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LATERAL TRANSPORT IN SUPERLATTICES 

K. Hess 

Department of Electrical Engineering and the Coordinated Science Laboratory 
University of Illinois at Urbana-Champaign, Urhana, Illinois 61801, U.S.A. 

Résumé. - Des résultats théoriques et expérimentaux sur le transport latéral dans des 
hétérojonctions sont présentés. On a montré que le changement des conditions aux li
mites (périodiques ou non) donne naissance à une série de nouveaux effets prometteurs 
d'applications aux composants. 
Ces effets seront présentés en insistant sur l'analogie entre l'espace réel et l'es
pace des k. 

Abstract. - Theoretical and experimental results are presented for lateral trans
port in layered heterojunction structures. It is shown that the variability of 
boundary conditions (periodic or nonperiodic) gives rise to a series of novel 
effects with high device potential. These effects will be presented stressing the 
real-space - k-space analogy. 

1. Introduction. - When I heard in 1977 C. Hilsum's "Look Over The Shoulder" pre

sented at the meeting in Denton [1] , I did not realize that two years later I would 

almost experience another direct proof of his last quotation from Hegel [2] . In 

1979 Hadis Morkoc, Ben Streetman and myself were led to the idea of real-space 

transfer in superlattices [3] , an effect which inter alia can be used to produce 

the real-space analogy of the Gunn effect in properly designed samples. We per

formed some preliminary calculations of this effect and submitted a manuscript [4] 

which was characterized by the first referee as unimportant, incomplete, and mostly 

wrong. We would have stopped the work on this project, if we had not obtained con

firmation of our estimates by sophisticated Monte Carlo calculations performed by 

Glisson et al. [5] and calculations with the method of moments by Shichijo et al. [6] 

as well as encouragement by discussions with J. Bardeen and H. Kroemer. 

Meanwhile we also learned more about already well known variations of the 

real-space transfer effect. Among these variations are the electron emission from 

silicon into silicon dioxide which was discovered by Ning [7], the transfer of 

electrons to a floating gate in read only memories and the diffusion of hot elec

trons in graded gap semiconductors measured by Dargis et al. [8]. Superlattices 

and small quantum well heterostructure layers add many possibilities to these 

effects. In fact, a general correspondence of k-space and real-space transport 

effects can be established. It is the purpose of this paper to describe the 

lateral transport in superstructures and to illustrate this k-space-real-space 

correspondence on the basis of concrete examples. 
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The major impetus t o  t h e  interest i n  l a t e r a l  t r a n s p o r t  i n  h e t e r o l a y e r s  came 

from t h e  exper imental  v e r i f i c a t i o n  o f  modulation doping by Dingle e t  a l .  [ 9 ] .  I n  

small  h e t e r o l a y e r s  charge n e u t r a l i t y  need not  be  conserved ( i n  a f i r s t  approxima- 

t i o n )  and donors and e l e c t r o n s  can b e  separated over d i s t a n c e s  much l a r g e r  than t h e  

e f f e c t i v e  Bohr r ad ius .  For example, i f  one dopes A 1  Ga As neighboring t o  GaAs x 1-x 
t h e  e l e c t r o n s  move t o  t h e  m a t e r i a l  wi th  t h e  lower band gap i f  t h e  band edge discon- 

t i n u i t y  (a  func t ion  of x )  is s u f f i c i e n t l y  l a rge .  The e l e c t r o n s  a r e  then separated 

from t h e i r  pa ren t  donors and exper ience much reduced impuri ty  s c a t t e r i n g .  I n  1979 

we r e a l i z e d  [3 ]  t h a t  t h e  inve r se  of t h i s  e f f e c t  can happen i n  a high e l e c t r i c  f i e l d  

p a r a l l e l  t o  t h e  i n t e r f a c e  (not  perpendicular ,  which was proposed by Esak i  i n  a 

d i f f e r e n t  context  [ l o ] ) .  E lec t rons  a r e  a c c e l e r a t e d  by high f i e l d s  and move up t h e  

(2 o r  3 dimensional) continuum of s t a t e s  i n  t h e  GaAs u n t i l  t hey  reach enough energy 

t o  t r a n s f e r  out.  Then they  a r e  pu l l ed  back by t h e  p o s i t i v e l y  charged donors. It 

is  c l e a r  t h a t  then t h e  e l e c t r o n s  exper ience s t rong  impurity s c a t t e r i n g  and nega t ive  

d i f f e r e n t i a l  r e s i s t a n c e  can occur. These a r e  t h e  major i d e a s  which w i l l  be pre- 

sented in d e t a i l .  I n  t h e  second s e c t i o n  I w i l l  desc r ibe  t h e  theory  of t h e  low 

f i e l d  conduc t iv i ty  i n  h e t e r o l a y e r s  and t h e  major d i f f e r e n c e s  of t h e  s c a t t e r i n g  

mechanisms t o  bulk  m a t e r i a l .  Then t h e  t r a n s f e r  mechanism and t h e  genera l  corre-  
+ 

spondence of k-space-real-space e f f e c t s  w i l l  be discussed.  T h i s  s e c t i o n  i s  followed 

by exper imental  r e s u l t s  conf inn ing  t h e  real -space t r a n s f e r  e f f e c t  and desc r ib ing  

l a t e r a l  t r a n s p o r t  i n  t h e  Ohmic, warm e l e c t r o n  and hot  e l e c t r o n  range. F i n a l l y ,  i n  

t h e  conclusion I w i l l  p resen t  an ou t look  on f u t u r e  p rospec t s  i n  t h i s  a rea .  

