s

i n d i c a t e d  b y  t h e  a r r o w s . Th e f i r s t  f e a t u r e  i s  weak and

o c c u r s  a t  ~ 2 .0 5 V  an d  2 .3m A . Th e se c o n d  f e a t u r e  i s  a l s o  weak

w it h  A /B ~ 1 .0 6  an d  o c c u r s  a t  ~ 2 .3 2 V  and 5.8 m A . Th e t h i r d  NDR 

f e a t u r e  i s  r e l a t i v e l y  la r g e  w it h  A / B = 1 . 2  an d  o c c u r s  a t  ~ 2 .6 V

an d  6 . 8 mA. F i n a l l y ,  t h e  f o u r t h  r e s o n a n c e  i s  a l s o  weak and

o c c u r s  a t  ~ 3 . 1 8 V  an d  147m A . T h e s e  f e a t u r e s  a r e  r e v e a le d  more  

c l e a r l y  i n  t h e  c o n d u c t a n c e -  v o lt a g e  ( d l / d V - V )

c h a r a c t e r i s t i c ,  F i g . 5 . 1 1 .  Th e p -n  j u n c t i o n  t u r n s  on a t  

a p p r o x im a t e ly  1 . 5V w h ic h  i s  t h e  p r e d ic t e d  v a lu e  f o r  t h e  p -n  

j u n c t i o n  t o  becom e f l a t  b a n d , i . e . ,  t h e  b an d g a p  o f  G aAs a t  

7 7 K .

F i g . 5 . 1 2  shows t y p i c a l  I - V  c h a r a c t e r i s t i c s  a t  7 7 K  f o r  a

p r e s s u r e  o f  l b a r  an d  8 .5 K b a r  an d  F i g . 5 . 1 3  show s t y p i c a l

d l / d V - V  c h a r a c t e r i s t i c s  a t  l b a r  and 8 .5 K b a r .  Th e NDR

f e a t u r e s  a p p e a r  t o  be c o m p le t e ly  s u p p r e s s e d  b y  8 .5 K b a r .  I n

F i g . 5 . 1 4  th e  p e a k  t o  v a l l e y  r a t i o ,  A /B ,  i s  p l o t t e d  a s  a
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f u n c t io n  o f  p r e s s u r e  f o r  t h e  t h i r d  r e s o n a n c e  a t  7 7 K .  

A lt h o u g h  t h e  I - V  c h a r a c t e r i s t i c  e x h i b i t s  r e p e a t a b le  

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

v a lu e s  i s  th o u g h t  t o  be c a u s e d  b y  th e  n o n -r e s o n a n t  le a k a g e  

c u r r e n t  w h ic h  c a u s e d  s c a t t e r  i n  th e  r e s u l t s  o f  t h e  d e v ic e  

d i s c u s s e d  i n  c h a p t e r  3 .  T h i s  s c a t t e r  i n  v a lu e s  i s  a l s o  

o b s e r v e d  i n  t h e  A /B  v e r s u s  p r e s s u r e  p l o t  f o r  t h e  se c o n d  

r e s o n a n c e , an d  t h e  f i r s t  r e s o n a n c e  show s l a r g e  s c a t t e r  i n  

t h e  v a lu e s  o f  i t s  c u r r e n t  p o s i t i o n  v e r s u s  p r e s s u r e  ( t h i s  

f e a t u r e  i s  n o t  r e s o lv e d  i n t o  p e a k  an d  v a l l e y  c u r r e n t s ) .  

S in c e  t h i s  d e v ic e  i s  o f  v e r y  s i m i l a r  d e s ig n  t o  t h a t  o f  

c h a p t e r  3 a n d , a g a i n ,  no s p a c e r  l a y e r s  w ere in c lu d e d  b etw een  

t h e  undoped b a r r i e r  l a y e r s  an d  t h e  doped l a y e r s  c l a d d in g  t h e  

s u p e r l a t t i c e ,  t h e  s c a t t e r  i n  r e s u l t s  i s  t h o u g h t  t o  be due t o  

a s i g n i f i c a n t  p r e s e n c e  o f  im p u r it y  s t a t e s  i n  t h e  b a r r i e r s  

( s e e  c h a p t e r  3 ,  p a g e s  80 and 8 1 ) .

F o l lo w in g  t h e  p r o c e d u r e  o f  c h a p t e r  3 t o  rem ove t h i s  s c a t t e r  

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

i s  p l o t t e d  a s  a  f u n c t io n  o f  p r e s s u r e  i n  F i g . 5 . 1 5 a )  and b) 

f o r  th e  s e c o n d  an d  t h i r d  r e s o n a n c e s  r e s p e c t i v e l y .  As show n, 

a m arked r e d u c t io n  i n  t h e  d e g r e e  o f  s c a t t e r  i s  o b s e r v e d . Th e  

p r e s s u r e  b e h a v io u r  o f  t h e  f o u r  r e s o n a n c e s  w i l l  now be  

c o n s id e r e d .  To a v o id  c o n f u s io n ,  t h e y  a r e  c l e a r l y  l a b e l l e d  

r e s o n a n c e s  1 , 2 , 3  an d  4 i n  F i g . 5 . 1 0 .

R e so n a n c e  1  i s  a  v e r y  weak f e a t u r e  a t  l b a r  a n d , on a p p ly in g

p r e s s u r e ,  d l / d V - V  c h a r a c t e r i s t i c s  show t h a t  t h e  r e s o n a n c e  i s

n o t  s i g n i f i c a n t l y  a l t e r e d  up t o  7 K b a r  b u t  a p p e a r s  t o  be

s l i g h t l y  w e ake r a t  8 .5 K b a r ,  F i g . 5 . 1 3 .  Th e a p p a r e n t  s l i g h t

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

c h a n g e s  i n  t h e  " o f f -r e s o n a n c e M c u r r e n t  a s s o c i a t e d  w it h  

b a r r i e r s  n o t  d i r e c t l y  in v o lv e d  i n  t h e  r e s o n a n c e , a s  

d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  H o w ever, t h e  m ost im p o r t a n t  

o b s e r v a t io n  i s  t h a t  t h i s  f e a t u r e  i s  n o t  s u b s t a n t i a l l y  

a f f e c t e d  b y  p r e s s u r e s  b e lo w  8 .5 K b a r .

R e so n a n c e  2 i s  a l s o  weak a t  l b a r  b u t  h a s  a r e s o lv e d  A /B  o f  

a p p r o x im a t e ly  1 . 0 6  a t  l b a r .  As shown i n  F i g  5 . 1 5 a ) ,  t h e  s i z e  

o f  NDR i s  c o n s t a n t  up t o  ~ 5 K b a r  an d  i s  r a p i d l y  s u p p r e s s e d  a t  

h ig h e r  p r e s s u r e s ,  v a n is h in g  b y  8 .5 K b a r  a t  7 7 K . T h is  f e a t u r e  

i s  s t i l l  v i s i b l e ,  h o w e v e r, i n  t h e  d l / d V - V  c u r v e  a t  8 .5 K b a r .

R e so n a n c e  3 i s  t h e  l a r g e s t  r e s o n a n c e  o f  t h i s  s t r u c t u r e  w it h  

A /B  ~ 1 . 2  a t  l b a r  an d  7 7 K . As shown i n  F i g . 5 . 1 5 b ) ,  t h e  s i z e  

o f  t h e  NDR d e c r e a s e s  up t o  4 K b a r and m ore r a p i d l y  a t  h ig h e r  

p r e s s u r e s .  I t  i s  c o m p le t e ly  s u p p r e s s e d  b y  7 K b a r  a t  7 7 K . T h is  

f e a t u r e  i s  n o t  r e v e a le d  i n  t h e  d l / d V - V  c u r v e  a t  8 .5 K b a r .

F i n a l l y ,  r e s o n a n c e  4 i s  p r e s e n t  a s  a  w eak f e a t u r e  a t  l b a r  

an d  4 K . A t 7 K b a r  an d  8 .5  K b a r , no f e a t u r e  i s  o b s e r v e d  i n  t h e  

I - V  c h a r a c t e r i s t i c  o r  d l / d V  c h a r a c t e r i s t i c  i n  t h e  v o lt a g e  

r a n g e  a t  w h ic h  t h i s  r e s o n a n c e  o c c u r s  a t  l b a r .  T h i s  s u g g e s t s  

t h a t  t h e  r e s o n a n c e  i s  n o t  p r e s e n t  a t  t h e s e  h ig h  p r e s s u r e s .

5 . 7  D i s c u s s i o n

Th e t r a n s m is s io n  p r o b a b i l i t y  f o r  t h i s  s t r u c t u r e  h a s  b e en

c a l c u l a t e d  b y  C o u ch  e t  a l .  ( 5 . 1 )  u s in g  e f f e c t i v e  m ass

a p p r o x im a t io n  s i m u l a t io n s  (EM A ). I t  was c a l c u l a t e d  b y

m a t c h in g  w a v e f u n c t io n s  an d  t h e  p r o d u c t  o f  t h e  r e c i p r o c a l

e f f e c t i v e  m ass and t h e  d e r i v a t i v e  o f  t h e  w a v e f u n c t io n  a t

e a c h  i n t e r f a c e  f o r  t h e  t r a n s f e r  m a t r ix .  F o r  a s im p le
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a p p r o x im a t io n , th e  m a sse s and b an d gap  o f f s e t s  a p p r o p r ia t e  t o  

t h e  X s t a t e s  w ere u s e d  f o r  t h e  A lA s .  Th e e x p e r im e n t a l  v a lu e s  

m e a su re d  b y  Solom on e t  a l .  ( 1 . 4 3 )  w ere u s e d . T h e s e  

s i m u l a t io n s  h a v e  b e e n  shown t o  be v e r y  a c c u r a t e  a t  

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

s t r u c t u r e  o f  c h a p t e r  3 .  H o w ever, t h e  m o d e ll in g  o f  w e l l  

e n e r g ie s  f o r  o p t i c a l  m e a su rem e n ts p e rfo rm e d  on t h e s e  

s t r u c t u r e s  a r e  n o t  so  p r e c i s e .  T h i s  may r e f l e c t  t h e  r e s u l t s  

o f  Cade e t  a l .  ( 1 . 5 8 ) ,  t h a t  t h e  p r o p e r t i e s  o f  t h i n  A lA s  

b a r r i e r s  (< 30 A ) a r e  due t o  a  c o m b in a t io n  o f  b o th  r  an d  X 

s t a t e s .

F i g . 5 . 1 6  ( t a k e n  fro m  r e f e r e n c e  5 . 1 )  show s t h e  c u r r e n t ,  I ,  

an d  t h e  c o n d u c t a n c e , d l / d V ,  a g a i n s t  v o lt a g e  f o r  t h e  

s y m m e tric  G a A s /A lA s  s u p e r l a t t i c e .  The b r o k e n  l i n e  show s t h e  

EMA s i m u l a t io n  o f  I - V  f o r  t h i s  s t r u c t u r e .  Two NDR f e a t u r e s  

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

s t a t e  o f  t h e  f i r s t  w e l l  ( r e s o n a n c e  2 ) an d  t h e  n = 2  s t a t e  o f  

t h e  se c o n d  w e l l  ( r e s o n a n c e  3 ) .  T h e c a l c u l a t i o n  show s much 

w e a k e r f e a t u r e s  f o r  t u n n e l l i n g  i n t o  a l l  o f  t h e  n = l  an d  2  

s t a t e s  o f  th e  s e c o n d , t h i r d  an d  f o u r t h  w e l l .  E x p e r im e n t a l l y ,  

e v id e n c e  i s  fo u n d  o n ly  f o r  t h e  n = l  s t a t e  o f  t h e  s e c o n d  w e l l  

( r e s o n a n c e  1 ) .  Th e s i m u l a t io n  a l s o  p r e d i c t s  a l a r g e  p e a k  i n  

t h e  c u r r e n t  a t  4 , f o r  t u n n e l l i n g  i n t o  t h e  n =2 s t a t e  o f  t h e  

f i r s t  w e l l  ( r e s o n a n c e  4 w h ic h  i s  n o t  shown on t h i s  

e x p e r im e n t a l  I - V  c h a r a c t e r i s t i c ) .

