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Abstract-Hot electron effects have been observed in semiconductors 
for many decades: however, until recently, direct experimentally de- 
termined spectroscopic information on the hot electron distribution 
function did not exist. As a result the microscopic basis for hot electron 
transport could only be inferred. To bridge the gap between theory 
and experiment we invented hot electron spectroscopy, a technique 
which enabled us to obtain direct spectroscopic information on the 
electron momentum distribution, n ( p ) .  In this paper we describe the 
technique and discuss hot electron spectra obtained in  GaAs. “Ballis- 
tic” electron transport is observed in samples having narrow transit 
regions (< 850 A )  and near diffusive transport for samples having wide 
transit regions (> 1700 A). In  addition, a theoretical model has been 
developed enabling us to identify all observed features in  the  spectra. 

I N the early 1960’s  considerable effort was directed to- 
ward the  development of metal  base hot and  “ballistic” 

electron  transistors  for high-speed device  applications. 
However,  materials  problems,  quantum mechanical re- 
flection from abrupt  interfaces,  and strong electron  scat- 
tering limited the  performance of these  devices to com- 
mon emitter current gains of less than unity [ 11. With such 
severe  limitations  high-performance  electronic  devices of 
this type could not readily be  achieved and interest in  their 
development declined. 

With the continuing advance of semiconductor process- 
ing technology Shannon was able to realize  a  hot  elec- 
tron transistor  (HET) in silicon  [2].  The energy band dia- 
gram for  such  a  device is shown in Fig. l(a) having a 
camel diode  collector and a Schottky barrier  as  the  emit- 
ter.  The high capacitance of the Schottky barrier  emitter 
led Shannon to  propose  a second HET structure replacing 
the Schottky barrier with a  camel  diode  [see  Fig. l(b)] 
thereby creating an all semiconductor transistor [3].  These 
structures  were,  however,  fabricated by ion implantation 
which did not allow atomic  scale  control of doping pro- 
files. A bulk  triangular  barrier  structure  similar  to  that of 
the  camel  diode,  but using the  precise  doping profiles ob- 
tainable by molecular  beam epitaxy (MBE), was dem- 
onstrated by Malik et  al. [4].  They  termed  their  structure 
a ‘ ‘planar  doped  barrier’ ’ and by placing two of them back 
to  back they fabricated  the first HET in GaAs [ 5 ] .  

Thus,  the advent of thin film epitaxial crystal growth 
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Fig. 1. Schematic  energy  band  diagram  for  two  HET’s  made by Shannon. 

(a) HET  with  Schottky  emitter.  (b) HET with  camel  emitter.  The  solid 
line  represents  the  unbiased  structure  whilst  the  broken  line  shows it 
biased  with  respect to the  base.  Shannon’s  hot  electron  transistor.  Re- 
produced  with  permission of IEE. 

techniques led to a  resurgence of interest in the  “ballistic 
electron  transistor”  (BET).  Epitaxial crystal growth of 
the  semiconductor alloy system GaAs/GaAlAs is suffi- 
ciently well characterized that one may grow single  crys- 
tal layers of almost arbitrary composition and carrier  con- 
centration.  This unique degree of control allows one to 
translate metal-oxide-metal tunnel junctions  into  GaAs/ 
AlGaAdGaAs tunnel junctions  and  metal-semiconductor 
Schottky barriers  into  either  GaAs/AlGaAs heterojunc- 
tions,  camel  diodes  or  planar doped barriers. In this sense 
the “ballistic”  transistor  concepts of the early 1960’s  are 
beginning to find their  semiconductor analogues today 
with particular  interest being shown in the development 
of a BET in  the  GaAs/AlGaAs material system [6]. 

In addition to such  transistors being of significant tech- 
nological interest they also  provide an unique opportunity 
to study the physics of hot electron  transport in semicon- 
ductors.  There have been many reports of hot electron 
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Fig. 2 .  (a)  Schematic  diagram of the MBE grown  GaAs  epilayers  com- 
prising  the  two  level  mesa  structure.  (b)  Schematic  diagram of the  con- 
duction band edge of a hot  electron  injector  (emitter), transit region (base) 
and hot electron  analyzer  (collector).  Typically,  the  long  and short arms 
of the  triangular  barriers  have  an  aspect  ratio of 10 with a short arm  width 
of 150 A .  The broken  line  indicates  the  conduction band edge of the 
structure  when  biased. 

effects in  semiconductors  in  the  past.  Some notable events 
have been the  observation of saturation  in  the velocity- 
field characteristic of germanium reported by Schockley 
and  Ryder [7], the  measurement of a negative differential 
resistance  in  GaAs by Gunn [8] and  the  observation of hot 
carrier  luminescence by Shah and Leite [9]. However, 
none of these  measurements  gave  direct  spectroscopic  in- 
formation  on  the hot electron momentum distribution 
function, n ( p ) .  Consequently,  until  recently,  the predic- 
tions of theorists had never been subject  to  a meaningful 
empirical  test namely comparison with an experimentally 
observed distribution  function.  This  situation changed 
with our  invention of a  technique  called  “hot  electron 
spectroscopy” in which direct  information on hot elec- 
tron distribution  functions in semiconductors could be  ob- 
tained [ lo] ,   [ l l ] .  