2. Ana ly t i ca l  Considerat ions  

2.1. Conduct ivi ty  in t h e  Ohmic Range 

The i d e a l i z e d  modulation-doped s t r u c t u r e  (e.g., AlxGal-xAs-GaAs) is shown i n  

F igure  1 a - c .  Fig. l a  r e p r e s e n t s  t h e  conduction band edge f o r  a n e g l i g i b l e  e f f e c t  

of t h e  space charge. The d i s t a n c e  d is  t h e  spacing i n  t h e  A 1  Gal-xAs l a y e r  which 
i x 

i s  f r e e  of i n t e n t i o n a l  doping. z is  t h e  d i s t a n c e  of t h e  doping from t h e  maximum 

of t h e  square  of t h e  e l e c t r o n  envelope wave-function f o r  t h e  lowest quantum s t a t e  

E which is  above t h e  GaAs conduction band edge Ec. I n  Fig. l b ,  I have made v i s i -  

b l e  t h e  e f f e c t  of t h e  space charge which causes  some band bending. Note t h a t  zo 

i s  s t i l l  about t h e  same. I n  Fig. l c  t h e  band bending is so  s t rong  t h a t  two quasi- 

two-dimensional l a y e r s  form, one a t  each i n t e r f a c e .  z is  then much smal ler .  A s  

we w i l l  s e e ,  t h e  s c a t t e r i n g  r a t e  f o r  ionized impuri ty  s c a t t e r i n g  i s  then s t r o n g l y  

increased because it depends s e n s i t i v e l y  on t h e  d i s t a n c e  zo. Th i s  d i s t a n c e  causes  

t h e  major r educ t ion  of impuri ty  s c a t t e r i n g ;  a l l  t h e  o t h e r  e f f e c t s  such a s  two- 

dimensional i ty  have a sma l l e r  in f luence  on t h e  s c a t t e r i n g  rate and mobi l i ty .  

A r i g o r o u s  theory  which e x p l a i n s  t h e  observed d a t a  has  t o  inc lude  mul t i -  

subband conducPion and multisubband screening of remote and background impur i t i e s .  

It must a l s o  t ake  i n t o  account i n t e r f a c e  and bulk  po la r  o p t i c a l  phonons. Also, 

t h e  continuum approximation f o r  t h e  b u i l t - i n  f i e l d  (Fig. 1 )  i s  r a t h e r  poor. I n  t h e  

fol lowing we u s e  a simple model, which ignores  t h e s e  d e t a i l s .  W e  can expect  t h a t  



Fig. 1: Schematic diagram of 
t h e  conduction band edge in 
modulation- doped GaAs-A1 Ga A s  x 1-x 
l a y e r s  including 
(a) no band bending 
(b) moderate band bending 
(c )  s t rong  band bending 

Note t h e  change i n  zo,  which i s  
t h e  d i s t a n c e  of t h e  donors t o  
t h e  maximum e l e c t r o n  charge 
dens i ty .  

t h i s  model desc r ibes  t h e  t r a n s p o r t  i n  modulation-doped s t r u c t u r e s  wi th in  a f a c t o r  

of two o r  so. Our model is purely  two-dimensional wi th  r e s p e c t  t o  t h e  e l e c t r o n s .  

I n  r e a l i t y ,  however, more than one subband w i l l  be populated and s c a t t e r i n g  channels 

( in tersubband s c a t t e r i n g )  a r e  opened. This  can inc rease  t h e  s c a t t e r i n g  r a t e  by 

about 113 over t h e  pure ly  two-dimensional r a t e .  A c a r e f u l  d i scuss ion  of t h i s  e f f e c t  

was given by P r i c e  [ I l l .  

The e l e c t r o n  d i s t r i b u t i o n  i s  approximated by a 6- l ike  shee t  of e l e c t r o n  charge 

loca ted  a t  z = 0 where z is t h e  d i r e c t i o n  ~ e r ~ e n d i c u l a r  t o  t h e  l aye r s .  The donor 

impur i t i e s  a r e  homogeneously d i s t r i b u t e d  a t  z > z According t o  [12,13 1 , t h e  
0' 

s c a t t e r i n g  r a t e  i s  g iven by: 

where 

* 
Here k is t h e  a b s o l u t e  va lue  of t h e  e l e c t r o n i c  wave vec to r ,  m t h e  e f f e c t i v e  mass, 

N t h e  remote impuri ty  d e n s i t y ,  E t h e  r e l a t i v e  d i e l e c t r i c  cons tan t  of t h e  semi- 
R 

conductor,  E t h e  d i e l e c t r i c  cons tan t  o f  f r e e  space,  fi is Planck 's  cons tan t  d ivided 

by 2a,  and S is t h e  two-dimensional screening cons tan t .  I n  t h e  l i m i t  of a h igh  

e l e c t r o n  dens i ty ,  n a t  t h e  i n t e r f a c e  of t h e  AlxGal-xAs/GaAs l a y e r s ,  S is a con- 
s' 

s t a n t  given by S = 2/ag where ag is  t h e  e f f e c t i v e  Bohr r a d i u s  i n  t h e  GaAs [I2  I .  
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I f  t h e  screening is  s t r o n g ,  s c a t t e r i n g  occurs  only  f o r  small  va lues  of 0(kz > I )  and 

s in0 can be  replaced by 0  i n  t h e  exponent of equat ion (1 ) .  Then 

The r e s u l t  holds f o r  background i m p u r i t i e s  a l s o  ( i . e . ,  z = 0)  and should a l low an 

es t ima te  of t h e  i n f l u e n c e  of i n t e r f a c e  charges  (kz ve ry  smal l ) .  I n  most p r a c t i c a l  

cases  k  may be r ep laced  by t h e  Fermi wavevector k  in equa t ions  (1) and ( 2 ) .  This  
F 

can be  done because Fermi s t a t i s t i c s  is  appropr ia t e  a t  low temperatures  where 

impurity s c a t t e r i n g  i s  important.  For one subband we have 

Equations (1) - ( 4 )  g ive  a  rough d e s c r i p t i o n  of impuri ty  s c a t t e r i n g  i n  modulation- 

doped s t r u c t u r e s .  I f  t h e  t r u e  z-dependence of t h e  subband envelope func t ions  is 

taken i n t o  account,  t h e  formulae a r i s i n g  a r e  much more involved. The essence of t h e  

theory,  however, i s  r e f l e c t e d  by equat ion (3) i f  z  is regarded a s  an  a d j u s t a b l e  

parameter . 