I n  F i g . 5 . 1 7  (fro m  r e f . 5 . 1 )  a s c h e m a t ic  p r o f i l e  i s  shown o f

t h e  sy m m e tric  s u p e r l a t t i c e  u n d e r  i n c r e a s i n g  fo rw a rd  b i a s .

Th e to p  p r o f i l e  show s t h e  s u p e r l a t t i c e  u n d e r  f l a t  b an d

c o n d i t i o n s .  Th e s u b s e q u e n t  p r o f i l e s ,  num bered 1 , 2  and 3 ,  a r e
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t h e  r e s o n a n t  c o n d it io n s  f o r  t u n n e l l i n g  fro m  t h e  F e rm i l e v e l  

o f  t h e  b u lk  GaAs t o  t h e  l e f t  o f  t h e  s u p e r l a t t i c e ,  t o  t h e  n = l  

l e v e l  i n  t h e  se c o n d  w e l l ,  t o  t h e  n = l  l e v e l  i n  th e  f i r s t  w e l l  

an d  t o  t h e  n = 2  l e v e l  i n  t h e  se c o n d  w e l l  r e s p e c t i v e l y ,  a s  t h e  

b i a s  i n c r e a s e s .  Th e t a b l e  b e lo w  su m m a rise s  t h e  

e x p e r im e n t a l ly  o b s e r v e d  r e s o n a n c e s :

RESONANCE WELL L E V E L

1 2 n =  1

2 1 n =  1

3 2 n = 2

4 1 n =  2

Now t h a t  t h e  r e s o n a n t  s t a t e s  a s s o c i a t e d  w it h  e a c h  o f  th e  

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

f e a t u r e s  an d  t h e i r  p r e s s u r e  v a r i a t i o n  c a n  be c o n s id e r e d .  

From  t h e  r e s u l t s  o f  c h a p t e r s  3 an d  4 , t h e  r c -X c  o f f s e t  i s  

assum ed t o  be t h e  p o t e n t i a l  b a r r i e r  f o r  e l e c t r o n s  t u n n e l l i n g  

th r o u g h  t h e  A lA s  b a r r i e r s  w it h  a p r e s s u r e  v a r i a t i o n  o f  

l lm e V / K b a r .

F o r  r e s o n a n c e  1 ,  t h e  e l e c t r o n s  h a v e  t o  t u n n e l  n o n -r e s o n a n t ly  

th r o u g h  t h e  f i r s t  b a r r i e r ,  t u n n e l  r e s o n a n t l y  t h r o u g h  t h e  

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

r e m a in in g  two b a r r i e r s  n o n -r e s o n a n t ly ,  s i n c e  a t  t h i s  low  

b i a s ,  th e  t r a n s m is s io n  o f  t h e  l a s t  two b a r r i e r s  i s  s t i l l  

q u i t e  lo w , F i g . 5 . 1 7 a ) .  T h e r e f o r e ,  t h i s  r e s o n a n c e  i s  e x p e c t e d  

t o  be r a t h e r  w e ak, a s  o b s e r v e d . U n d er p r e s s u r e ,  t h e  

s i t u a t i o n  i s  q u i t e  c o m p lic a t e d .  On t h e  one h a n d , a d e c r e a s e  

o f  b a r r i e r  h e ig h t  f o r  t h e  f i r s t ,  f o u r t h  an d  f i f t h  b a r r i e r s  

w i l l  i n c r e a s e  t h e  t r a n s m is s io n  c o e f f i c i e n t s  o f  t h e s e
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b a r r i e r s .  T h is  w i l l  t e n d  t o  in c r e a s e  t h e  s i z e  o f  t h e

r e s o n a n c e . On t h e  o t h e r  h a n d , a  d e c r e a s e  i n  b a r r i e r  h e ig h t  

w it h  p r e s s u r e  o f  t h e  se c o n d  an d  t h i r d  b a r r i e r s  w i l l  i n c r e a s e  

t h e  n o n -r e s o n a n t  c o n t r i b u t i o n s  to  th e  c u r r e n t  th r o u g h  t h e s e  

two b a r r i e r s ,  d e c r e a s in g  t h e  s i z e  o f  t h e  r e s o n a n c e  

a s s o c i a t e d  w it h  w e l l  2 .  The o b s e r v e d  p r e s s u r e  b e h a v io u r  o f  

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

r e v e a le d  c l e a r l y  i n  t h e  d l / d V - V  c h a r a c t e r i s t i c .  H o w e ve r, i t  

a p p e a r s  t o  w eaken a t  ~ 8 .5 K b a r  s u g g e s t in g  t h a t  t h e  

s u p p r e s s io n  o f  t h e  r e s o n a n c e  a s s o c i a t e d  w it h  t h e  s e c o n d  an d  

t h i r d  b a r r i e r s  b e g in s  t o  p l a y  a  d o m in a n t r o l e  a t  ~ 8 .5 K b a r .

F o r  r e s o n a n c e  2 ,  t h e  e l e c t r o n s  r e s o n a n t ly  t u n n e l  th r o u g h  t h e

f i r s t  two b a r r i e r s  an d  n o n -r e s o n a n t ly  t h r o u g h  th e  r e m a in in g

t h r e e .  A t  t h i s  h ig h e r  b i a s ,  t h e  l a s t  t h r e e  b a r r i e r s  become

i n c r e a s i n g l y  n a rro w  and lo w e r i n  e n e r g y , F i g . 5 . 1 7 b ) ,  w it h  a

r e s u l t i n g  i n c r e a s e  i n  t r a n s m i s s i o n .  H o w e ve r, t h e  l a s t  t h r e e

b a r r i e r s  s t i l l  o b s t r u c t  much o f  t h e  r e s o n a n t  c u r r e n t ,  so  t h e

NDR f e a t u r e  i s  s m a l l  ( A / B ~ 1 .0 6  a t  77K  an d  l b a r ) .  U n d er

p r e s s u r e ,  t h e  s i z e  o f  t h i s  f e a t u r e  i s  c o n s t a n t  up t o  ~ 5 K b a r

an d  th e n  d e c r e a s e s  r a p i d l y  a t  h ig h e r  p r e s s u r e s ,  d is a p p e a r in g

c o m p le t e ly  b y  8 .5 K b a r .  H o w e ve r, i t  i s  s t i l l  v i s i b l e  i n  t h e

d l / d V - V  c h a r a c t e r i s t i c .  B elo w  5 K b a r , i t  w o u ld  a p p e a r  t h a t  a

d e c r e a s e  w it h  p r e s s u r e  i n  t h e  s i z e  o f  t h e  NDR due t o  an

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

f i r s t  two b a r r i e r s ,  i s  b a la n c e d  b y  an  i n c r e a s e  i n  t u n n e l l i n g

c u r r e n t  d u e t o  t h e  in c r e a s e d  t r a n s m is s io n  o f  t h e  l a s t  t h r e e

b a r r i e r s  w it h  p r e s s u r e .  Above 5 K b a r , t h e  r a p i d  s u p p r e s s io n

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

t h r o u g h  X - l i k e  s t a t e s  i n  t h e  f i r s t  two b a r r i e r s .  Th e

r e m a in in g  t h r e e  b a r r i e r s  h a v e  a d e c r e a s in g  e f f e c t  on t h e
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t u n n e l l i n g  c u r r e n t  a s  th e  p r e s s u r e  i n c r e a s e s  ab o ve  5 K b a r ,  

b e c a u s e  t h e i r  t r a n s m is s io n  c o e f f i c i e n t s  becom e v e r y  l a r g e .

Th e p r e s s u r e  b e h a v io u r  o f  t h e  se c o n d  NDR f e a t u r e  i s  s i m i l a r  

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

c h a r a c t e r i s t i c s  o f  t h e  a s y m m e tric  G a A s /A lA s  s u p e r l a t t i c e ,  

F i g . 3 . 6 . T h i s  i s  e x p e c t e d  b e c a u s e  b o th  f e a t u r e s  a r e  

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

n = l  l e v e l  o f  t h e  f i r s t  w e l l  o f  t h e i r  r e s p e c t i v e  s t r u c t u r e s  

an d  t h e  c o n fin e m e n t  e n e r g ie s  o f  t h e s e  s t a t e s  a r e  t h e  sam e. 

The f a c t  t h a t  t h e  NDR f e a t u r e  f o r  t h e  a s y m m e tr ic  

s u p e r l a t t i c e  i s  s u p p r e s s e d  a t  a s l i g h t l y  lo w e r p r e s s u r e  

( ~ 7 .5 K b a r  a t  7 7 K ) t h a n  f o r  t h e  s y m m e tric  s u p e r l a t t i c e  

( ~ 8 .5 K b a r  a t  7 7 K ) , i s  p r o b a b ly  b e c a u s e  t h e  t h r e e  b a r r i e r s  

n o t in v o lv e d  i n  r e s o n a n t  t u n n e l l i n g  f o r  t h e  a s y m m e tr ic  

s t r u c t u r e ,  a r e  much t h in n e r  ( 1 8 A ,1 2 A ,6 A )  t h a n  t h o s e  o f  th e  

sy m m e tric  s t r u c t u r e  ( a l l  3 0 A ) . T h e r e f o r e ,  t h e  t h in n e r  

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

s i g n i f i c a n t l y  a f f e c t  t h e  t u n n e l l i n g  c u r r e n t .  T h u s X - l i k e  

s t a t e s  i n  t h e  f i r s t  two b a r r i e r s  w i l l  d o m in a te  th e  

t u n n e l l i n g  c u r r e n t  e v e n  a t  low  p r e s s u r e s .  T h is  i m p l ie s  a 

lo w e r p r e s s u r e  t h r e s h o ld  f o r  l o s s  o f  NDR, a s  o b s e r v e d . I n  

a d d i t i o n ,  t h e  v a lu e  o f  A /B  i s  much s m a l l e r  f o r  t h e  s y m m e tric  

s u p e r l a t t i c e  t h a n  t h e  a s y m m e tr ic  s u p e r l a t t i c e .  T h i s  i s  a l s o  

t h o u g h t  t o  be due t o  t h e  l a s t  t h r e e  b a r r i e r s ,  n o t d i r e c t l y  

in v o lv e d  i n  t h e  r e s o n a n t  t u n n e l l l i n g  p r o c e s s ,  b e in g  t h i c k e r  

i n  t h e  s y m m e tric  s u p e r l a t t i c e  t h a n  t h e  a s y m m e tr ic  

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

F o r  th e  t h i r d  r e s o n a n c e , t h e  e l e c t r o n s  i n  t h e  e m it t e r  t u n n e l

n o n -r e s o n a n t ly  th r o u g h  t h e  f i r s t  b a r r i e r  an d  th e n  r e s o n a n t l y
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th r o u g h  t h e  se c o n d  an d  t h i r d  b a r r i e r  b e f o r e  r e a c h in g  t h e

c o l l e c t o r .  The r e m a in in g  two b a r r i e r s  e f f e c t i v e l y  d is a p p e a r

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

t u n n e l l i n g  c u r r e n t ,  F i g . 5 . 1 7 c ) .  T h e r e f o r e ,  t h e  NDR f e a t u r e

i s  r e l a t i v e l y  l a r g e  ( A / B ~ 1 . 2  a t  77 K  an d  l b a r )  co m p ared  t o

t h e  o t h e r  f e a t u r e s .  H o w e ve r, i t  i s  a s m a l l  f e a t u r e  when

co m pared  t o  t h e  s i z e  o f  t h e  NDR f e a t u r e  o f  t h e  a s y m m e tr ic

