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/ 
c o n d u c t i v i t g  ngga t ive  d i f f e r e n t i e l l e  (CND) e t  b i s t a b i l i t ;  en  cou ran t  dans une 
s t r u c t u r e  t u n n e l  resonnante  on t  /et< /etudie$s p a r  l ' e f f e t  o s c i l l a t o i r e  dans l e  
courant/ magne(totunnel avec 21 12. Les mesures montrent  que l a  b i s t a b i l i t g  e s t  
a s s o c i e e  avec l ' a ccumula t ion  e t  l l e / j e c t i o n  de charge  nggat;ve du p u i t s .  CND 
associe/  avec l a  dewigme sous-bande du p u i t s  e s t  observge a  p l u s  grand v o l t a g e  
(- 1 V) ., Les magngto-osci l la t ions  i nd iquen t  l a  pr6sence  du t u n n e l  sGquent ie l  2 
c e t t e  r eg ion .  

Negat ive  d i f f e r e n t i a l  c o n d u c t i v i t y  (NDC) and c u r r e n t  b i s t a b i l i t y  i n  a  r e sonan t  
t u n n e l l i n g  dev ice  a r e  i n v e s t i g a t e d  by examining t h e  o s c i l l a t o r y  s t r u c t u r e  i n  t h e  
magnetotunnel l ing  c u r r e n t  f o r  JJ 1 ~ .  The d a t a  suppor t  t h e  conc lus ion  t h a t  
b i s t a b i l i t y  i s  a s s o c i a t e d  wi th  build-up and e j e c t i o n  o f  n e g a t i v e  space  charge  from 
t h e  w e l l .  The charge  d e n s i t y  o f  2D e l e c t r o n s  i n  t h e  c o n t a c t  accumulation l a y e r  i s  
measured d i r e c t l y .  NDC due t o  t u n n e l l i n g  i n t o  t h e  second sub-band of t h e  w e l l  i s  
observed a t  h igh b i a s  (-1 V). The a s s o c i a t e d  magne to -osc i l l a t i ons  i n d i c a t e  t h e  
presence  o f  s e q u e n t i a l  t u n n e l l i n g  i n  t h i s  r eg ion  o f  t h e  I (V)  cu rves .  

Resonant t u n n e l l i n g  dev ices  (RTD) based on double  b a r r i e r  semiconductor 
h e t e r o s t r u c t u r e s  e x h i b i t  a  range  o f  i n t e r e s t i n g  p h y s i c a l  p r o p e r t i e s :  n e g a t i v e  
d i f f e r e n t i a l  c o n d u c t i v i t y  (NDC); h igh  frequency o s c i l l a t i o n s  [ I ] ;  c u r r e n t  
b i s t a b i l i t y  [2 ,3] ;  band s t r u c t u r e  e f f e c t s  C41; magnetoquantum e f f e c t s  C51. I n  
a d d i t i o n ,  t hey  have s t i m u l a t e d  c o n s i d e r a b l e  t h e o r e t i c a l  d i s c u s s i o n  [6-81. The 
band diagram i s  shown schema t i ca l ly  i n  F igu re  I .  The s t r u c t u r e s  were grown a t  
Nottingham by MBE us ing  a  Var ian  GEN I1 and comprised l a y e r s  w i th  t h e  fo l lowing  

t h i c k n e s s e s  and nominal dopings :  n + G a ~ s  s u b s t r a t e ,  2  x  1018 ~ m - ~ ;  n + ~ a ~ s  b u f f e r  - - 

l a y e r ,  2  x  lo17 cm-3 , I pm; (A1Ga)As b a r r i e r ,  [A l l  = 0.33, width  b  = 8.f  nm; 
undoped GaAs w e l l ,  w  = 5.6 nm; (A1Ga)As b a r r i e r ,  C ~ l l  = 0.33,  8 .8  nm; n  GaAs t o p  

l a y e r ,  2  x , I Pm. 
The I (V)  c h a r a c t e r i s t i c s  shown i n  F igu re  2  e x h i b i t  pronounced NDC w i th  