Fig. 2 :  Comparison of 
t h e o r e t i c a l  and experimental 
va lues  o f  t h e  mobi l i ty  of 
modulation-doped s t r u c t u r e  
p l o t t e d  v s  temperature a f t e r  
Drummond e t  a l .  [13 1 

---- Theoret ica I 
0 Experiment 

50 100 150 200 250 300 
Temperature (K) YS-83 

An example of t h e  good f i t  of theory  and experimental d a t a  is  shown i n  Figure  

2 where t h e  mobi l i ty  of a modulation-doped s t r u c t u r e  is p l o t t e d  v s  temperature.  

Note, however, t h a t  no s a t i s f a c t o r y  explanat ion has  been given up t o  now f o r  



5 2 extremely h igh  m o b i l i t i e s  (2 2 x 1 0  cm /Vs) a t  low temperatures  (10 K) a s  they  a r e  

c u r r e n t l y  reached [14 I . 
2.2. The Warm Electron Range 

Warm e l e c t r o n  e f f e c t s  i n  bulk  GaAs having low e l e c t r o n  d e n s i t i e s  can be des- 

c r ibed  p roper ly  only  by including t h e  non-Maxwellian (non-Fermi-type) n a t u r e  of t h e  

d i s t r i b u t i o n  func t ion .  The mobi l i ty  i n  bu lk  GaAs with  a h igh  donor concen t ra t ion  

(high e l e c t r o n  d e n s i t i e s )  is very low and t h e r e f o r e  warm e l e c t r o n  e f f e c t s  (below t h e  

Gunn threshold)  a r e  no t  u s u a l l y  observed. S e l e c t i v e l y  doped (Al,Ga)As/GaAs hetero-  

s t r u c t u r e s  combine t h e  unique f e a t u r e  of h igh m o b i l i t i e s  a s s o c i a t e d  wi th  l a r g e  e lec-  

t r o n  concentra t ions .  Warm e l e c t r o n  e f f e c t s  i n  t h e s e  s t r u c t u r e s  should t h e r e f o r e  be 

t r e a t e d  wi th  a model inc lud ing  s t rong  e lec t ron-e lec t ron  i n t e r a c t i o n s .  The s imples t  

way of including e l ec t ron-e lec t ron  s c a t t e r i n g  i s  t h e  assumption of a Fermi-distribu- 

t i o n  a t  e l eva ted  e l e c t r o n  temperature  T f o r  t h e  s p h e r i c a l  symmetrical p a r t  of t h e  

d i s t r i b u t i o n  funct ion.  

The c a l c u l a t i o n  i s  then s t r a igh t fo rward  us ing t h e  two-dimensional model f o r  

t h e  mobi l i ty  a s  descr ibed above. To c a l c u l a t e  t h e  c a r r i e r  temperature  T we can use  

t h e  power balance equat ion a s  der ived be fo re  [15] .  (At low temperatures  we have t o  

include t h e  power l o s s  t o  a c o u s t i c  modes [161.) Experimental curves  f o r  a ve ry  high 
2 

mobi l i ty  (y = 2 x l o5  cm /Va a t  10 K) modulation doped s t r u c t u r e s  [17] a r e  shown i n  

Figure  3 .  A t h e o r e t i c a l  curve is shown f o r  comparison. 

Fig. 3: Experimental (0) and 
t h e o r e t i c a l  (---) r e s u l t s  f o r  t h e  
normalized mobi l i ty  of 
modulation- doped s t r u c t u r e s  a t  
moderate e l e c t r i c  f i e l d s .  
The f u l l  l i n e s  a r e  only guides  
f o r  t h e  eye t o  t h e  exper imental  
r e s u l t s .  
A f t e r  Drummond e t  a l .  [ I71 . 

I n  comparing exper imental  and t h e o r e t i c a l  r e s u l t s ,  two a s p e c t s  a r e  apparent .  

A t  ve ry  low f i e l d s  t h e  theory  p r e d i c t s  a dev ia t ion  from Ohm's law, which is  s t e e p e r  

than  t h e  exper imental ly  observed dev ia t ion .  Th i s  discrepancy can be accounted f o r  
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on ly  by as s ign ing  a r e l a t i v e l y  l a r g e  energy l o s s  r a t e  t o  i n t e r a c t i o n s  wi th  phonons. 

I n  our  model a deformation p o t e n t i a l  of 10 eV which is r a t h e r  l a r g e  was assumed. 

Therefore ,  an  explanat ion seems t o  be  p o s s i b l e  only  by a d d i t i o n a l  phonon s c a t t e r -  

ing processes ,  such a s  p i e z o e l e c t r i c  s c a t t e r i n g  and multiphonon emission. 

At higher  e l e c t r i c  f i e l d s ,  t h e  r a t e  of dec l ine  i n  t h e  e l e c t r o n  mobi l i ty  

dec reases ,  which may be an  i n d i c a t i o n  of a lower energy l o s s  r a t e  than what was used 

in our model. Th i s  type of dev ia t ion  between theory  and experiment i s  t y p i c a l  f o r  

d e v i a t i o n s  of t h e  d i s t r i b u t i o n  f u n c t i o n s  from t h e  Fermi-shape , which we have 

assumed. Around 300 V/cm a s l i g h t  nega t ive  d i f f e r e n t i a l  r e s i s t a n c e  occurs  which 

could be  connected wi th  subband repopu la t ion  and t h e  sudden onset  of (two-dimension- 

a l )  p o l a r  o p t i c a l  s c a t t e r i n g  [18 1 . 
2 . 3 .  The Hot Elect ron Range 