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

m u st t u n n e l  n o n -r e s o n a n t ly  th r o u g h  t h e  f i r s t  b a r r i e r  a n d ,

s e c o n d ly ,  t h e  NDR f e a t u r e  o c c u r s  a t  q u i t e  h ig h  b i a s  w h ic h

in t r o d u c e s  a la r g e  asym m e try  i n  t h e  t r a n s m is s io n

c o e f f i c i e n t s  o f  th e  se c o n d  an d  t h i r d  b a r r i e r s .  As R ic c o  and

A z b e l p o in t e d  o u t  ( 1 . 1 9 ) ,  asym m etry i n  t h e  t r a n s m is s io n

c o e f f i c i e n t s  d e g r a d e s  A /B .  U n d er p r e s s u r e ,  t h e  s i z e  o f  t h e

NDR f e a t u r e  d e c r e a s e s  up t o  4 K b a r and m ore r a p i d l y  a t  h ig h e r

p r e s s u r e s .  T h i s  f e a t u r e  i s  c o m p le t e ly  s u p p r e s s e d  b y  7 K b a r  a t

7 7 K  an d  i s  n o t  v i s i b l e  i n  t h e  d l / d V - V  c h a r a c t e r i s t i c  a t

8 .5 K b a r .  Th e s u p p r e s s io n  o f  NDR w it h  p r e s s u r e  i n d i c a t e s  t h a t

X - l i k e  s t a t e s  i n  t h e  se c o n d  and t h i r d  b a r r i e r s  d o m in a te  t h e

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

t h i s  f e a t u r e  co m pared t o  r e s o n a n c e  2  i s  p r o b a b ly  r e l a t e d  t o

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

a s s o c i a t e d  w it h  t h i s  f e a t u r e .  H o w e ve r, c o n s i d e r i n g

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

r e s o n a n c e  s h o u ld  be s u p p r e s s e d  a t  p r e s s u r e s  lo w e r t h a n  7 K b a r

a t  7 7 K . Th e r e a s o n  why i t  d o e s n o t  c o u ld  be due t o  t h e

i n c r e a s e  i n  th e  t r a n s m is s io n  c o e f f i c i e n t  o f  t h e  f i r s t

b a r r i e r  a s  t h e  p r e s s u r e  i n c r e a s e s .  T h e r e f o r e ,  t h i s  m e ch an ism

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

th r o u g h  t h e  se c o n d  an d  t h i r d  b a r r i e r s  w it h  i n c r e a s i n g
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p r e s s u r e .  T h i s  s u g g e s t s  t h a t  t h e  NDR f e a t u r e  w i l l  be  

s u p p r e s s e d  a t  h ig h e r  p r e s s u r e s  t h a n  i t  w o u ld  be i f  t h e  f i r s t  

b a r r i e r  w ere n o t  p r e s e n t ,  a s  o b s e r v e d . N e v e r t h e l e s s ,  t h e  

s i z e  o f  t h e  NDR f e a t u r e  d e c r e a s e s  o v e r  t h e  w h o le  p r e s s u r e  

r a n g e  i n d i c a t i n g  t h a t  X - l i k e  s t a t e s  i n  t h e  se c o n d  an d  t h i r d  

b a r r i e r  a r e  d o m in a t in g  t h e  t u n n e l l i n g  c u r r e n t .

R e so n a n c e  4 o c c u r s  when e l e c t r o n s  r e s o n a n t l y  t u n n e l  th r o u g h  

t h e  f i r s t  and se c o n d  b a r r i e r .  Th e r e m a in in g  b a r r i e r s  do n o t  

i n f l u e n c e  t h e  c u r r e n t  a t  t h i s  h ig h  b i a s .  Th e r e s o n a n c e  i s  

w eak a t  7 7 K  an d  l b a r  s i n c e  i t  i s  m asked  b y  t h e  l a r g e ,  n o n -  

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

f i r s t  two b a r r i e r s .  M o re o v e r, t h e  t r a n s m is s io n  c o e f f i c i e n t s  

o f  t h e s e  b a r r i e r s  w i l l  b e  h i g h l y  a s y m m e t r ic . T h i s  r e s o n a n c e  

i s  n o t  p r e s e n t  a t  7 K b a r  and p r o b a b ly  d is a p p e a r s  a t  lo w e r  

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

i s  c l o s e  t o  th e  to p  o f  t h e  rc-Xc b a r r i e r .

5 .8  C o n c lu s io n s

F o u r  n e g a t iv e  d i f f e r e n t i a l  r e s i s t a n c e  f e a t u r e s  an d  t h e i r  

v a r i a t i o n  w it h  p r e s s u r e  h a v e  b e e n  o b s e r v e d  i n  two s a m p le s  o f  

a s y m m e tric  G a A s /A lA s  s u p e r l a t t i c e  em bedded i n  t h e  i - r e g i o n  

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

v a l l e y  c u r r e n t  r a t i o s  o f  r e s o n a n c e s  2 an d  3 a s  a f u n c t i o n  o f  

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

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

t h a t  a n o n -r e s o n a n t  le a k a g e  c u r r e n t ,  s i m i l a r  t o  t h a t  

d i s c u s s e d  i n  c h a p t e r  3 ,  i s  a l s o  p r e s e n t .

A l l  f o u r  NDR f e a t u r e s  a r e  s e n s i t i v e  t o  p r e s s u r e  c o n f ir m in g  

t h a t  X - l i k e  e l e c t r o n  s t a t e s  i n  t h e  b a r r i e r s  a r e  d o m in a t in g
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th e  t u n n e l l i n g  c u r r e n t  th r o u g h  th e  s u p e r l a t t i c e .  A lA s  

b a r r i e r s  n o t  d i r e c t l y  in v o lv e d  i n  th e  r e s o n a n t  t u n n e l l i n g  

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

s i z e  an d  p r e s s u r e  b e h a v io u r  o f  t h e  d i f f e r e n t  NDR f e a t u r e s .

R e so n a n c e  2 o f  t h i s  s t r u c t u r e  show s v e r y  s i m i l a r  p r e s s u r e  

b e h a v io u r  t o  t h e  p r i n c i p a l  NDR f e a t u r e  o f  t h e  3 0 A -7 0 A -3 0 A  

d o u b le  b a r r i e r  s t r u c t u r e  d i s c u s s e d  i n  c h a p t e r  4 , and t h e  

p r i n c i p a l  NDR f e a t u r e  o f  t h e  a s y m m e tr ic  s u p e r l a t t i c e  

d i s c u s s e d  i n  c h a p t e r  3 .  A l l  t h e s e  NDR f e a t u r e s  a r e  

a s s o c i a t e d  w it h  e l e c t r o n s  t u n n e l l i n g  t h r o u g h  two ~ 30A A lA s  

b a r r i e r s  i n t o  t h e  f i r s t  q u a s i -b o u n d  s t a t e  o f  a 70A  GaAs 

w e l l .  T h e r e f o r e ,  i t  i s  q u i t e  c l e a r  t h a t  t h e  o b s e r v e d  

p r e s s u r e  b e h a v io u r  o f  t h e  n o r m a lis e d  p e a k  t o  v a l l e y  c u r r e n t  

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

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

a r e  v a s t l y  d i f f e r e n t ,  i s  i n t r i n s i c  t o  a  3 0 A -7 0 A -3 0 A  

G a A s /A lA s  s t r u c t u r e .
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F i g . 5 . 1 0  I - V  c h a r a c t e r i s t i c  a t  77 K  an d  l b a r  o f  t h e  
s y m m e tr ic  G a A s /A lA s  s u p e r l a t t i c e .

F i g . 5 . 1 1  d l / d V - V  c h a r a c t e r i s t i c  a t  77K  an d  l b a r  o f  t h e  
s y m m e tric  G a A s /A lA s  s u p e r l a t t i c e .
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F i g . 5 . 1 2  I - V  c h a r a c t e r i s t i c  a t  7 7 K  and p r e s s u r e s  o f  l b a r  
a n d  8 .5 K b a r  f o r  t h e  s y m m e tr ic  G a A s /A lA s  s u p e r l a t t i c e .

F i g . 5 . 1 3  d l / d V - V  c h a r a c t e r i s t i c  a t  7 7 K  an d  p r e s s u r e s  o f  
l b a r  an d  8 .5 K b a r  f o r  t h e  s y m m e tric  G a A s /a lA s  s u p e r l a t t i c e .
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s u p e r l a t t i c e .
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PRESSURE(Kbar)

F i g . 5 . 1 5  P e a k  t o  v a l l e y  c u r r e n t  d i f f e r e n c e  a t  7 7 K  a s  a 
f u n c t i o n  o f  p r e s s u r e  f o r  (a )  t h e  se c o n d  r e s o n a n c e  and (b )  
t h e  t h i r d  r e s o n a n c e  o f  t h e  s y m m e tric  G a A s /A lA s  
s u p e r l a t t i c e .
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F i g . 5 . 1 6  I - V  an d  d l / d V - V  c h a r a c t e r i s t i c  a t  4 . 2 K  an d  l b a r  
f o r  t h e  s y m m e tric  G a A s /A lA s  s u p e r l a t t i c e .  Th e b r o k e n  l i n e  
show s t h e  EMA s i m u l a t io n  o f  I - V  f o r  t h i s  s t r u c t u r e .  T a k e n  
fro m  r e f .  ( 5 . 1 ) .  3 nm

7nm

<
CD

F i g . 5 . 1 7  A s c h e m a t ic  p r o f i l e  o f  t h e  s y m m e tric  G a A s /A lA s  
s u p e r l a t t i c e  u n d e r  i n c r e a s i n g  fo rw a rd  b i a s .  Th e to p  p r o f i l e  
i s  a t  t h e  f l a t  b an d  c o n d i t i o n  an d  t h e  s u b s e q u e n t  p r o f i l e s ,  
num bered 1 , 2  an d  3 ,  a r e  t h e  r e s o n a n t  c o n d i t i o n s  f o r  
t u n n e l l i n g  from  t h e  F e r m i l e v e l  o f  th e  b u lk  GaAs t o  th e  n = l  
l e v e l  o f  t h e  s e c o n d  w e l l ,  th e  n = l  l e v e l  o f  t h e  f i r s t  w e l l ,  
an d  t h e  n= 2  l e v e l  o f  t h e  s e c o n d  w e l l  r e s p e c t i v e l y .
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CHAPTER 6

THE GUNN E F F E C T : A GENERAL REVIEW  AND H IG H  PRESSURE  

MEASUREMENTS ON A GaAs GUNN D E V IC E  W ITH AND WITHOUT 

A HOT ELECTRON IN JE C T O R

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

s t r u c t u r e s ,  w h ic h  e x h i b i t s  n e g a t iv e  d i f f e r e n t i a l  r e s i s t a n c e  

(NDR) i s  a s s o c i a t e d  w it h  t h e  Gunn e f f e c t ,  an d  h a s  b e e n  

s t u d ie d  a s  a  f u n c t io n  o f  h y d r o s t a t i c  p r e s s u r e  i n  n -t y p e  

G a A s . U n d er p r e s s u r e ,  t h e  r ,  L  an d  X c o n d u c t io n  b a n d  m in im a  

s h i f t  r e l a t i v e  t o  one a n o t h e r .  T h e  Gunn e f f e c t  d e p e n d s  

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

m in im a , t h e r e f o r e ,  t h e  I - V  c h a r a c t e r i s t i c s  e x h i b i t  a  

p r e s s u r e  d e p e n d e n c e . S in c e  h ig h  p r e s s u r e  f a c i l i t i e s  w ere  

a v a i l a b l e ,  i t  was th o u g h t  t h a t  t h i s  w o u ld  be an  i n t e r e s t i n g  

s y s te m  t o  s t u d y  an d  w o u ld  a l s o  p r e s e n t  an  i n t e r e s t i n g  

c o n t r a s t  t o  t h e  NDR m e ch an ism  o b s e r v e d  i n  r e s o n a n t  

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

I n  t h i s  c h a p t e r ,  a r e v ie w  i s  made o f  t h e  Gunn e f f e c t  

f o llo w e d  b y  a d e s c r i p t i o n  o f  th e  d e v ic e s  an d  t h e  e x p e r im e n t s  

p e r fo r m e d . Th e d e v ic e s  s t u d ie d  i n c lu d e  a s t a n d a r d  n - i - n  

GaAs h o m o s t r u c tu r e  and s t r u c t u r e s  c o n t a in in g  a g ra d e d  

b an d g ap  o f  A l x G a ^ _ x As i n  t h e  i n t r i n s i c  r e g io n .  F i n a l l y ,  th e  

e x p e r im e n t a l  r e s u l t s  a r e  d i s c u s s e d .