The results described in this  paper  were obtained by 
means of  a  planar  GaAs  structure,  a  schematic  diagram of 
which is shown  in  Fig.  2.  The  structure was grown by 
MBE at  650°C on a  (100)-orientated  semi-insulating 
GaAs substrate with use of cracked  As4.  After  growth of 
a  thick n+ (Si impurity) buffer layer  two  separate bulk 
triangular potential barriers  were  formed.  Each  potential 
barrier was made by placement of an  approximately 100 

thick p+ (Be impurity)  layer in a region of low carrier 
concentration (< 1 X 10’’ cmP3) bounded on  either  side 
by n+ layers.  The  wafers  were  fabricated  into two-level 
mesa structures  in  order  that  the  three n+ regions could 

be  contacted individually [see  Fig. 2(a)]. The first etch, 
which has a  critical depth dependence, was achieved by 
the  successive growth and  removal of an anodic  oxide 
grown in H 2 0  : H3P04 having a Ph of 2.5.  The third n+ 
region, to which the  collector  contact was made, was re- 
vealed using a  standard 100H20 : 10H3P04 : 2H202 chem- 
ical etch.  Ohmic  contacts  were formed by rapidly ther- 
mally annealing an evaporated Au-Sn alloy. 

A  schematic  diagram of the energy band structure used 
for hot electron spectroscopy is shown in Fig.  2(b).  Elec- 
trical  contact is made to three  n-type  degenerately  doped 
GaAs regions which are  separated by two  bulk  triangular 
barriers.  Since  the  structure  resembles  a  unipolar  transis- 
tor, we use standard  transistor notation to describe  the 
currents and voltages  involved.  The  emitter-base  junction 
functioned as  a  hot-electron  injector  and  the  base-collec- 
tor  junction  as  a  hot-electron  analyzer. Between the hot- 
electron  injector  and  analyzer  was  a  short n+ transit re- 
gion, analogous to  the  base of a  unipolar  transistor  where 
electron scattering took place.  Typically  the  triangular 
potential barriers, which form  the  injector  (emitter) and 
analyzer  (collector),  were  fabricated  such  that  the  elec- 
tron injection energy Ej was lower  than  the  unbiased  ana- 
lyzer  barrier  energy &.. Both triangular  barriers had an 
aspect ratio of approximately 10 with the  shorter  arm of 
each adjoining the  n+ transit  region  and being 150 A 
thick.  The  short  arm’s impurity concentration and small 
thickness ensured  that  their  contribution  to  electron  scat- 
tering was insignificant.  All  electrical  measurements  were 
made with respect to  a  grounded  base. 

When the  emitter was biased negative  electrons  were 
injected into the base  region with an  excess  energy (qheb - 
EF) above  the  Fermi  energy EF . With  a  small  positive  bias 
on the  collector no electrons  were  collected  as  none had 
sufficient energy to traverse  the  collector  barrier +bc. With 
increasing base-collector  bias,  the  barrier, &, is de- 
creased,  as  indicated by the  broken  lines  in  Fig. 2.  Hence, 
a means for  continuous  variation  of  the  base-collector  bar- 
rier energy was established, which enabled  spectroscopic 
information about  the  current  arriving  at  the  analyzer  bar- 
rier to  be  obtained. At a  given  base-collector  bias vb, the 
collector  current flow I ,  is proportional to the  fraction of 
the injected electrons  able  to  traverse  the  base-collector 
barrier. An outline of the  factors  determining I ,  is given 
below. 

Consider first electrons  injected  into  the base from the 
emitter.  Electrons  can  only be injected if, at the  top of the 
barrier, they have  a  component of momentum  in  the  di- 
rection of the  base. For those  electrons  injected  into  the 
base,  the  component of momentum  parallel to the  emitter 
plane (pi,) is conserved,  whereas  the  component of mo- 
mentum normal to the emitter plane ( p l )  is  dramatically 
increased.  Hence  a  maximum  angle  exists for electron in- 
jection (Omax) that is given by 

Given the  assumption of a  parabolic  conduction  band,  an 
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Fig. 3 .  Measured  hot  electron  spectra .Of four samples differing in- transit 
region  width. (a) 650 A .  (b) 850 A .  (c) 1200 A .  (d) 1700 A .  The 
injection  energy E, is  indicated in each  spectrum.  The  Fermi  energy  is 
to  the  extreme right of each  plot. 

electron injected into  the base at  0.25 eV would have  a 
Omax of much less than 10” at low temperatures ( - 4.2 K). 

Electrons injected into the  base suffer elastic and in- 
elastic  collisions, which cause significant energy loss and 
angular  scattering.  Hence,  hot  electrons  arriving  at  the 
analyzer  barrier may be described in terms -of a  distribu- 
tion of possible pI values n ( p I )  such  that  the total cur- 
rent flow, Z, for  a given barrier energy +bc is 

m 

1, = -(e/m,*> P14P.) dP, s,: (2) 

where m: is the effective electron  mass, e the  electronic 
charge, a n d p t  = (2??2T+bc)”2. 