The e f f e c t s  d iscussed so  f a r  a r e  not  e n t i r e l y  d i f f e r e n t  from e f f e c t s  observed 

in MOS-transistors where t h e  e l e c t r o n s  a l s o  a r e  quasi-two-dimensional. k t  very high 

e l e c t r i c  f i e l d s  (2 3000 V/cm), however, new e f f e c t s  occur  i f  t h e  band edge discon- 

t i n u i t y  BE is  small .  Since AE is  a func t ion  of t h e  A 1  con ten t ,  i . e . ,  of x,  it can 
C 

be  a d j u s t e d  by varying x. For x Q 0.23 t h e  band edge d i s c o n t i n u i t y  AE is smal l e r  

than t h e  energy sepa ra t ion  of t h e  s a t e l l i t e  minima. I n  o t h e r  words, t h e  e l e c t r o n s  

can move out  of t h e  GaAs be fo re  t h e  Gunn e f f e c t  occurs  and i n  t h i s  way cause  a r ea l -  

space nega t ive  d i f f e r e n t i a l  r e s i s t a n c e  i f  t h e  mobi l i ty  ( a t  h igh f i e l d s )  i n  t h e  

AlxGal-xAs is much lower than t h e  mobi l i ty  ( a t  h igh f i e l d s )  i n  t h e  GaAs. This  re-  

q u i r e s ,  of course ,  heavy doping i n  t h e  A1 Ga A s .  I n  o r d e r  t o  d e p l e t e  t h e  x 1-x 
A 1  Gal-xAs a t  low f i e l d s  completely it may be necessary t o  compensate t h e  ma te r i a l .  

X 

I n  t h e  ve ry  f i r s t  pub l i ca t ion  on t h i s  e f f e c t  we assumed t h a t  a r a t h e r  wide l a y e r  o f  

A 1  GalvxAs is necessary f o r  a h igh  p e a k . t o - v a l l e y  r a t i o  so  t h a t  t h e  e l e c t r o n  r e a l l y  
X 

would "get l o s t "  i n  t h e  poor ly  conducting A 1  Ga A s .  The experiments showed, x 1-x 
however, t h a t  t h e  a c t u a l  th i ckness  of t h e  A 1  Gal-xAs is  r a t h e r  u n e s s e n t i a l  poss ib ly  

X 

because t h e  p o s i t i v e  donors a t t r a c t  t h e  e l e c t r o n s  s t r o n g l y  enough t o  keep them i n  

even smal l  (-1500 2 i n  our experiments) l a y e r s  provided t h e  e l e c t r i c  f i e l d  i s  high 

enough. 

The d e t a i l s  of t h e  real -space t r a n s f e r  mechanism a r e  f a i r l y  complicated and 

cannot be  der ived a n a l y t i c a l l y  . Nevertheless ,  one can g ive  e x p l i c i t  d e s c r i p t i o n s  

f o r  t h e  most important f e a t u r e s .  Therefore ,  I w i l l  t r e a t  t h e  speed, t h e  c r i t i c a l  

f i e l d ,  t h e  s c a t t e r i n g  mechanisms and t h e  t r a n s f e r  i t s e l f  below and then  p resen t  t h e  

r e s u l t s  of Monte Carlo c a l c u l a t i o n s  performed by Glisson e t  a l .  151 . 
To c a l c u l a t e  t h e  switching speed we observe t h a t  t h e  p o t e n t i a l  w e l l s  i n  Fig. 1 

a r e  s i m i l a r  t o  t h e  s t e p - l i k e  w e l l s  i n  charge coupled dev ices ,  where e l e c t r o n s  move 

by d i f f u s i o n  from one g a t e  t o  another .  Using t h i s  analogy, we ob ta in  t h e  t ime t 

which t h e  e l e c t r o n s  need t o  f a l l  back t o  t h e  GaAs l a y e r  a f t e r  switching o f f  t h e  

"heating" f i e l d  [ 4 ]  : 

2 2 
t " 4L2/s D (5) 



where L2 is t h e  th ickness  of t h e  AlxGal-xAs l a y e r ,  and D i s  t h e  d i f f u s i o n  cons tan t  

i n  t h e  A 1  Gal-xAs. Th i s  formula i s  v a l i d  only  a s  long a s  t h e  d i f f u s i o n  concept 

a p p l i e s  and t h e  mean f r e e  pa th  f o r  phonon emission X is  smal l e r  than L1, t h e  
ph 

th ickness  of t h e  GaAs l aye r .  I f  X i s  longer  than L1, t h e  p r o b a b i l i t y  of an e l ec -  
ph 

t r o n  being captured i n  t h e  w e l l  is  reduced by L1/Xph. Thus we have 

2 For t y p i c a l  va lues  such a s  Ll = L2 = 400 8, h < cm, and D = 1 cm Is, we 
-11 ph o b t a i n  ts  < 1 . 6 2 ~ 1 0  s, which is an  a t t r a c t i v e l y  s h o r t  t ime f o r  a v a r i e t y  of 

a p p l i c a t i o n s .  Of course ,  one must add t h e  t ime requ i red  f o r  hea t ing  and cool ing of 

t h e  e l e c t r o n s ,  about 5 x 10-l2 s ,  t o  ts. I n  de r iv ing  Eq. (6 ) ,  it was assumed t h a t  

t h e r e  is  no p o t e n t i a l  b a r r i e r  caused by t h e  ionized donors i n  t h e  AlxGal-xAs. The 

p o t e n t i a l  b a r r i e r  c rea ted  by such donors is  comparable t o  kTL/e f o r  an A 1  Ga A s  x 1-x 
l a y e r  width of 600 8, a n e t  donor doping concen t ra t ion  of 1016 ~ m - ~ ,  and TL = 300 K. 

Of course ,  t h e  continuum approximation i s  poor and t h e  A1 Ga A s  has  t o  be s t r o n g l y  
x 1-x 

compensated t o  achieve low mobi l i ty .  