peak-to-valley r a t i o  o f  up t o  16:l a t  4 K (10 : l  a t  77 K ) .  There is a l s o  
pronounced c u r r e n t  b i s t a b i l i t y  over  c e r t a i n  v o l t a g e  ranges .  The NDC and as ' socia ted  
b i s t a b i l i t y  below -0.4 V a r e  ve ry  s i m i l a r  t o  t h o s e  r e p o r t e d  r e c e n t l y  [31.  The 
r i s e  i n  c u r r e n t  a s  V i s  i nc reased  t o  159 mV is  a t t r i b u t e d  t o  t u n n e l l i n g  o f  bulk  
e l e c t r o n s  i n t o  t h e  lowest quantum w e l l  s t a t e .  The s h a r p  f a l l - o f f  and b i s t a b i l i t y  
beyond t h e  peak 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  from t h e  we l l  C31. 
I n  a d d i t i o n ,  however, we observe  a  f u r t h e r  r e g i o n  o f  NDC a t  h ighe r  v o l t a g e  
(-0.9-1.2 V). When a  magnetic f i e l d ,  E,  i s  a p p l i e d  pe rpend icu la r  t o  t h e  b a r r i e r s  
(JI I?), well - resolved Shubnikov-de Haas-like (SdH) o s c i l l a t i o n s ,  p e r i o d i c  i n  l/B, 
a r e  observed under cons t an t  v o l t a g e  c o n d i t i o n s  over  almost a l l  o f  t h e  v o l t a g e  
range.  The o s c i l l a t i o n s  can be  seen  i n  t h e  d i r e c t  I(B) cu rves  but  a r e  cons ide rab ly  
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F igure  I Schematic band diagram o f  
dev ice  under l a r g e  forward b i a s  i n  
t h e  absence of  charge  i n  t h e  w e l l .  
The b i a s  corresponds  t o  t h a t  p a r t  o f  
t h e  I(V) curve (-0.6 V) near  t o  t h e  
onse t  of  resonance between t h e  
occupied conduction band l e v e l s  o f  
t h e  b u f f e r  l a y e r  and t h e  second 
sub-band (E2) o f  t h e  quantum w e l l .  

F igu re  2 ( a )  Four-terminal I(V) cha rac te r -  
i s t i c s  o f  dev ice  a t  4 K w i th  nega t ive  
s u b s t r a t e  b i a s .  The low v o l t a g e  p a r t  i s  
magnified x48. The conductance near  
0.6 V i s  a l s o  shown. (b) Fundamental 
f i e l d s ,  Bf, ve r sus  b i a s  f o r  t h e  magneto- 
o s c i l l a t i o n s  i n  d i f f e r e n t  r eg ions  of  t h e  
I(V) curve.  The I(V) curves  a r e  f o r  a 
mesa wi th  200 pm diameter .  

F igu re  3 Second d e r i v a t i v e  of  I(B) 
showing t h e  changing n a t u r e  o f  t h e  
magneto-osci l la t ions  a t  va r ious  p a r t s  
of  t h e  I(V) curve.  



enhanced i n  t h e  d e r i v a t i v e  p l o t s ,  d 2 1 / d ~ 2 .  S imi l a r  o s c i l l a t i o n s  have been 
observed and i n t e r p r e t e d  i n  magnetotunnel l ing  measurements on s i n g l e  b a r r i e r  
s t r u c t u r e s  [91 .  Typ ica l  cu rves  a r e  shown i n  F igu re  3  f o r  v a r i o u s  app l i ed  v o l t a g e s  
a t  4 K .  Each s e r i e s  o f  o s c i l  a t i o n s  can be  de f ined  by a  fundamental f i e l d  o r  -1 
i n v e r s e  pe r iod  Bf  = [ A ( l / ~ ) l  . These a r e  p l o t t e d  i n  F igu re  2b. 

We employ t h i s  o s c i l l a t o r y  s t r u c t u r e  t o  i n v e s t i g a t e  t h e  r e sonan t  t u n n e l l i n g  
and t h e  l o c a t i o n  and magnitude of space  charge  i n  t h e  v a r i o u s  p a r t s  o f  t h e  dev ice  
under o p e r a t i n g  c o n d i t i o n s .  A t  low b i a s ,  ( ( 6 0  mV, s u b s t r a t e  n e g a t i v e ) ,  r o t a t i o n  
of t h e  magnetic f i e l d  r e l a t i v e  t o  t h e  p l ane  o f  t h e  b a r r i e r  i n d i c a t e s  t h a t  t h e  
o s c i l l a t o r y  s t r u c t u r e  h a s  more of a  three-dimensional  c h a r a c t e r  t han  two- 
d imensional .  The fundamental f i e l d  Bf = 9 T g i v e s  a  bu lk  e l e c t r o n  d e n s i t y  o f  
1.6 x 1017 ~ m - ~ ,  c l o s e  t o  t h e  nominal c o n t a c t  doping va lue .  As V i s  i nc reased  
towards t h e  f i r s t  peak a t  159 mV, B i n c r e a s e s  s l i g h t l y  t o  around 10 T. Around 