6 . 1  R e v ie w  o f  t h e  Gunn E f f e c t

I n  1 9 6 3 ,  Gunn r e p o r t e d  t h e  f i r s t  o b s e r v a t io n  o f  c u r r e n t

o s c i l l a t i o n s  i n  n -t y p e  G aAs a t  h ig h ,  DC e l e c t r i c  f i e l d s  ( 1 ) .

Th e c u r r e n t  o s c i l l a t i o n s  o c c u r  when t h e  e l e c t r i c  f i e l d

e x c e e d s  a t h r e s h o ld  f i e l d  o f  a p p r o x im a t e ly  3 k V /c m . T h e r e  i s

th e n  a s h a r p  f a l l  i n  t h e  t im e -a v e r a g e d  v a lu e  o f  t h e  c u r r e n t
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an d  t h e  c u r r e n t  w avefo rm  c o n s i s t s  o f  a p e r i o d i c  t r a i n  o f  

s p ik e s  s e p a r a t e d  b y  p l a t e a u  r e g io n s .  Th e p e r io d  o f  

o s c i l l a t i o n  i s  c l o s e  t o  t h e  sp e c im e n  le n g t h  ( = 10 0 -2 5 0 0 iim  

lo n g )  d i v i d e d  b y  t h e  e l e c t r o n  d r i f t  v e l o c i t y  c o r r e s p o n d in g  

t o  t h e  p la t e a u  r e g io n s  ( = 1 0 7 c m / s ) .  T h is  r e l a t i o n  i m p l ie s  

t h a t  s o m e th in g  i s  d r i f t i n g  th r o u g h  th e  sa m p le  w it h  t h e  

e l e c t r o n s .  S u b s e q u e n t  v o lt a g e  p ro b e  m e a su re m e n ts b y  Gunn o f  

t h e  s p a t i a l  v a r i a t i o n  o f  t h e  e l e c t r i c  f i e l d  w i t h i n  t h e  G a A s , 

showed t h a t  e a c h  c u r r e n t  o s c i l l a t i o n  was a c c o m p a n ie d  b y  t h e  

p r o p a g a t io n  o f  a  h ig h  e l e c t r i c  f i e l d  r e g io n  (d o m a in ) from  

t h e  c a th o d e  t o  t h e  a n o d e . Th e s p i k y  c u r r e n t  w avefo rm  i s  due  

t o  t h e  p e r i o d i c  p a s s a g e  o f  t h e  d o m a in s t h r o u g h  t h e  s a m p le .

F o l lo w in g  t h e  o r i g i n a l  o b s e r v a t i o n s ,  th e  p h y s i c a l  m e ch an ism  

r e s p o n s ib le  f o r  t h i s  e f f e c t  was t h e  s u b j e c t  o f  c o n s id e r a b l e  

d e b a t e . An im p o r t a n t  e x p e r im e n t  b y  H u ts o n  e t  a l .  ( 2 )  p ro v e d  

t h a t  t h e  e l e c t r o n  t r a n s f e r  m ech an ism  p ro p o s e d  b y  R i d l e y  and  

W a t k in s  ( 3 )  an d  in d e p e n d e n t ly  b y  H ils u m  ( 4 ) ,  m u st be th e  

c o r r e c t  o n e . B y a p p ly in g  h y d r o s t a t i c  p r e s s u r e  t o  G a A s, 

H u ts o n  e t  a l .  o b s e r v e d  t h a t  t h e  t h r e s h o ld  p r e s s u r e  f o r  th e  

Gunn e f f e c t  d e c r e a s e d . T h is  i s  p r e d ic t e d  b y  t h e  e l e c t r o n  

t r a n s f e r  m ech an ism  w h ic h  p o in t s  o u t  t h a t  s e m ic o n d u c t o r s  

h a v in g  m u l t i - v a l l e y  b an d  s t r u c t u r e s  c o u ld  e x h i b i t  n e g a t iv e  

d i f f e r e n t i a l  m o b i l i t y  (NDM) a t  h ig h  f i e l d s  a s  a r e s u l t  o f  

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

b an d  m in im a t o  low  m o b i l i t y  m in im a  a t  h ig h e r  e n e r g i e s .  GaAs 

h a s  a c o n d u c t io n  b an d  o f  t h e  r e q u ir e d  t y p e  and t h e  e n e r g y  

s e p a r a t io n  betw een  th e  h ig h  m o b i l i t y  and low  m o b i l i t y  

minimum d e c r e a s e s  w it h  p r e s s u r e .  R i d l e y  c o n s id e r e d  

t h e o r e t i c a l l y  t h e  t y p e  o f  s p a c e  c h a r g e  i n s t a b i l i t y  w h ic h
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w o u ld  d e v e lo p  when a m a t e r i a l  h a v in g  a r e g io n  o f  NDM i n  i t s  

v e l o c i t y - f i e l d  c h a r a c t e r i s t i c  was b ia s e d  i n  t h i s  r e g io n .  He 

show ed t h a t  h ig h  f i e l d  d o m a in s w o u ld  d e v e lo p  an d  p r o p a g a t e  

u n if o r m ly  t h r o u g h  t h e  sa m p le  w h ic h  i s  p r e c i s e l y  w hat i s  

o b s e r v e d  i n  th e  Gunn e f f e c t .

C o n s id e r  t h e  c o n d u c t io n  b an d  o f  G aAs shown i n  F i g . 6 . 1 .  I n

e q u i l i b r iu m  t h e  m a j o r i t y  o f  e l e c t r o n s  r e s i d e  i n  t h e  minimum

a t  t h e  r p o in t  i n  t h e  B r i l l o u i n  z o n e , (000). H o w ever, t h e

e l e c t r o n s  c a n  be h e a t e d  b y  an a p p l ie d  e l e c t r i c  f i e l d  and

t r a n s f e r r e d  i n t o  s t a t e s  i n  t h e  4 s u b s i d i a r y  m in im a

( i n t e r v a l l e y  t r a n s f e r )  a t  p o in t  L  i n  t h e  zo n e ( 1 1 1 ) w h ic h

a r e  t h e  lo w e s t  s u b s i d i a r y  m in im a . U n t i l  1 9 7 6 ,  i t  was

b e l i e v e d  t h a t  t h e  X ( 1 0 0 )  m in im a  w ere lo w e r t h a n  t h e  L  ( 1 1 1 )

m in im a  b u t  A sp n e s ( 5 )  showed t h a t  t h e  L m in im a  w ere lo w e r i n

e n e r g y . B e c a u s e  o f  t h e  s m a l l  e f f e c t i v e  m a s s ,  m*,  i n  t h e  r

m inim um , e l e c t r o n s  a r e  h e a t e d  v e r y  e f f e c t i v e l y  b y  an

e l e c t r i c  f i e l d  an d  g a in  an  e n e r g y  o f  m a g n itu d e  E ( L ) - E ( D  =

0 . 2 9 e V  a t  E = 3 k V /c m . B e f o r e  r e a c h in g  t h i s  e n e r g y , th e

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

E = 3 k V /c m , e l e c t r o n s  a r e  t r a n s f e r r e d  t o  t h e  s u b s i d i a r y  m in im a

w here t h e y  a r e  h e a v ie r  and h a v e  a r e d u c e d  momentum

r e l a x a t i o n  t im e  b e c a u s e  o f  s c a t t e r i n g  b etw een  t h e  m in im a  and

b e c a u s e  o f  t h e  h ig h e r  d e n s i t y  o f  s t a t e s  i n  t h e s e  m in im a .

T h e r e f o r e ,  t h e  m o b i l i t y  i n  th e  L  m in im a i s  e s t im a t e d  t o  be

o n ly  9 2 0 c m ^ /V s w h ile  t h e  m o b i l i t y  i n  t h e  r minimum i s

b etw een  6000 an d  7 3 5 0 c m ^ /V s  d e p e n d in g  on p u r i t y ;  t h e s e

e s t im a t e s  a r e  v a l i d  f o r  room t e m p e r a t u r e  ( 9 ) .  Th e momentum

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

phonon w h ic h  i s  e i t h e r  a b s o rb e d  o r  e m it t e d ,  F i g . 6 . 2 .  F o r

h ig h  enough f i e l d s  a la r g e  enough num ber c a n  be t r a n s f e r r e d
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i n t o  t h e s e  m in im a  so  t h a t  t h e  m o b i l i t y  o f  t h e  sa m p le  w i l l  be  

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

e n o u g h , NDM c a n  r e s u l t ,  F i g . 6 . 3 .  F o r  NDM t o  o c c u r ,  t h r e e  

r e q u ir e m e n t s  m u st be m e t: ( 1 ) t h e  l a t t i c e  t e m p e r a t u r e  m u st

be low  enough so  t h a t ,  i n  t h e  a b s e n c e  o f  a  f i e l d ,  m o st o f  

t h e  e l e c t r o n s  a r e  i n  t h e  lo w e r m inim um , i . e . ,  6 E r L > k T . ( 2 )  

I n  t h e  lo w e r m inim um  t h e  e l e c t r o n s  m u st h a v e  a  h ig h  m o b i l i t y  

an d  s m a l l  e f f e c t i v e  m a s s , an d  i n  th e  u p p e r  minim um  t h e  

e l e c t r o n s  m u st h a v e  low  m o b i l i t y  an d  h ig h  e f f e c t i v e  m a s s .

( 3 )  The e n e r g y  s e p a r a t io n  b e tw ee n  t h e  two m in im a  m u st be  

s m a l l e r  t h a n  t h e  s e m ic o n d u c to r  b an d g ap  so  t h a t  a v a la n c h e  

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

t h e  u p p e r v a l l e y .  N -t y p e  G aAs an d  n -t y p e  In P  s a t i s f y  t h e s e  

r e q u ir e m e n t s  an d  a r e  t h e  m o st e x t e n s i v e l y  i n v e s t i g a t e d  t o  

d a t e .

I f  t h e  e l e c t r o n  t r a n s f e r  m e ch an ism  i s  o c c u r r i n g ,  th e n  a 

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

m in im a  s h o u ld  a l t e r  t h e  t h r e s h o ld  f i e l d  o f  t h e  Gunn e f f e c t .  

A s a f u n c t io n  o f  p r e s s u r e ,  t h e  e n e r g y  s e p a r a t io n  o f  t h e  

c o n d u c t io n  b an d  m in im a  d e c r e a s e s  a t  a r a t e  o f  a p p r o x im a t e ly  

9m e V /K b ar ( 1 . 4 6 ) .  H u ts o n  e t  a l .  ( 2 )  fo u n d  t h a t  t h e  f i e l d  a t  

t h r e s h o ld  d e c r e a s e d  w it h  i n c r e a s i n g  p r e s s u r e  an d  a t  2 6 K b a r  

t h e  o s c i l l a t i o n s  d is a p p e a r e d  c o m p le t e ly .