I f  t h e  l a y e r s  a r e  ve ry  t h i n  and t h e  p o t e n t i a l  b a r r i e r  c rea ted  by t h e  donors is 

high, t h e  d i f f u s i o n  concept breaks  down and t h e  back t r a n s f e r  w i l l  be "thermionic 

emission" l imi ted .  The p r i n c i p l e s  of t h e  thermionic  emission cu r ren t  a r e  we l l  known 

and we can immediately ob ta in  t h e  back- t ransfer  t ime [ 4 1 : 

* 
where A is  t h e  Richardson cons tan t ,  m is  t h e  e f f e c t i v e  mass, m i s  t h e  f r ee -e lec t -  

t r o n  mass, $ is  t h e  p o t e n t i a l  c rea ted  by t h e  donors i n  t h e  A1 x Ga 1-x A s ,  and Nc is  t h e  

d e n s i t y  of s t a t e s  i n  AlxGal-xAs. For e@/kTL 5 2 ,  t is about 10-I* s, and t h e r e f o r e  

t h e  t r a n s f e r  speed is  a l s o  determined by t h e  hea t ing  and cool ing t ime and t h e  t ime 

needed t o  r e p l e n i s h  e l e c t r o n s  wi th  high enough k i n e t i c  energy t o  overcome t h e  

b a r r i e r .  Both t ime cons tan t s  a r e  determined by c o l l i s i o n  r a t e s  and a r e  about 

5 x 10-l2 s. A c o r r e c t i o n  f a c t o r  of L / A  must be  in t roduced f o r  A > Ll. 
1 ph ph 

The t r a n s f e r  out  of t h e  GaAs is  a l s o  dominated by t h e  t ime cons tan t  i n  Eq. (7). 

We only have t o  r ep lace  @ by t h e  band edge d i s c o n t i n u i t y  and t h e  l a t t i c e  temperature  

T by t h e  a c t u a l  temperature of t h e  c a r r i e r s  T which is much l a r g e r  than TL i n  high L 
f i e l d s .  Even i f  T can be def ined (high e l ec t ron-e lec t ron  s c a t t e r i n g  r a t e )  t h e  

a c t u a l  c a l c u l a t i o n  is  s t i l l  no t  s t r a igh t fo rward  because of t h e  presence of t h e  

i n t e r f a c e  and e l e c t r o n i c  hea t  conduction e f f e c t s  [61.  Also,we have t o  account f o r  

t h e  two-dimensional n a t u r e  o f  t h e  e l e c t r o n s  a t  low f i e l d s .  Roughly speaking, 

however, we can expect t h a t  T is h igh  enough f o r  t h e  t r a n s f e r  a t  about t h e  same 

(o r  a l i t t l e  smal ler)  c r i t i c a l  f i e l d  which causes  t h e  Gunn e f f e c t ,  s i n c e  po la r  op t i -  

c a l  s c a t t e r i n g  e x h i b i t s  a s t e e p  inc rease  of T a t  t h i s  f i e l d  ( a  s l i g h t l y  h igher  
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f i e l d  f o r  two-dimensional systems [12]). We a r e  now l e f t  w i th  t h e  d e s c r i p t i o n  of t h e  

t r a n s f e r  mechanism i t s e l f .  I n  a  s ing le - l aye r  s t r u c t u r e  we have t o  c a l c u l a t e  t h e  

quantum mechanical t r ansmiss ion  c o e f f i c i e n t  1191 which is  zero i f  t h e  e l e c t r o n  

energy i s  below AE and approaches one a t  ene rg ies  s u b s t a n t i a l l y  h igher  than AEc. 

A t  1.25 AE it i s  about 0.6 [ I91 i f  t h e  Bloch-nature of t h e  wave func t ion  is  taken 

i n t o  account.  I n  a  s u p e r l a t t i c e  t h e  e l e c t r o n  does no t  need t o  reach AE t o  propa- 

ga te ;  it needs on ly  be exc i t ed  t o  t h e  conduction band among t h e  minibands. A Monte 

Carlo s imulat ion which inc ludes  most of t h e  e f f e c t s  d iscussed above (except t h e  two- 

dimensional e f f e c t s  [ 2 0 ] )  was performed and t h e  r e s u l t i n g  cu r ren t -vo l t age  character-  

i z a t i o n  is  shown in Fig. 4 ,  which a l s o  shows t h e  r e a l  space t r a j e c t o r y  o f  an e l ec -  

t ron  in t h e  i n s e t .  The f i g u r e  shows c l e a r l y  t h a t  t h e  curves can be t a i l o r e d  by t h e  

doping concen t ra t ion  s u b s t a n t i a l l y .  D e t a i l s  about t h e  dependences on x ,  AEc, e t c .  

can b e  found i n  r e f .  151. 

I I I I I I 

cn 
+- x.0.17 

0 2 4 6 8 
Field (kV/cm) Lp-16B1 

Fig. 4: Current- f ie ld  c h a r a c t e r i s t i c s  f o r  t h e  double-hetero- 
junc t ion  s t r u c t u r e  shown i n  t h e  i n s e t  wi th  AlxGal_,As d e n s i t i e s  
of 1017 cm-3 (p = 4000 cm /Vs) and 1020m-3 (u = 50 cm2/vs). 
The t h i c k n e s s  of t h e  AlGaAs l a y e r  i s  4000 2 and t h e  GaAs is 
400 8 t h i c k  and h a s  11 = 8000 cm2/vs i n  bo th  cases .  The i n s e t  
shows a  Monte Carlo s imulat ion of t h e  pa th  of an e l e c t r o n  when 
a  h igh  e l e c t r i c  f i e l d  i s  app l i ed  p a r a l l e l  t o  t h e  l a y e r  i n t e r f a c e s .  