f  
t h e  resonance ,  t h e  o s c i l l a t i o n s  appear  t o  develop a  2D c h a r a c t e r :  by t i l t i n g  B, 
t h e  o s c i l l a t i o n s  show a  c h a r a c t e r i s t i c  frequency s h i f t ,  g iven approximate ly  by 
B ( 0 )  = B~ICOSO, where cosO = J.B/JB. Th i s  behaviour  presumably r e f l e c t s  t h e  

f  
n a t u r e  o f  t h e  quan t i s ed  bound s t a t e  o f  t h e  w e l l  [5 ] .  The s h a r p  f a l l - o f f  i n  
c u r r e n t  and t h e  narrow reg ion  of b i s t a b i l i t y  beyond t h i s  peak have been 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  (nega t ive  space  charge)  from t h e  w e l l  C31. I n  t h e  second 
r eg ion  of b i s t a b i l i t y  ( abcd ) ,  i t  is g e n e r a l l y  p o s s i b l e  t o  o b t a i n  c l e a r  SdH 
o s c i l l a t i o n s  i n  bo th  t h e  h igh  and low c u r r e n t  modes. On t h e  curve  (a-+b) (h igh  
c u r r e n t  mode o f  b i s t a b i l i t y ) ,  o s c i l l a t i o n s  corresponding t o  Bf = 10 T a r e  s t i l l  
c l e a r l y  observed ( i n d i c a t e d  by x). Superimposed on t h e s e  i s  a  second s e r i e s  w i th  
B = 16 T ( i n d i c a t e d  by +) i n  a  narrow reg ion  from 280 t o  320 mV. I n  t h e  low 

f  
c u r r e n t  mode (c'd) a  s i n g l e  s e r i e s  of peaks i s  observed wi th  a  Bf ( i n d i c a t e d  by o )  
which i n c r e a s e s  g r a d u a l l y  wi th  b i a s .  Th i s  s e r i e s  i s  c l e a r l y  observed f o r  v o l t a g e s  
(<  740 mV) w e l l  i n t o  t h e  monostable r eg ion .  By t i l t i n g  B, t h e s e  o s c i l l a t i o n s  show 
a v e r y  c l e a r  2D c h a r a c t e r .  We a t t r i b u t e  t h i s  s e r i e s  t o  t h e  Landau l e v e l  s t r u c t u r e  
of t h e  degene ra t e  two-dimensional e l e c t r o n  gas ( ~ D E G )  i n  t h e  accumulation s e c t i o n  
o f  t h e  b u f f e r  l a y e r  (F igu re  I ) .  For t h e  accumulation l a y e r ,  B i s  r e l a t e d  t o  t h e  f 
2D c a r r i e r  d e n s i t y  by n2D = 2eBf/h. Th i s  t h e r e f o r e  a l lows u s  t o  c a l c u l a t e  t h e  

accumulated charge  and t h e  a s s o c i a t e d  e l e c t r i c  f i e l d s  and p o t e n t i a l  d i f f e r e n c e s  
throughout  t h e  dev ice .  S imi l a r  o s c i l l a t i o n s ,  a l s o  o f  2D c h a r a c t e r  and a t t r i b u t a b l e  
t o  t h e  2DEG i n  t h e  accumulation l a y e r  o f  t h e  b u f f e r  c o n t a c t ,  a r e  observed a t  
h i g h e r  b i a s  ( >  1.20 V). Assuming t h a t  t h e  a p p l i e d  v o l t a g e  V i s  a s s o c i a t e d  on ly  
wi th  t h i s  n e g a t i v e  space  charge  i n  t h e  accumulation l a y e r  (g iven  by B ) and wi th  

f  
t h e  p o s i t i v e  space  charge  due t o  i o n i s e d  donors (N t )  i n  t h e  d e p l e t i o n  l a y e r  o f  
t h e  t o p  c o n t a c t ,  i t  i s  ea sy  t o  show t h a t  f o r  a  s u f ? l c i e n t l y  accumulated l a y e r  