Th e sh a p e  o f  t h e  v e l o c i t y - f i e l d  c u r v e  s u g g e s t s  t h a t  a DC

b i a s  i n  t h e  NDM r e g io n  w o u ld  a l lo w  g e n e r a t io n  o f  AC pow er i n

a c i r c u i t  c o n n e c t e d  t o  th e  d e v i c e .  T h i s  mode o f  o p e r a t io n  i s

p o s s i b l e  and i s  c a l l e d  t h e  LSA  ( l i m i t e d  s p a c e -c h a r g e

a c c u m u la t io n )  mode b u t  c a n  o n ly  be r e a l i s e d  u n d e r  c e r t a i n

c o n d i t i o n s  ( 6 ) .  One d i f f i c u l t y  a r i s e s  fro m  i n t e r n a l
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i n s t a b i l i t i e s .  A s e m ic o n d u c t o r  e x h i b i t i n g  NDM ( o r  NDR) i s  

i n h e r e n t l y  u n s t a b le  b e c a u s e  a random  f l u c t u a t i o n  o f  c a r r i e r  

d e n s i t y  a t  a n y  p o in t  i n  t h e  s e m ic o n d u c t o r  p r o d u c e s  a  

m om entary s p a c e  c h a r g e  t h a t  c a n  grow e x p o n e n t i a l l y  w it h  

t im e .  The o n e -d im e n s io n a l  c o n t i n u i t y  e q u a t io n  i s  g iv e n  b y

q . d n / d t  =  d J / d x  ...................( 6 . 1 )

w here n ( x , t )  i s  t h e  s p a c e  and t im e  d e p e n d e n t m o b ile  c h a r g e  

d e n s i t y  and J  i s  t h e  c u r r e n t  d e n s i t y .  I f  t h e r e  i s  a s m a l l  

l o c a l  f l u c t u a t i o n  o f  t h e  m a j o r i t y  c a r r i e r s  fro m  t h e  u n ifo r m  

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

c h a r g e  d e n s i t y  i s  n - n Q .  P o i s s o n ' s  e q u a t io n  an d  t h e  c u r r e n t

d e n s i t y  e q u a t io n s  a r e

d E /d x  = —q ( n  — n Q ) / e s  ...........( 6 . 2 )

J  = qnQUE + q D . d n /d x  ..............( 6 . 3 )

w here \l i s  t h e  a v e r a g e  m o b i l i t y ,  E i s  th e  e l e c t r i c  f i e l d ,  e s  

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

c o n s t a n t .  D i f f e r e n t i a t i n g  E q . 6 . 3  w it h  r e s p e c t  t o  x  an d  u s in g  

P o i s s o n ' s  e q u a t io n  g iv e s

1 / q . d J / d x  =  -q n Q ii( n  — n Q ) / e s  + D d 2 n / d x 2  . . . . ( 6 . 4 )  

S u b s t i t u t i n g  t h i s  e x p r e s s io n  i n t o  E q . 6 . 1  g iv e s

d n / d t  = -q n Q ii( n  — n Q ) / e s  +  D d 2 n / d x 2  ................... ( 6 . 5 )

T h i s  e q u a t io n  c a n  be s o lv e d  b y  s e p a r a t io n  o f  v a r i a b l e s ,  

i . e . ,  l e t  n ( x , t )  =  n ^ ( x ) n 2 ( t ) .  Th e s o l u t i o n  o f  E q . 6 . 5 ,  f o r

t h e  t im e  e q u a t io n  i s

n -  n 0  =  (n  -  n 0 ) t = o e x p ( - t / x R ) ................................ ( 6 . 6 )

w here t r  i s  t h e  d i e l e c t r i c  r e l a x a t i o n  t im e  g iv e n  b y

t R =  e s /<3n 0lJL ................................( 6 . 7 )

n -  n 0  =  ( n -  n 0 ) t = o e x p ( - t / x R ) ................................ ( 6 . 6 )

w here t r  i s  t h e  d i e l e c t r i c  r e l a x a t i o n  t im e  g iv e n  b y

t r  =  e s / q n 0u  ................................( 6 . 7 )

t r  r e p r e s e n t s t h e  t im e c o n s t a n t f o r  g ro w th  <o r  d e c a y o f th e

s p a c e  c h a r g e . T h u s , i f t h e r e i s  a r e g io n o f  NDM i n th e

v e l o c i t y —f i e l d c u r v e and th e sa m p le  i s b ia s e d i n t h e
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p o s i t i v e  m o b i l i t y  r e g io n ,  e . g .  V  =  ijlE ,  th e n  t h e  s p a c e  c h a r g e  

w i l l  d e c a y  w it h  t im e .  H o w ever, i f  th e  sa m p le  i s  b ia s e d  i n  

t h e  NDM r e g io n ,  t h e  s p a c e  c h a r g e  w i l l  grow  w it h  a t im e  

c o n s t a n t  e q u a l  t o  t r .

To i l l u s t r a t e  t h e  r e s p o n s e  o f  a  s e m ic o n d u c t o r  e x h i b i t i n g  NDM 

t o  t h i s  c h a r g e  f l u c t u a t i o n ,  c o n s id e r  a  u n if o r m  f i e l d  w it h  a  

d o m ain  o f  g r e a t e r  f i e l d  i n  t h e  c e n t r e  o f  t h e  s e m ic o n d u c to r  

a s  shown i n  F i g . 6 . 4 a ) .  Th e c h a r g e  d i s t r i b u t i o n  t h a t  p r o d u c e s  

t h i s  f i e l d  f l u c t u a t i o n  i s  shown i n  F i g . 6 . 4 b ) .  T h e r e  i s  a n e t  

a c c u m u la t io n  o f  c h a r g e  on t h e  l e f t  s i d e  o f  t h e  d o m ain  an d  a  

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

c o n s id e r e d  t o  h a v e  a  p o s i t i v e  c h a r g e , t h e  c a r r i e r s  and  

t h e r e f o r e  t h e  d o m ain  w i l l  move t o  t h e  r i g h t .  A ssu m in g  t h a t  

t h e  f i e l d  w i t h i n  t h e  d o m ain  i s  w i t h i n  th e  NDM r a n g e  and t h e  

f i e l d  o u t s id e  t h e  d o m ain  i s  w i t h i n  t h e  p o s i t i v e  m o b i l i t y  

r a n g e , th e n  t h e  f i e l d  f l u c t u a t i o n  w i l l  i n i t i a l l y  grow w it h  

t im e .  T h is  i s  b e c a u s e  th e  h ig h e r  u p s tre a m  f i e l d  i n  t h e  

d o m ain  m eans t h a t  c a r r i e r s  move more s lo w ly  i n s i d e  t h a n  

o u t s id e  th e  d o m a in . C h a rg e  w i l l  t h e r e f o r e  d e p le t e  on th e  

r i g h t  edge o f  t h e  d o m ain  and a c c u m u la t e  a t  t h e  l e f t  edge o f  

t h e  d o m a in , i n c r e a s i n g  th e  f i e l d  i n  th e  d o m a in . I f  th e  

s e m ic o n d u c to r  i s  i n  a r e s i s t i v e  c i r c u i t  t h e  i n c r e a s i n g  

v o lt a g e  a c r o s s  t h e  d o m ain  w i l l  d e c r e a s e  t h e  c u r r e n t  i n  t h e  

c i r c u i t  and lo w e r t h e  f i e l d  o u t s id e  t h e  d o m a in .

T h i s  s i t u a t i o n  le a d s  t o  a ru n a w a y  p r o c e s s . G iv e n  enough

t im e , t h e  do m ain  f i e l d  w i l l  grow u n t i l  t h e  d o m ain  v e l o c i t y

i s  e q u a l  to  t h e  v e l o c i t y  o f  c a r r i e r s  o u t s id e  t h e  d o m a in . The

f i n a l  v e l o c i t y  d e p e n d s on th e  c i r c u i t  lo a d  l i n e  ( 6 ) .  I f  t h e

o r i g i n a l  f l u c t u a t i o n  i n  f i e l d  was p ro d u c e d  b y  a d o p in g  n o n -
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u n i f o r m i t y ,  t h e n  t h e  d e c r e a s e d  f i e l d  a ro u n d  t h i s  r e g io n  

w h ic h  o c c u r s  when t h e  do m ain  m oves from  t h i s  r e g io n  p r e v e n t s  

t h e  n u c l e a t i o n  o f  s u b s e q u e n t  d o m a in s . T h i s  s i t u a t i o n  

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

s e m ic o n d u c to r  (a n o d e ) w here i t  d is a p p e a r s .  Th e f i e l d  c a n  

t h e n  r i s e  t o  n u c le a t e  a n o t h e r  d o m a in , r e s u l t i n g  i n  a  

p e r i o d i c  c u r r e n t  o s c i l l a t i o n  w hose p e r io d  i s  d e t e r m in e d  b y  

t h e  t r a n s i t  t im e  o f  t h e  d o m a in . T h is  was t h e  phenom enon  

o b s e r v e d  b y  G u n n . The d o m ain  u s u a l l y  fo rm s n e a r  t o  t h e  

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

u n if o r m it y  d u e t o  c r y s t a l  dam age o c c u r r in g  i n  t h e  c o n t a c t  

p r o c e s s  ( 7 ) .

I t  was d is c o v e r e d  t h a t  an N D M -in d u ce d  c u r r e n t  i n s t a b i l i t y  

c o u ld  o c c u r  i n  w ays o t h e r  t h a n  t h o s e  a s s o c i a t e d  w it h  a  

d o m ain  m o vin g  fro m  t h e  c a th o d e  t o  t h e  anode ( 7 ) .  I t  c o u ld  

a l s o  be a c c o m p a n ie d  b y  th e  f o r m a t io n  o f  s t a t i o n a r y  c h a r g e  

l a y e r s  a t  t h e  c a th o d e  o r  a n o d e , m o vin g a c c u m u la t io n  o r  

d e p l e t i o n  l a y e r s ,  o r  u n if o r m  o r  n o n -u n if o r m  e x c u r s io n s  o f  

t h e  e l e c t r i c  f i e l d  th r o u g h  t h e  NDM r e g io n .  I t  h a s  b een  fo u n d  

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

s e m ic o n d u c to r  e x h i b i t i n g  NDM d e p e n d s on t h r e e  t h in g s  ( 7 ) ;  

( 1 )  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  th e  s e m ic o n d u c t o r , ( 2 )  

t h e  o p e r a t in g  c i r c u i t ,  ( 3 )  t h e  c o n d i t i o n s  a t  t h e  b o u n d a r ie s  

o f  t h e  a c t i v e  r e g io n  ( i n  p a r t i c u l a r  th e  c o n d i t i o n s  a t  t h e  

c a t h o d e  c o n t a c t ) .

T h e c r i t e r i o n  f o r  i n s t a b i l i t y  o f  a  s e m ic o n d u c to r  e x h i b i t i n g

NDM c a n  be e s t a b l i s h e d  b y  c o n s id e r in g  t h e  g ro w th  o f  s p a c e

c h a r g e  f l u c t u a t i o n s .  A ssu m in g  t h a t  E q .6 .6  r e m a in s  v a l i d  f o r

t h e  g ro w th  o f  t h e  c h a r g e  f l u c t u a t i o n  th r o u g h o u t  i t s  t r a n s i t
1 7 5



of the sample, the growth, G=(n-n0)t/(n_n0 )t=0' is given by 

G = exp(l/VxR ) = exp(lqnQU/Ves ) ....(6.8) 
where 1 is the sample length and V is the average drift 

velocity of the domain. For space charge instability, G must 

be greater than unity, or

n0l > esV/qu ................(6.9)

For GaAs,

ngl > lO-^cm"2 .............. (6.10)

Gunn devices with ngl < l O ^ c m -2 exhibit a stable field 

distribution. Even though Eq.6.10 gives the criterion for 

instability, it is not a criterion for domain formation, 

which may take many dielectric relaxation times, since no 

account is taken of the domain formation time. If this time 

is longer than the space charge transit time, 1/V, through 

the sample then domain formation cannot occur. However, an 

important boundary which separates the various modes of 

operation is the product of carrier density and device 

length.