I have descr ibed t h e  nega t ive  d i f f e r e n t i a l  r e s i s t a n c e  by real -space t r a n s f e r  

in g r e a t e r  d e t a i l  because it has  meanwhile been v e r i f i e d  exper imental ly .  Actual ly  
+ 

t h e  e f f e c t  i s  only one of many e f f e c t s  which can be der ived from k-space-real-space 

analogies .  The i n t e r v a l l e y  n o i s e  in Gunn dev ices  has  a  r e a l  space analogy which 



can be important i n  charge coupled dev ices  [ Z l ] .  The i n t e r v a l l e y  d i f f u s i o n  (spread 

of charge packet because of d i f f e r e n t  e f f e c t i v e  masses i n  d i f f e r e n t  v a l l e y s )  h a s  a  

real -space analogy i n  s u p e r l a t t i c e s  a t  very high f i e l d s  (spread of charge packet 

because of d i f f e r e n t  m o b i l i t i e s  i n  d i f f e r e n t  l a y e r s ) .  There is a l s o  a  r ea l - space  

analogy t o  t h e  s p l i t  band impact i o n i z a t i o n  resonance which I would l i k e  t o  o u t l i n e  

i n  more d e t a i l  because of i t s  p o s s i b l e  device  a p p l i c a t i o n .  

The s i g n a l / n o i s e  r a t i o  of avalanche photodiodes (APD) is  inf luenced s i g n i f i -  

c a n t l y  by t h e  s t a t i s t i c s  of t h e  ga in  p rocess  and because of feedback e f f e c t s  more 

n o i s e  i s  generated when both e l e c t r o n s  and ho les  produce secondary p a i r s .  The 

lowest excess  n o i s e  is  achieved in APDs i f  t h e  r a t i o  o f  t h e  e l e c t r o n  i o n i z a t i o n  r a t e  

(a) t o  t h e  i o n i z a t i o n  r a t e  of ho les  ( B )  i s  e i t h e r  i n f i n i t e  ( e l e c t r o n  m u l t i p l i c a t i o n  

only) o r  ze ro  (ho le  m u l t i p l i c a t i o n  on ly ) .  A p o s s i b i l i t y  of achieving t h i s  i s  

o f f e r e d  by t h e  s p e c i f i c  band s t r u c t u r e  o f  GaxAll-xSb. 

I n  t h i s  m a t e r i a l  it happens a t  a  c e r t a i n  composition t h a t  t h e  s p l i t  o f f  

valence band is  separa ted  from t h e  t o p  of t h e  va lence  band j u s t  by t h e  amount of 

t h e  energy gap. Therefore  ho les  a t  t h e  maximum of t h e  sp l i tband  a r e  a b l e  t o  impact 

ion ize .  I n  s u f f i c i e n t l y  high e l e c t r i c  f i e l d s  h o l e s  w i l l  populate  t h e  s p l i t b a n d  

because of in terband phonon s c a t t e r i n g .  The e l e c t r o n s  which a r e  a b l e  t o  impact 

i o n i z e ,  however, do not  have any s t a t e s  nea r  k  = 0 and t h e r e f o r e  need a  much higher  

energy t o  impact i o n i z e  than t h e  ho les  as d i c t a t e d  by bo th  t h e  conservat ion o f  

energy and momentum. The rea l - space  analogy t o  t h i s  e f f e c t  is caused by t h e  

asymmetric band edge d i s c o n t i n u i t y  f o r  e l e c t r o n s  AE and f o r  h o l e s  AEv. Consider an 

e l e c t r o n  a t  an energy of 1.5 eV i n  A l A s  e l e c t r o n s  t r a n s f e r r i n g  t o  GaAs i n  a  l aye red  

s t r u c t u r e .  A s  soon a s  t h e  e l e c t r o n  h a s  t r a n s f e r r e d  it f i n d s  i t s e l f  - 2 .3  eV above 

t h e  GaAs conduction band edge and can t h e r e f o r e  impact ion ize  ( t h e  th resho ld  is 

around 2 eV) whi le  a  h o l e  wi th  s i m i l a r  h i s t o r y  would b e  only  - 1.65 eV below t h e  

t o p  of t h e  GaAs valence band and could not  c o n t r i b u t e  t o  impact ion iza t ion .  Device 

s t r u c t u r e s  t o  e x p l o i t  t h i s  e f f e c t  have been proposed 1221. 

Let me f i n a l l y  emphasize t h a t  t h e  v a r i e t y  of achievable  e f f e c t s  by rea l - space  

t r a n s f e r  can be s u b s t a n t i a l l y  increased i f  t h e  l a y e r s  can be  heated s e p a r a t e l y  [ 3 ] .  

Switching and s t o r a g e  between t h e  l a y e r s  wi th  t ime cons tan t s  reaching from hours  t o  

10-'I sec  should b e  p o s s i b l e  ( s e e  Eq. ( 7 ) ) .  Th i s  makes t h e  e f f e c t  a t t r a c t i v e  f o r  

d i g i t a l  a p p l i c a t i o n s .  

3.  Experimental Resu l t s  

Some exper imental  r e s u l t s  f o r  t h e  Ohmic and f o r  t h e  warm e l e c t r o n  range have 

a l r e a d y  been presented i n  t h e  previous  chapter .  More d e t a i l e d  accounts  can be 

found i n  r e f s .  113,171. 

Resu l t s  f o r  t h e  hot e l e c t r o n  range a r e  shobm Ln Fig. 5. These r e s u l t s  a r e  

r e p r e s e n t a t i v e  f o r  measurements on many wafers of d i f f e r e n t  geometry and doping 

p r o f i l e s .  The m a t e r i a l  parameters and dimensions of t h e  samples which were pre- 

pared by l lo l ecu la r  Beam Epi taxy a r e  a s  follows. The doping d e n s i t y  in t h e  
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Fig. 5 :  Experimental and t h e o r e t i c a l  r e s u l t s  f o r  t h e  current-vol tage 
c h a r a c t e r i s t i c s  of a modulation doped (ND = 1017 cm-3 i n  t h e  
AlO, 1 7Ga0. e3As) s t r u c t u r e .  Note t h e  ve ry  weak n e g a t i v 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  bo th  theory  and experiment. (After  Keever e t  a l .  [23 ] )  

AlxGaldxAs l a y e r s  was N = 10 D l7 cm-3 and t h e  GaAs was not  i n t e n t i o n a l l y  doped. The 

mobi l i ty  i n  t h e  GaAs l a y e r s  was enhanced over  t h e  bulk  va lue  f o r  equ iva len t  doping 
2 and was t y p i c a l l y  2 x lo4 cm / V s  a t  77 K. The mobi l i ty  in t h e  A 1  Gal_As l a y e r s  was 