Here R i s  t h e  s tand-off  d i s t a n c e  from t h e  b a r r i e r  o f  t h e  2DEG i n  t h e  accumulation 
l a y e r .  A te rm f o r  t h e  charge  i n  t h e  w e l l  can a l s o  be  inc luded .  When comparing 
t h e  Bf i n  F igu re  2b wi th  t h e  I(V) i n  F i g u r e  2a,  t h e  r eg ion  of b i s t a b i l i t y  abcd i s  
p a r t i c u l a r l y  noteworthy. The B v a l u e s  ( 0 )  i n  t h e  low c u r r e n t  r eg ion  cd a r e  

f 
s i g n i f i c a n t l y  l a r g e r  t han  t h o s e  (10 T, marked x) o f  t h e  dominant o s c i l l a t o r y  
s e r i e s  i n  t h e  h igh  c u r r e n t  mode. Th i s  i n d i c a t e s  t h a t  i n  t h e  h igh  c u r r e n t  ( ab )  
mode t h e  b u f f e r  r eg ion  ad jacen 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  accumulated than  
i n  t h e  low c u r r e n t  mode ( c d ) .  These obse rva t ions  o f f e r  suppor t  t o  t h e  model f o r  
t h e  b i s t a b i l i t y  g iven i n  [31. A t  t h e  sha rp  t r a n s i t i o n  b*, n e g a t i v e  space  charge  
i s  r e l e a s e d  from t h e  w e l l ,  t hus  i n c r e a s i n g  accumulation i n  t h e  b u f f e r  l a y e r  and 
g i v i n g  r i s e  t o  t h e  observed i n c r e a s e  i n  Bf i n  t h e  low c u r r e n t  mode a t  c .  Note i n  
t h e  low c u r r e n t  mode c+d, t h e  accumulation remains a t  t h i s  h i g h e r  l e v e l ,  
i n d i c a t i n g  a  much lower l e v e l  of e l e c t r o n  space  cha rge  i n  t h e  w e l l .  Equation ( 1 )  
g i v e s  a r ea sonab le  f i t  t o  t h e  o s c i l l a t i o n s  a s s o c i a t e d  wi th  t h e  accumulated 2DEG 
(denoted  by o  i n  F igu re  2b) f o r  v o l t a g e  above -400 mV. The f i t  i s  p a r t i c u l a r l y  
good f o r  t h e  o s c i l l a t i o n s  above 1.20 V ,  which we a l s o  a t t r i b u t e  t o  Landau l e v e l  
e f f e c t s  i n  t h e  accumulation l a y e r .  We s p e c u l a t e  t h a t  t h e  s eco~ td  s e r i e s  wi th  
B = 16 T i n  t h e  h igh c u r r e n t  mode may be  r e l a t e d  t o  Landau l e v e l s  of t h e  E l  

f  
subband i n  t h e  w e l l .  

A t  i n t e r m e d i a t e  v o l t a g e s  (660-860 m ~ ) ,  nea r  t h e  p r i n c i p a l  peak i n  t h e  c u r r e n t ,  
an  a d d i t i o n a l  s e r i e s  of o s c i l l a t i o n s  i s  observed wi th  ve ry  high Bf = 70-80 T, a s  
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shown i n  F igu re  2b ( i n d i c a t e d  by 0 ) .  These a l s o  have two-dimensional c h a r a c t e r .  
They cannot  be  exp la ined  i n  te rms o f  Landau l e v e l  s t r u c t u r e  pas s ing  through an  
e q u i l i b r a t e d  Fermi energy s i n c e  t h e  a s s o c i a t e d  e l e c t r o n  s h e e t  d e n s i t y  would g i v e  
r i s e  t o  e l e c t r i c  f i e l d s  much t o o  l a r g e  t o  be  c o n s i s t e n t  w i th  t h e  a p p l i e d  v o l t a g e .  
We a t t r i b u t e  t h e  peak i n  t h e  c u r r e n t  a t  880 mV t o  r e sonan t  t u n n e l l i n g  from t h e  
bound s t a t e  of t h e  accumulation l a y e r  E i n t o  t h e  second bound s t a t e  o f  t h e  w e l l  