The transit time of a domain is = 1/V and so the transit 

time frequency is V/l. In a long sample (~100iim), the domain 

drifts at a velocity of ~107cms“l and so, provided 

nol»10^-2cm-2, the transit frequency is ~lGHz. Many practical 

devices have a length of ~10um but their ngl product is 

close to 1012cm"2 . In this case, the domain (or space 

charge) velocity can be greater than 107cms-1 and the 

transit time is modified by the finite time of domain 

growth. Transit frequencies usually lie between 7GHz and 

25GHz for such a device, depending on the bias voltage (6). 
In addition, a Gunn device in a resonant circuit can operate
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at frequencies higher than the transit time frequency if the 

domain can be quenched before it reaches the anode (8). The 

domain width generally decreases with decreasing biasing 

voltage. If the biasing voltage is reduced sufficiently 

below the threshold for NDM during a domain cycle, the 

domain will vanish (or is quenched). When the biasing 

voltage swings back above threshold, a new domain is 

nucleated and the process is repeated. Therefore, the 

oscillations occur at the frequency of the resonant circuit 

rather than the transit time frequency.

Many Gunn devices make use of the cathode to anode domain

transit time mode in long samples. However, thermal

limitations restrict the use of long samples in continuous

DC operation. Therefore, short samples (< 10um active region

length) that can be sufficiently well heat sunk so as to be

capable of DC operation, have become the major Gunn effect

devices. Short samples are used almost always as simple

oscillators or amplifiers when incorporated into a variety

of microwave circuits. Short samples exhibit different

behaviour in many ways to that of the long samples mainly

because they have lower nQl products and the cathode and

anode are in close proximity. In particular, circuit

controlled oscillations may be obtained in short samples in

which the minimum voltage exceeds the sustaining voltage

(the minimum bias which can sustain domain propagation). In

long samples circuit control ceases under this condition.

Short samples (n0l<l()12cm“2 ) are used as amplifiers in the

LSA mode (9). Superimposed on the DC electric field, E q is

an AC field, E^cos2nvt. The amplitude of the AC field is so

large that for a short part of its cycle, the mobility is
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positive as shown in Fig.6.5. At a high enough frequency, v, 

almost no space charge is generated. As a result of the 

decrease of current with increasing voltage, it is possible 

that the power, Ptot' which an electron gains from the total 

field, E0 + Eicos2nvt, during one cycle, is smaller than the 

power PQ which it would gain from the DC field alone:

that is, the yield, (PQ - Pt0t )/P0 , positive.

6.2 Hot Electron Injectors

Over the past few years the injection of hot electrons into 

GaAs has been demonstrated using hot-electron spectroscopy 

which is a technique employed for investigating non­

equilibrium transport in narrow regions of GaAs (10,11). 

Triangular barriers of compositionally graded AlxGai_xAs are 

used to inject the hot electrons so that the energy of the 

electrons is equal to the conduction band offset between the 

AlxGai_xAs and GaAs at the heterojunction formed between the 

two materials (12). This is typically between 200meV and 

300meV. The conduction band offset energies in this

heterojunction system can be chosen to be nearly equal to 

the T-L energy separation in GaAs (~290meV). Therefore 

electrons may be injected at the cathode with an energy 

equal to the energy difference E ( D  - E(L). A modification 

of the intervalley scattering is anticipated immediately 

after the GaAs/AlGaAs heterojunction.

The injection of hot electrons at the cathode may improve 

the performance of a standard Gunn device (12). This is 

because, firstly, the dead zone, the distance over which 

electrons must drift before acquiring enough energy to

(6 .11)
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scatter into the L minima, is reduced to approximately the 

mean free path for intervalley scattering, 30nm. Therefore, 

electrons may be heated more efficiently to the L minima. 

Secondly, the variance in distance from the cathode of the 

first intervalley scattering event for electrons entering 

the drift region is reduced. Associated with this is a 

reduction in the variance in position at which the charge 

instabilities are formed. Therefore, improvements in the 

noise of Gunn devices are expected (12).

The three structures studied in this chapter are; (i) a 

standard Gunn diode, (ii) a Gunn diode with a graded AlGaAs 

hot electron injection cathode and (iii) a Gunn diode with a 

graded AlGaAs hot electron injection cathode plus a thin, 

heavily doped region placed between the AlGaAs barrier and 

the GaAs drift region. The third diode was designed by Couch 

et al. to include a thin heavily doped region for the 

following reason(12): The doping profile near the cathode 

must also be carefully controlled so that the field from the 

ionised impurities in the depletion layer set up when the 

AlGaAs injector is forward biased, does not suppress the 

formation of charge instabilities. The charge and field 

instabilities generated in Gunn oscillations require the 

opposite field gradient to that occurring in this depletion 

region, so without the thin n+ spike the Gunn diode with hot 

electron injector will not lead to enhanced Gunn effects. By 

including the n+ spike, the depletion region may be confined 

to a much smaller length. The thickness of this spike must 

be less than the mean free path for the hot electrons 

injected over the barrier.
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Couch et al. have performed self-consistent Monte-Carlo 

simulations on these structures to confirm their ideas 

discussed above (12). They find that the field profiles 

across diodes (i) and (ii) are spatially inhomogeneous, but 

temporally stable. Conversely, the field profile across 

structure (iii) is unstable and associated with this 

instability are current oscillations. Subsequent experiments 

performed on this device reveal, from an evaluation of the 

activation energies for small forward and reverse biases, 

that the barrier height of the injector is 220meV. Fig.6.6 
shows the I-V characteristic at room temperature. A region 

of NDR due to intervalley transfer occurs beyond IV and ~1A. 

Fig.6.7 illustrates the device with zero applied bias and 

under forward applied bias. The device was found to 

oscillate at microwave frequencies at a few milliwatts 

power.

The experiments discussed in this chapter report the effect 

of hydrostatic pressure on the I-V characteristics of 

devices (i) and (ii). With pressure, the predominant effect 

is to decrease the energy separation E(L)-E(D, at a rate of 

~9meV/Kbar ,~3%/Kbar, (13) and increase the effective mass 

in the r minimum by ~0.6%/Kbar (14). The triangular barrier 

of the injector decreases at a much slower rate of 

~ 0 .39meV/Kbar ,~0.1-0.2%/Kbar, and is not expected to 

influence the pressure behaviour of device (ii). However, 

the injector may play some role in the I-V characteristics 

as a function of pressure. Device (iii), with the hot 

electron injector and n+ spike, was found to be unstable 

under pulsed DC voltage at high biases. Device breakdown
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occurred just before the onset of NDR even when a variety of 
capacitors was placed in parallel with the device via short 
connecting leads. The reasons for this instability will be 
discussed.

6.3 Experiment
The Gunn devices with hot electron injector, outlined above, 

were grown by molecular beam epitaxy (MBE) on an n+ (100) 

GaAs substrate. A 0.5um thick n+ GaAs buffer layer doped at 

lxlO^^cm”^ with Si was grown first. Then the transit region 

of GaAs doped at lxlO^^cm”^ also with Si was grown. The 

thickness of this layer was l.Oym for device (iii) and 0.5i±m 

for device (ii). For device (iii), this was followed by a 

lOnm n+ GaAs spike doped with Si to lxlO-^cm"-*. Then, for 

both devices, the sequence of growth continued with the 

graded composition AlxGa^_xAs layer. This layer was 

nominally undoped, starting at a composition of x=0.3 and 

reducing to x=0 over 50nm. Examination by transmission 

electron microscopy (TEM) has confirmed the shape and 

thickness of this layer (12). For device (ii), the following 

layer was 0.5]im of GaAs doped to lxlO-^cm-^ . Finally, for 

both devices, this was followed by a 0.5yjn thick n+ GaAs 

contact layer doped to 5xl0^-^cm"^ with Si. The devices were 

fabricated using standard photolithography and etching 

techniques and the top and bottom layers were metallised 

with Ni/Au/Ge Ohmic contacts. The devices were mounted in 

standard microwave packages and bonded with low inductance 

gold wire. Device (iii) was processed into mesas of nominal 

diameters of lOOum and 200]im and device (ii) was processed 

into mesas of nominal diameter of 180um.
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The standard Gunn device was comprised of the following

layers •grown on a n+ (100) GaAs substrate: Firstly, a lum

thick buffer layer of GaAs doped to 2 x 1 0 ^ cm-3. Then the

transit region of 1.7]im of GaAs doped to 2xl0^^cm'"^ and

finally a l]im thick layer of GaAs doped to 2xl018cm- 3 . Si

was used as the dopant. These devices were processed as 

above with a nominal mesa diameter of 80um.

Two terminal DC I-V characteristics were obtained at 77K and 

lbar for the three devices using a pulsed voltage supply, as 

shown in Fig.6.8. The bias was increased to just beyond the 

onset of NDR since device breakdown occurs if the NDR region 

is probed too far. This is a result of the current 

oscillations associated with the Gunn effect. The I-V 

characteristics of devices (ii) and (iii) show non­

linearity near the origin which reflects the diode-like 

behaviour of the graded gap, in contrast to the I-V 

characteristic of device (i). As mentioned above, device 

(iii) was found to be unstable at high bias, close to the 

onset of NDR. This is thought to be a result of the fact 

that this device was specifically designed to enhance Gunn 

effects, i.e., to increase the power output of current 

oscillations. To quench these oscillations, a capacitor was 

placed across the terminals of the device in parallel. 

However, although a variety of capacitors was employed 

(0.1y.F disc ceramic, 0.33]iF monolithic ceramic, l]iF 

polycarbonate and IOOjjlF electrolytic), the device was found 

to break down close to NDR. An I-V characteristic showing 

the onset of NDR, was eventually obtained for this device 

at lbar and 77K without an external capacitor placed across 

the terminals.
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Devices (i) and (ii) were found to be relatively stable to 

just beyond the onset of NDR without a capacitor in 

parallel. These two devices were investigated as a function 

of hydrostatic pressure. For device (ii), the Be-Cu gas cell 

was used up to 14Kbar at 77K and for device (i), the Be-Cu 

liquid cell was used up to 9Kbar at 77K.

6.4 Discussion

At lbar, the current peaks corresponding to the onset of NDR 

occur at currents of 1.76A, 2.22A and 1.38A for (i) the 

standard Gunn device, (ii) the Gunn device with hot electron

injector and (iii) the Gunn device with hot electron

injector and n+ spike, respectively. Since the current

depends on mesa diameter and doping concentration, the peak 

currents cannot be compared directly between devices. The 

peak electric fields can be compared provided that the 

widths of the transit regions are known and negligible 

voltage drops occur outside this region. However, large 

voltages can develop across parasitic resistances due to the 

contacts and connecting leads. Even though these resistances 

are small (of the order of an Ohm), large voltage drops are 

found to occur because very high currents (~1A) and high 

voltages (~1V) have to be realised in order to observe NDR. 

This makes it difficult to estimate the electric field at 

threshold for NDR and particularly to discover if the 

electrons are heated more efficiently by the hot electron 

injector.

Fig.6.9 shows the threshold voltage for NDR against pressure 
for device (ii). The threshold voltage decreases as a
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function of pressure, as expected from the electron 

transfer mechanism, at a rate of approximately 0.5%/Kbar. 