2 
around 1000 cm / V s  between 300 and 77 K. The doped A 1  Gal-xAs l a y e r  was 1000 8 

X 

t h i c k  i n  a l l  cases ,  whereas t h e  GaAs l a y e r s  v a r i e d  in th ickness  from 400 8 t o  

- 1 . 0  um. I n  some of t h e  samples t h e  GaAs l a y e r  was sandwiched between t h e  doped 

and a second (undoped) AlxGa A s  l a y e r .  As mentioned be fo re ,  we t h i n k  t h a t  t h e  
1-x 

a c t u a l  width of t h e  GaAs l a y e r  is  r e l a t i v e l y  unimportant because of t h e  p u l l i n g  

f o r c e  o f  t h e  donors,  s i n c e  t h e  e l e c t r o n s  in t h e  G a A s  w i l l  always b e  wi th in  1000 

of t h e  doped AlxGal-xAs l aye r .  Although x was 0.17 f o r  most of t h e  d a t a  r epor ted  

here ,  we have made s i m i l a r  measurements wi th  x inc reased  t o  0.25. Au-Ge con tac t s  

were evaporated on t o p  of t h e  l a y e r  ( t o p  l a y e r  AlxGa As) and a l loyed  by hea t ing  1-x 
a t  a r a t e  of 400°c/min i n  flowing H2 t o  a f i n a l  temperature  of 450'~. Contacts  

formed i n  t h i s  way proved t o  be  ohmic i n  most cases .  

The d i s t a n c e  between t h e  c o n t a c t s  was 0.065 cm and t h e  width of t h e  samples 

was 0 .1  cm. Recently we have a l s o  used v e r y  d i f f e r e n t  geometries.  Samples wi th  a 

con tac t  d i s t a n c e  of - 0.01 cm and a width of 0 . 1  cm and a l s o  samples i n  wi th  t h e  

inve r se  l e n g t h  t o  width r a t i o  did  n o t  show s i g n i f i c a n t l y  d i f f e r e n t  e f f e c t s .  The 



measurements have been performed using s tandard shor t  cu r ren t  p u l s e  techniques  [ 2 3 ] .  

I n  a l l  samples used up t o  now we have no t  observed Gunn o s c i l l a t i o n s .  The reason 

f o r  t h i s  is  no t  e n t i r e l y  understood. However, we can point  out  t h e  fol lowing d i s -  

t i n c t  d i f f e r e n c e s  between real -space t r a n s f e r  and t h e  RWH mechanism. There is no 

l o c a l  microscopic nega t ive  d i f f e r e n t i a l  r e s i s t a n c e  in t h e  Al Ga A s  a t  t h e  e l e c t r i c  x 1-x 
f i e l d s  considered.  Accumulation (and t h e r e f o r e  d ipo le )  domains cannot b e  formed 

because accumulating e l e c t r o n s  would be  emi t t ed  out  of t h e  GaAs. The t o t a l  l a c k  of 

any kind o f  i n s t a b i l i t y ,  however, does no t  n e c e s s a r i l y  fo l low from t h e s e  arguments 

and might be  connected wi th  f i x e d  i n t e r f a c e  inhomogeneities a t  which t h e  e l e c t r o n s  

s p i l l  ou t  f i r s t  and wi th  t h e  f a c t  t h a t  t h e  l a y e r s  a r e  extremely t h i n  and t h e  sens i -  

t i v i t y  of t h e  Gunn i n s t a b i l i t y  t o  t h e  dimensional i ty  [ 2 4 ]  . Fig. 6 shows r e s u l t s  

obta ined f o r  samples which were made wi th  a s i n g l e  l a y e r  of doped A 1  GaldxAs on t o p  
X 

Field (kV/cm) LP-LsaO 

Fig. 6: Current vo l t age  c h a r a c t e r i s t i c  of modulation doped 
s t r u c t u r e  be fo re  and a f t e r  changing t h e  s u r f a c e  cond i t ions  
and l a y e r  width by e tching.  

of n o t  i n t e n t i o n a l l y  doped GaAs. The su r face  cond i t ions  and t h e  A1 GalmxAs th ick -  
X 

n e s s  was changed i n  t h e s e  samples by subsequent e tching.  It was observed t h a t  t h e  

Ohmic conduc t iv i ty  ha rd ly  changed whi l e  d r a s t i c  changes appeared i n  t h e  h igh  f i e l d  

conductance. Th i s  is a very s t rong  argument f o r  t h e  a c t u a l  t r a n s f e r  of t h e  e l e c -  

t r o n s  i n t o  t h e  A1 Gal-xAs. General ly ,  t h e  v a r i e t y  of changes of t h e  current-vol tage 
X 

c h a r a c t e r i s t i c  which is  observed i n  samples wi th  d i f f e r e n t  doping makes it appear 

t h a t  new e f f e c t s  occur i n  t h e s e  s t r u c t u r e s  and t h a t  t h e  nega t ive  d i f f e r e n t i a l  

r e s i s t a n c e s  and cur ren t  s a t u r a t i o n s  observed a r e  not  merely caused by t h e  Gunn 

e f f e c t  i n  t h e  GaAs l aye r .  A more d i r e c t  proof of t h e  r e a L s p a c e  t r a n s f e r  e f f e c t  can 
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poss ib ly  b e  achieved by picosecond spectroscopy and/or  t i m e  of f l i g h t  measurements. 