E ( s e e  F igu re  3 ) .  A t  t h i s  resonance (E2 = Eo) an a p p r e c i a b l e  d e n s i t y  o f  2  
e l e c t r o n s  b u i l d s  up i n  t h e  w e l l .  Th i s  i s  e v i d e n t  from t h e  f l a t t e n i n g  o f f  of t h e  
B -values  (17  T) o f  t h e  accumulation l a y e r  s e r i e s  ( 0 )  between 600 and 740 meV. We f  
t he reby  e s t i m a t e  t h a t  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  b u i l d s  up t o  around I x 

10" cm-2 a t  t h e  880 mV peak. The r e sonan t  s t a t e  E2 is  over lapped i n  energy by 
t h e  h i g h e r  n  Landau l e v e l s  o f  t h e  lower w e l l  s t a t e  E l .  In tersubband s c a t t e r i n g  
p roces ses  ( 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 ,  phonons) can  t r a n s f e r  e l e c t r o n s  out  o f  
t h e  E resonance i n t o  t h e s e  Landau s t a t e s .  For e l a s t i c  t u n n e l l i n g  and (quas i - )  

2  
e l a s t i c  s c a t t e r i n g  p roces ses ,  s c a t t e r i n g  w i l l  be  a  maximum when 

Th i s  g i v e s  r i s e  t o  o s c i l l a t o r y  s t r u c t u r e  (2D i n  n a t u r e )  w i th  Bf 5 ( E ~  - El)m*/fie. 

A s imple  e s t i m a t e  o f  (E - E l )  from t h e  p o t e n t i a l  p r o f i l e  i n  t h e  dev ice  ( s e e  F igu re  
3) a t  an  a p p l i e d  v o l t a g g  around 0 . 8  V g i v e s  a  v a l u e  of Bf = 90 T ,  i n  r ea sonab le  
agreement wi th  t h a t  observed.  Note t h a t  a s  V i s  i n c r e a s e d ,  Eo - E l  w i l l  a l s o  

i n c r e a s e ,  but  r a t h e r  s lowly,  a s  is observed,  due t o  t h e  build-up o f  n e g a t i v e  
cha rge  i n  t h e  w e l l .  A p roces s  of t h e  t ype  proposed would modulate t h e  c u r r e n t  a s  
a  f u n c t i o n  o f  B s i n c e  t r a n s f e r  o f  e l e c t r o n s  from E2 t o  E l  modif ies  t h e  t u n n e l l i n g  

p r o b a b i l i t y  and e l e c t r o n  space  charge  d e n s i t y  i n  t h e  w e l l .  To conclude t h i s  
s e c t i o n ,  i t  i s  worth n o t i n g  t h a t  t h e  dI/dV curve  shows a  weak f e a t u r e  around 0.6 V 
due p o s s i b l y  t o  t h e  resonance  between E2 and t h e  conduct ion  band edge of t h e  b u f f e r  
c o n t a c t .  

Our obse rva t ion  o f  t h e  h igh  Bf s e r i e s  and i t s  i n t e r p e t a t i o n  imply t h a t  t h e  
t unne l  c u r r e n t  nea r  t h e  E - E2 resonance invo lves ,  a t  l e a s t  p a r t i a l l y ,  e l e c t r o n s  
which a r e  undergoing integsubband s c a t t e r i n g  i n  t h e  w e l l ,  i . e .  t hey  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  [6 ,71.  The mechanism which we propose i s  q u i t e  d i s t i n c t  from t h e  one 
desc r ibed  i n  r e f e r e n c e  [5 ]  which r e l a t e s  t o  bulk  (3D) e l e c t r o n s  t u n n e l l i n g  i n t o  E l  
i n  t h e  presence  of a  q u a n t i s i n g  ~1 1.J and. f o r  which Landau l e v e l  number n  and k a r e  
conserved.  

F i n a l l y ,  we no te  b r i e f l y  t h a t  f o r  gJ, t h e  NDC i s  p a r t i a l l y  suppressed a t  h igh  
magnet ic  f i e l d s  (B > 5 T) .  I n  a d d i t i o n ,  t h e  r e sonan t  s t r u c t u r e  s h i f t s  t o  h ighe r  
v o l t a g e .  Both f e a t u r e s  can be exp la ined  by i n c l u d i n g  t h e  e f f e c t  o f  t h e  magnetic 
v e c t o r  p o t e n t i a l  on t h e  e l e c t r o n  Hamiltonian.  
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