This is rather slower than the rate at which the energy 

separation, E(L)-E(D decreases with pressure which is 

approximately 3%/Kbar. The difference could be due to the 

effective mass of the electrons in the r minimum increasing 

with pressure which will tend to increase the threshold 

voltage, V t , for NDR (dlnm*(D/dP = 0.6%/Kbar, from

ref.6.14). The L minimum effective mass is expected to have 

little effect because the majority of electrons reside in 

the r minimum, even at threshold, and m*(L) is thought to 

have a low pressure coefficient of approximately 0.16% 

(assuming dlnEG (L)/dP~dlnm*((L)/dP). The increase of m * ( D  

with pressure could, therefore, mask some of the decrease in 

threshold voltage associated with the decrease in energy 

separation between the r and L minima with pressure. Hutson 

et al. (2) find, from experiments on a standard GaAs Gunn 

device, that V t falls at approximately the same rate as that 

of device (ii) for pressures below 15Kbar. Above 15Kbar, 

they find that V t drops rapidly which suggests that the 

decrease in the intervalley energy separation is beginning 

to play a dominant role. However, an alternative explanation 

for the low pressure behaviour is discussed below.

From Fig.6.8 it can be seen that devices (ii) and (iii) show

diode-like behaviour at low bias indicating the presence of

the graded gap at 77K in contrast to device (i) which

behaves like a resistor in forward (substrate bias positive)

and reverse bias. Device (i) exhibits NDR in forward and

reverse bias at the same voltages and currents (to within

±2%). However, the threshold voltage as a function of
184



pressure shows a large scatter in values although there is 

a general increase of threshold voltage with pressure, 

Fig.6.10. Pickering et al. (15) have found that for a 

specific type of contact which they believe to be perfectly 

"Ohmic", the field at threshold increases with pressure up 

to 15Kbar followed by a rapid decrease with pressure. They 

attribute the initial increase to the increase in effective 

mass in the r minimum with pressure being the dominant 

effect at low pressures rather than the decrease in the 

intervalley separation. This behaviour contrasts to the 

results for device (ii) and Hutson et al.'s observations. 

The decrease of V t with pressure below 15Kbar in Hutson’s 

data is attributed, by Pickering et al., to the presence of 

high fields at the cathode contact rather than the effects 

of a decrease in intervalley separation.

The difference in low pressure behaviour for devices (i) and 

(ii) can be explained along similar lines to those used by 

Pickering to explain his type 1 and type 2 behaviour. 

Pickering's type 1 behaviour agrees with the device (i) 

behaviour in that an increase in Et occurs with pressure 

(~0.5%/Kbar) at pressures below 15Kbar. Type 2 behaviour 

shows the usual decrease with pressure as observed by Hutson 

et al. and the data of device (ii). Pickering found that 

type 1 behaviour shows a linear variation of I against V and 

that in forward and reverse bias Et agreed to within ±5%. 

This is in agreement with our device (i) characteristic 

which shows a linear characteristic and then a sharp turn 

over at the threshold voltage for NDR and good agreememt for 

V t in forward and reverse bias. Conversely, type 2 diodes
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show non-linear I-V curves, as for our device (ii) curve up 

to threshold, and large differences in for forward and 

reverse bias (±20%). Thus, device (i) exhibits typical type

1 behaviour and device (ii) exhibits typical type 2 
behaviour. Hutson et al's samples exhibit non-linear I-V 

characteristics below threshold and, therefore, typical type

2 behaviour.

The use of the pre-threshold I-V plot to indicate whether 

the devices are exhibiting low or high field cathodes has 

been discussed by Shaw et al. (16) and Grubin et al. (17) 

for GaAs. They found good linearity prior to threshold on 

samples with uniform fields and showed that the effect of a 

high cathode field, relative to that in the bulk, was to 

cause non-linearity and to reduce the threshold field. It is 

probable, therefore, that the onset of oscillations (and 

therefore NDR) in the type 2 devices is controlled by 

contact effects. It should be mentioned that Pickering et 

al. and Hutson et al. define Et to correspond to the onset 

of oscillations, whereas, for the data of devices (i) and 

(ii), the threshold voltage refers to the voltage at which 

NDR begins. This is not expected to influence the analysis.

To explain the difference in type 1 and type 2 behaviour, 

Pickering considers the formation of Ohmic contacts with a 

metal on a semiconductor. He finds that Type 2 behaviour can 

be explained by the formation of a Schottky barrier at the 

metal-semiconductor contact which gives rise to a high 

cathode field. In addition, the Schottky barrier will 

produce hot electrons, assuming thermionic emission is the 

dominant conduction mechanism. Type 1 behaviour is
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believed to reflect purely band structure effects. 

Therefore, an increase in threshold field with pressure at 

low pressures indicates that the increase in effective mass 

in the r minimum is probably the dominant effect at low 

pressures rather than the decrease in the r-L energy 

separation and that any deviations from this behaviour can 

be explained in terms of a Schottky barrier at the cathode 

contact. At high pressures, above 15Kbar, Pickering finds 

that type 1 and type 2 devices show a rapid decrease in 

threshold field with pressure indicating that the decrease 

in the r-L energy separation with pressure is the dominant 

effect at high pressures. Since devices (i) and (ii) were 

contacted by the same procedure, it seems unlikely that the 

presence of a Schottky barrier at the cathode contact of 

device (ii) is the cause of the type 2 behaviour. It is more 

likely that the presence of the hot electron injector is 

causing this behaviour. This is because it forms part of the 

cathode of the device and, from Monte-Carlo simulations 

(12), creates a high electric field at the cathode.

Moreover, the injector acts as a barrier and therefore

produces hot electrons in the transit region.

The pressure dependences of the peak currents corresponding 

to the onset of NDR for the two devices may also be compared 

directly, Fig.6.11. It is clear that the two devices exhibit 

very similar behaviour. The decrease of peak current with

pressure is expected if the following equation is

considered;

J (E) = ( n ^ i  + n2U2̂ E ........................... (6.11)
where J(E) is the field dependent current density, n^,

are the number of electrons and mobility in the r minimum
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respectively and n 2 , U 2 are the number of electrons and 

mobility in the L minima. Assuming that the ratio n-L/n2 
remains constant at the pressure dependent threshold, the 

predominant effect of pressure on the current density is 

through the mobilities which depend on m*. The r mobility 

will decrease since it is proportional to m*"3/2 for polar 

optical mode scattering (6.9). Since the majority of 

electrons are in the r minimum even near threshold, the 

pressure dependence of the current density should be close 

to the pressure dependence of the mobility on m*(r). The 

observed pressure dependence is ~0.85%/Kbar, which agrees 

well with the value of 0.9%-0.8%/Kbar for the mobility 

decrease, using d l n m * ( D / d P  = 0.6%/Kbar (6.14), over a 

pressure range from 0 to 14Kbar.

Another subtle comparison can be made from the shape of the 

I-V characteristics. Immediately after the threshold voltage 

for NDR, device (i) appears to show a sharp fall in current 

whereas devices (ii) and (iii) show a gradual turning over 

of the characteristic up to NDR followed by a gentle 

decrease in current, Figs.6.6 and 6.8. This contrasting 

behaviour may be explained by considering the two possible 

velocity-field characteristics plotted in Fig.6.12. At low 

fields, the slope is the high mobility, in the r minimum 

while at high fields, the slope is the low mobility, u 2 /■ in 

the L minima assuming all electrons have been transferred. 

Curve 2 shows a region of NDR while curve 1 has a positive 

slope everywhere. The type of curve observed depends on the 

ratio of 6ErL to the thermal energy of the electrons. A 

curve 2 characteristic is realised when this ratio is very
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high and a characteristic more like curve 1 as this ratio 

decreases. Device (ii) and (iii) show characteristics with 

more curve 1 behaviour than device (i). This could be 

accounted for by the presence of the hot electron injector 

which will decrease this ratio since the thermal energy of 

the electrons is increased.

6.5 Conclusions

The Gunn effect has been studied in three different devices 

which include; (i) a standard Gunn device, (ii) a Gunn 

device plus a hot electron injector at the cathode and (iii) 

a Gunn device plus a hot electron injector with a n+ spike 

directly after the injector. The hot electron injector is 

thought to improve device performance by heating electrons 

more efficiently into the subsidiary minima since the 

distance over which electrons must drift before gaining 

sufficient energy to scatter into the L minima is reduced.

Device (iii), with the graded AlxGa^_xAs injector as the 

cathode followed by an n+ spike, was found to be unstable at 

biases close to the onset of NDR. This is thought to be 

because the device was specifically designed to enhance 

microwave oscillations in a GaAs Gunn device by the 

inclusion of an n+ spike. Devices (i) and (ii) were studied 

as a function of pressure up to 15Kbar. The threshold 

voltage exhibited different behaviour with pressure for the

two devices, device (i) exhibiting typical "type 1"
behaviour and device (ii) exhibiting typical "type 2"
behaviour. Type 1 behaviour is characterised by the
threshold field for the Gunn effect increasing with
pressure. In contrast, previous results (6.2) have exhibited
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type 2 behaviour, characterised by the threshold field 

decreasing with pressure. Any deviations from type 1 

behaviour can be explained in terms of a Schottky barrier at 

the cathode contact. However, in device (ii), the type 2 

behaviour is thought to be a consequence of the hot electron 

injector forming the cathode. The increase in threshold 

field with pressure for device (i) indicates that the 

increase in effective mass in the r minimum, rather than 

the decrease in the intervalley separation, is probably the 

dominant effect at low pressures.

The peak current as a function of pressure shows very 

similar behaviour for the two devices. The predominant 

effect of pressure on the current is through the mobility, 

which depends on the effective mass of the electrons. The 

expected pressure variation is found to be in close 

agreement with the variation obtained experimentally from 

the devices.
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Fig.6.1 Conduction band diagram of GaAs at 30OK. The energy 
gaps are taken from ref.(1.46).

Fig.6.2 Central and satellite minima in the conduction band 
of GaAs. The full straight lines indicate electron 
transitions between the valleys with emission or absorption 
of an intervalley phonon. Taken from ref.(6.9).
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Fig.6.3 Drift velocity-field characteristic of electrons in 
GaAs.

Fig.6.4 Illustration of a charge fluctuation (b) required 
to produce a local increase in electric field (a). The 
arrow denotes the direction of carrier drift. Taken from 
ref.(6.7).
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Fig.6.5 The field variation as a function of time in 
oscillator. Taken from ref.(6.9).

F i g .6.6 I-V characteristic at room temperature for 
(iii). Taken from ref.(6.12).

a LSA

device
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ZERO BIAS hot-electron injector v /

n+

n+

n- V
(transit region} n+

substrate

n+

FORWARD BIAS

_____ device(ii)
-----------device(iii)

Fig.6.7 Schematic profile of the conduction band of devices 
(ii) and (iii) under (a) zero bias and (b) forward bias, 
V<Vt . For V>Vt , the above diagram of the voltage 
distribution across the conduction band varies with time
(6.12).
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Fig,6.8 I-V characteristics at 77K and lbar for devices (i), 
(ii) and (iii).
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Fig.6.9 Fractional change in threshold voltage with pressure 
at 77K for device (ii).
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Fig.6.11 Fractional change in peak current with pressure at 
77K for devices (i) and (ii).
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Fig.6.12 Drift velocity versus field characteristics for 
electron transitions from the central minimum (mobility y.-̂ ) 
to the satellite valley (mobility 112).
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CONCLUSIONS

The experiments performed in this thesis have used 

hydrostatic pressure as a means of varying the barrier 

height for electron tunnelling in double barrier and 

multiple barrier GaAs/AlxGa^_xAs systems. The majority of 

experiments have been performed on GaAs/AlAs structures 

since the pressure sensitive rc (GaAs)-Xc (AlAs) barrier is 

the lowest in energy for this system. Pressure has been 

shown to have a profound effect on the size of the negative 

differential resistance (NDR), associated with electrons 

tunnelling into the quasi-bound states of the GaAs quantum 

well, when a pressure sensitive barrier is involved in the 

electron tunnelling process.