I n  t h e  experiments descr ibed above inhomogeneities of t h e  e l e c t r i c  f i e l d  w i l l  

mask t h e  t r u e  microscopic c h a r a c t e r i s t i c  i n  t h e  range of nega t ive  d i f f e r e n t i a l  

r e s i s t a n c e .  Est imates  of t h i s  e f f e c t  a r e  d i f f i c u l t  because t h e  continuum approxi- 

mation f o r  t h e  impuri ty  charge and t h e  band bending is no t  good. (The spacing of 

t h e  i m p u r i t i e s  is  of t h e  o rde r  of t h e  l a y e r  width.)  The form of t h e  cu r ren t  vo l t age  

c h a r a c t e r i s t i c  a l s o  depends s e n s i t i v e l y  on whether f r e e  charge c a r r i e r s  a r e  l e f t  in 

i n  t h e  AlxGalPxAs o r  i f  t h e  AlxGa As is e n t i r e l y  deple ted.  Th i s  is shown i n  1-x 
Fig. 7. The curve which shows t h e  s a t u r a t i o n  was measured on a sample which had no 

o r  v e r y  few e l e c t r o n s  i n  t h e  A1 Ga As whi le  t h e  second curve (almost ohmic) was 
x 1-x 

we*, ,,-' Slope 2 I 

x.0.15 ,*' I 
ZI 
L e + 
e2- 

- 100 

- 
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Fig. 7: Current vo l t age  c h a r a c t e r i s t i c  o f  modulation - 
doped s t r u c t u r e  under d i f f e r e n t  cond i t ions  of 
A I D .  15Ga0. 85As dep le t ion .  (After  Keever et a l .  [ 2 5 ]  ) 

taken from a sample wi th  e l e c t r o n s  l e f t  i n  t h e  AlxGa A s  l aye r .  I n  t h i s  case  t h e  
1-x 

only appearance of t h e  r e a l  space t r a n s f e r  is  given by t h e  s l i g h t  change i n  s lope  

a t  h igh e l e c t r i c  f i e l d s  ( see  i n s e t  of Fig, 7 ) .  I n  a few samples w e  have observed 

a nega t ive  d i f f e r e n t i a l  r e s i s t a n c e  wi th  extremely high peak- to-val ley r a t i o .  I n  

t h e s e  samples t h e  mobi l i ty  i n  t h e  AlxGal-xA~ was probably very low whi le  t h e  GaAs 

mobi l i ty  was s t i l l  ve ry  high. A r e p r e s e n t a t i v e  r e s u l t  i s  given i n  Fig. 8. More 

d e t a i l e d  d i scuss ions  of some of t h e  e f f e c t s  mentioned can be  found in r e f s .  

123,251. 



Fig. 8: Experimental c u r r e n t -  
vo l t age  c h a r a c t e r i s t i c  of 
modulation-doped s t r u c t u r e  
wi th  extremely high peak- t o -  
v a l l e y  r a t i o .  Only two 
samples exh ib i t ed  such l a r g e  
e f f e c t s  poss ib ly  because of 
a  very low mobi l i ty  i n  t h e  
A10.17Ga0.83As (high compen- 
s a t  ion) . 

4.  Conclusions 

It has  been shown t h a t  l a t e r a l  t r a n s p o r t  i n  s u p e r l a t t i c e s  o f f e r s  new f e a t u r e s  

i n  t h e  Ohmic range, t h e  warm e l e c t r o n  range,  and e s p e c i a l l y  a t  h igh e l e c t r i c  f i e l d s  

when t h e  average energy of t h e  e l e c t r o n  i s  comparable t o  t h e  band edge d i scon t in -  

u i t y .  I n  t h e  Ohmic range, h igh m o b i l i t i e s  can be achieved by modulation doping. 

The e f f e c t s  a r e  e s p e c i a l l y  dramat ic  a t  low temperatures .  I n  t h e  range of warm 

e l e c t r o n s ,  s t ronger  d e v i a t i o n s  from Ohm's law occur  a s  compared t o  bulk  ma te r i a l .  

Also t h e  e l e c t r o n  d e n s i t i e s  a r e  extremely high, making t h e  e l ec t ron-e lec t ron  i n t e r -  

a c t i o n  important .  I n  t h e  hot  e l e c t r o n  range t h e  e l e c t r o n s  l eave  t h e i r  hos t  l a y e r  

(GaAs) and r e u n i t e  e i t h e r  wi th  t h e i r  pa ren t  donors o r  populate  a  neighboring co ld  

l a y e r  ( i f  no e l e c t r i c  f i e l d  i s  app l i ed  t o  t h i s  l a y e r )  which a c t s  a s  a  s i n g l e  g i a n t  

e l e c t r o n  t r a p  [ 3 ] .  The switching and back- t ransfer  t ime cons tan t s  depend exponen- 

t i a l l y  on t h e  composition x  and on t h e  doping, a s  can be  seen from Eq. ( 7 ) .  There- 
-12 

f o r e ,  t ime cons tan t s  ranging from 10  s e c  t o  many seconds and even yea r s  ( a t  low 

temperatures) can be ad jus ted  a t  w i l l .  The e f f e c t  should be a t t r a c t i v e  f o r  switch- 

ing  a p p l i c a t i o n s  of v a r i o u s  kinds.  Furthermore, I have shown t h a t  a  genera l  corre-  
-f 

spondence e x i s t s  between t r a n s p o r t  e f f e c t s  i n  k-space and real -space.  We have 

demonstrated t h e  use of t h i s  correspondence i n  problems of n o i s e  [21]  and impact 

i o n i z a t i o n  [22]  e t c . ,  i n  a d d i t i o n  t o  t h e  use  f o r  Gunn-like r ea l - space  t r a n s f e r  

devices  and switching a p p l i c a t i o n s .  A l l  t hese  e f f e c t s  a r e  consequences of t h e  

complicated boundary cond i t ions  imposed (be they  p e r i o d i c  o r  n o t ) .  It is  e x a c t l y  

t h e  l a r g e  v a r i a b i l i t y  of t h e  boundary cond i t ions  which make l aye red  he te ro junc t i cn  

s t r u c t u r e s  so a t t r a c t i v e  f o r  t r a n s p o r t  a s  descr ibed h e r e  a s  w e l l  a s  f o r  optoelec-  

t r o n i c s  [26 I . 
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