Experiments on a GaAs/AlAs system enclosed in the i-region 

of a p-i-n device have been performed under pressure. This 

GaAs/AlAs structure includes five AlAs barriers which become 

progressively thinner (asymmetric superlattice). The last 

three barriers do not significantly influence the electron 

transport through this device. A problem arose when 

analysing the data for these structures. This is caused by 

impurities, probably residing in the barriers, which 

introduce a non-resonant component in the I-V

characteristic. This non-resonant component produced scatter 

in the results when the peak to valley current ratio versus 

pressure is plotted. This contribution is eliminated when 

the peak to valley current difference is plotted versus 

pressure. Then the pressure behaviour intrinsic to the

GaAs/AlAs system can be analysed.

The results show that the size of the NDR is very sensitive
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to pressure, the NDR is completely suppressed by ~8Kbar at 

77K. This behaviour indicates that X-like states in the AlAs 

barriers are strongly involved in the electron tunneling 

process even though the quasi-bound states in the quantum 

well are expected to be r-like.

To substantiate the above conclusions, pressure experiments 

were performed on a double barrier GaAs/AlAs structure of 

similar barrier and well dimensions to those which 

determine the NDR feature for the p-i-n device (i.e., 30A- 

70A-30A). This structure is enclosed in the i-region of a n- 

i-n device and includes spacer layers which separate the 

undoped barriers from the doped cladding layers. This device 

eliminates the possibility of a pressure dependent hole 

tunnelling process causing the loss of NDR. In addition, the 

spacer layers, not included in the p-i-n device, reduce the 

non-resonant impurity contributions to the tunnelling 

current. Therefore, the possibility of this process causing 

the loss of NDR with pressure is eliminated. Indeed, the 

scatter in results is reduced for this device. Moreover, 

although the p-i-n device and n-i-n device have very 

different peak to valley current ratios, their normalised 

peak to valley current differences exhibit very similar 

behaviour as a function of pressure. Therefore, it can be 

asserted that, for structures with AlAs barriers, the 

current is dominated by electrons tunnelling through X-like 

states in the barriers. The actual pressure threshold for 

complete loss of NDR is thought to be an intrinsic property 

of the GaAs/AlAs structure, depending on the well and 

barrier dimensions.
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The pressure threshold for complete loss of NDR for a 30A- 

70A-30& GaAs/AlAs double barrier structure is found to be 

~8Kbar at 77K. On a simple level, this pressure threshold is 

consistent with the pressure at which the r-X barrier is 

approximately at the same energy as the quasi-bound state of 

the well associated with the NDR. For a 50A-50A-50A 

GaAs/AlAs double barrier structure, Mendez et al. (3.8) 

have found that the pressure threshold for complete loss of 

NDR is ~1.5Kbar at 77K. This difference in pressure 

threshold cannot be explained solely in terms of the 

difference in confinement energy of the quasi-bound states 

in the well between the two structures. It is possible that 

the difference in pressure threshold can be explained by 

including the consideration that the transmission of thicker 

AlAs barriers is more strongly X-like, with a corresponding 

stronger pressure dependence. A complete understanding of 

the relationship between the pressure threshold for complete 

loss of NDR and the well and barrier dimensions of a 

GaAs/AlAs double barrier system, awaits further theoretical 

analysis. Moreover, an extensive experimental study of this 

relationship is also required.

High pressure experiments were also performed on a symmetric 
GaAs/AlAs superlattice enclosed in the i-region of a p-i-n 
device. This device is similar to the p-i-n device discussed 
above, but the barriers are of equal thickness rather than 
becoming progressively thinner. Four NDR features are 
observed for the symmetric superlattice, all of which are 
sensitive to pressure and, therefore, to the r -X  barrier. 
Indeed, one of the NDR features exhibits very similar
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pressure behaviour to the principal NDR feature of the 

asymmetric GaAs/AlAs superlattice and the principal NDR 

feature of the n-i-n GaAs/AlAs double barrier structure, 

discussed above. This is not surprising since this feature 

arises from the same intrinsic double barrier system (i.e., 

the same barrier and well dimensions) as the other two, and 

is associated with the same quasi-bound state of the quantum 

well (n=l). In addition, it is found for this symmetric 

superlattice that AlAs barriers not directly involved in 

the resonant tunnelling process appear to play an important 

role in determining the size of the different NDR features 

at Ibar, and their pressure behaviour.

For the GaAs/AlAs n-i-n device discussed earlier, Shubnikov- 

de Haas-like oscillations in the magneto-tunnelling 

current, at pressures of lbar and 5Kbar, were obtained. The 

magnetoquantum oscillations observed occur over a limited 

voltage range of the I-V characteristic and are attributed 

to the Landau level structure of the degenerate two- 

dimensional electron gas (2DEG) in the accumulation layer of 

the emitter. By considering the time for ionised impurity 

scattering, the characteristic time for tunnelling through 

AlAs barriers, and the time of an electron cyclotron orbit, 

the apparent "strengthening" and "weakening" of the 

oscillations as the bias is increased, and the "weakening" 

of the oscillations with increased pressure for a given 

bias, are explained.

No NDR is observed for a double barrier GaAs/AlAs n-i-n 

device similar to the one discussed above but with thicker 

barriers and a thinner well (50A-15A-50A). The structure
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behaves more like a single barrier system. From thermionic 

emission measurements at pressures of lbar and 5Kbar on 

this structure, a value of 0.15eV is obtained for the 

rc (GaAs)-Xc (AlAs) barrier height with a pressure variation 

of -llmeV/Kbar.

The effect of pressure on resonant tunnelling has been 

investigated in a system with a large rc (GaAs)-Xq (AlxGa^_ 

xAs) barrier. This is a GaAs/Alo.33GaQ#67AS double barrier 

structure. Up to ~10Kbar, the r-r barrier is the lowest in 

energy for this system. This barrier is thought to be 

essentially independent of pressure. This is confirmed by 

the high pressure experiments: Below lOKbar, the slow 

decrease in the size of the NDR, associated with electrons 

tunnelling into the first quasi-bound state of the well, is 

accounted for by the increase in m*(r) with pressure and a 

pressure independent r-r barrier. Above lOKbar, the pressure 

sensitive r-X and r-L barriers become lower in energy than 

the pressure insensitive r-r barrier. This is reflected by 

the NDR exhibiting a strong pressure dependence: Above 

lOKbar, the size of the NDR is suppressed rapidly with 

pressure indicating that X-like and/or L-like states in the 

A ^-0.33Ga0 .67A s barriers are making a significant

contribution to the electron tunnelling current. As

mentioned above, the critical pressure of lOKbar is

approximately the pressure at which the L and X minima in

the barriers become lower in energy than the r minimum.

Therefore, an overview of the pressure measurements on

GaAs/AlxGai_xAs systems investigated, suggests that the

resonant tunnelling process is determined by the lowest

energy minimum in the barriers (r, L or X) even though the
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states in the well are expected to be r-like. However, it is 

necessary to perform further investigations on systems with 

different well and barrier dimensions to this one, and on 

systems with different A1 composition, x, in the barriers 

(varying x, changes the size of the different potential 

barriers). This is because, for the GaAs/Alo.33GaQ.67As 
system discussed here and for the GaAs/AlAs systems 

discussed above, it is not clearly understood how the 

pressure threshold for complete loss of NDR varies with 

these parameters.

Finally, experiments have been performed under pressure on 

GaAs Gunn devices, with and without a graded AlxGa^_xAs hot 

electron injector. The results suggest that the pressure 

behaviour of the NDR, associated with the Gunn mechanism, 

depends on the mechanism for electron heating as well as the 

bandstructure of GaAs.
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APPENDIX 1

A NDR ELEMENT IN A RESONANT CIRCUIT

When investigating the I-V characteristic of a device 

exhibiting NDR, the device is found to oscillate when biased 

in the NDR region. These oscillations are controlled by the 

parameters of the electrical circuit. Consider the circuit 

in Fig.l. L represents any series inductances from the 

electrical leads connecting the circuit to the device, C 

represents a capacitor connected in parallel with the 

device, r refers to any series resistances due to the 

electrical leads, RN represents the negative resistance of 

the device and V0 represents the constant applied voltage 

required to bias the device into the NDR region. The 

impedance of the circuit is

■m = A + Bj

= Z0 .e3<P

(Al) 

(A2)

where ZQ = (A2 + B 2 )* and tancp = B/A. Resonance occurs when 

the current (I) through the circuit is a maximum, that is, 

when

I = v/Z = V/ZQ.e-^  ........ (A3)

is a maximum, where V represents the applied voltage. For 

the circuit shown

Ldl/dt + q/C + Ir = V Q ........ (A4)

Differentiating this equation with respect to time gives

Ld2I/dt2 + i/C + rdl/dt = 0 .....(A5)

Rearranging Eq.A5 gives

i = -rC.dl/dt - LC.d2I/dt2 ......  (A6)

V C = V rjj, therefore

q/C = -RN (I-i)

and differentiating this with respect to time gives
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i/C = -RN (dI/dt-di/dt) ...... (A7)

Rearranging Eq.A7 gives

R^j.dl/dt = RN .di/dt - i/C . ...(A8)

Substituting the expression for i in terms of I (Eq.A6)

RN .dI/dt = -rCRN .d2I/dt2 - LCRN .d3I/dt3 + r.dl/dt +

L.d2I/dt2 ...... (A 9 )

Integrating Eq.A9 with respect to time and rearranging gives 

d 2I/dt2 + (r/L - l/RN C)dI/dt + (1/LC - r/RNLC)I = 0 .(A10)

Since the current is oscillating at a frequency w, I = 

IQ .ejwt can be substituted into Eq.AlO to give

w 2 - jw.(r/L - 1/Rn C) - (1/LC - r/RNLC) = 0 ...(All)

If r/L = 1/Rn C, then the current will continue to oscillate 

with simple harmonic motion (SHM). That is, the circuit 

resonates when r/L = 1/RNC at a frequency w = (l/LC)i.

The condition for which the oscillations are damped, that is 

the oscillations are suppressed, or the current is constant, 

can be found by solving Eq.All. It is clear that for a 

damped or steady current, w must be complex and positive or 

equal to zero respectively. Solving Eq.All gives 

2w = j .(r/L - 1/Rn C) ± 1/LRn C.{4LCRn 2 - (rRNC + L)2}^

..... (A12)

Since C is an external parameter of the circuit, it can be 

treated as a variable. For w to be positive and complex, 

certain conditions can be placed on the value of C. They are

rRN C » L and 4L/C « r 2 ...... (A13)

With these conditions, Eq.A12 becomes

2w » j . (r/L) ± j (r/L) .....(A14)

Therefore, w = 0 or w = 2jr/L. For w = 0, I = IQ and so the

the oscillations are damped.
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To suppress oscillations in a resonant circuit containing a 

NDR device biased in its NDR region, the conditions in 

E q .A13 must be met. This requires a large capacitor in 

parallel with the device and a large value of RN , the 

magnitude of the negative resistance. Typically, for L ~ 10" 

^H, r ~ 1ft, and C ~ ly.F, this requires RN » 1ft. This 

inequality is in good agreement with the value estimated by 

Sollner (1.31) who suggests that it is difficult to suppress 

the oscillations for negative resistances of less than lKft.
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Fig.A1 Electrical circuit for measuring the 
characteristic of the NDR element, -RN . V 0 represents 
voltage required to bias the element into the NDR region
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