Taking the  derivative of Z, in (2) with respect to V,, 
gives [ 111 

Equation (6) of Kazarinov and  Luryi [l2] shows  that V,, 
is related linearly to +bc, i.e., the  analyzer  energy  varies 
linearly with bias.  It then follows  that 

Hence, by differentiating Z, with respect to V,, we  may 
obtain  the  electron momentum distribution  at the base- 
collector  junction [ 111. 

Four  spectra measured at 4.2 K to  eliminate thermal 
smearing effects, are presented in Fig. 3. The spectra were 
obtained from  samples having similar hot electron  injec- 
tion energies (Ei E 0.25 eV)  and  the  same  n-type  doping 
level of 1 X 10l8 C M - ~  in the  transit  region;  samples  dif- 
fered in  transit region width. Fig. 3 shows spectra of sam- 
ples having transit region widths (a) 650 A, (b) 850 A, 

(c) 1200 A ,  and (d) 1700 A. As  may be seen there is a 
dramatic  change  in  the hot electron spectra with small 
changes in transit region width,  indicative of strong  scat- 
tering.  The  hot  electron  spectra  always show a  character- 
istic peak close to the  Fermi energy EF.  Only in the sam- 
ples having narrow transit region widths [Fig. 3(a) and 
(b)] is  there pronounced evidence of the initial injected 
distribution, i.e., “ballistic”  electrons.  The  observation 
of “ballistic”  electron  transport was first presented by us 
in an invited presentation  at  the  1985  March meeting of 
the American Physical Society and subsiquently pub- 
lished in Physical Review Letters [ 131. This  observation 
was later confirmed by Heiblum et al. [14] using a differ- 
ently designed spectrometer.  Unfortunately,  a  complete 
hot electron  spectrum was not obtained, so that experi- 
mental results at  low-analyzer  barrier  energies could not 
be compared. 

To understand the  electron  scattering  mechanisms giv- 
ing rise to the hot electron  spectra shown in Fig. 3 we 
have developed a theory of nonequilibrium electron trans- 
port [ 131, [ 151. In intrinsic or very lightly doped GaAs, 
hot electrons with energies  greater than the longitudinal 
optical (LO) phonon energy,  are inelastically scattered by 
the  emission of LO  phonons.  However, at carrier concen- 
trations of - 1 X lo’* cm-3  the long wavelength collec- 
tive oscillatory (plasmon) mode of the n+ electron gas is 
close in energy to that of the LO phonons.  These  two lon- 
gitudinal oscillations  do not exist independently of each 
other but interact strongly creating  a  coupled  plasmon/ 
phonon system. It is, therefore, physically incorrect to 
describe hot electron  scattering  in  terms of separate  con- 
tributions from phonon and plasmon modes in n’GaAs 
[ 161. In addition to hot electrons being inelastically scat- 
tered from  long wavelength coupled  plasmon/phonon  col- 
lective  modes, they may also  scatter  via  the creation of 
single electron-hole pairs (the so-called electron-hole 
continuum). With decreasing wavelength the  collective 
modes are damped by the  continuum  leaving only the  con- 
tinuum and  optical phonons contributing to the  scattering. 

We first consider  the problem of scattering a hot elec- 
tron from a  thin  “sample” of doped GaAs. If the non- 
equilibrium  electrons  are of sufficient energy and the 
probability of electrons scattering from  our  “sample” is 
small then we  may use the Born approximation to calcu- 
late  the  scattering.  For  a  thick  sample in which multiple 
scattering must be  taken  into  account then a more com- 
plicated Monte  Carlo  calculation or some other procedure 
must be adopted. In this paper we  consider  the low tem- 
perature  limit of the  simple  case first. An electron of en- 
ergy Ei above  the conduction band minimum and wave- 
vector ki is injected into  a thin transit region of doped 
GaAs.  The injected electron  acts  as  a  time varying test 
charge which interacts with the  electron/phonon system 
in the  transit region. Perturbation theory may then be ap- 
plied to obtain  the probability that the injected electron 
loses energy Aw and is scattered by wavevector, q.  These 
dissipative  processes  are described by the imaginary part 
of the  dielectric  response  function of the  electron/phonon 
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system so that  the  inelastic differential scattering  rate is 
given by [17] 

1747 

where S(q ,  w )  is  the  loss  function 

The  frequency  and  wavevector  dependent  dielectric func- 
tion ~ ( q ,  w) ,  which describes  the  response of the  electron/ 
phonon system to  the  test  charge, may be written as 

in which wLo and wTo are  the  longitudinal  and  transverse 
optical phonon frequencies  and E ,  is  the high-frequency 
dielectric  constant. The first term in (7) is the long wave- 
length phonon contribution  and  the second term, x(q, w )  
comes from the  conduction  electrons.  The  justification  for 
using the  long  wavelength  limit for  the phonons arises 
from the  fact  that  its  dielectric  function  varies on the  scale 
of the reciprocal lattice  vector kL and in  our  case  the mo- 
mentum change q for  inelastically  scattered  electrons  is 
such that q << kL. 

In general  the  response of the  electrons x ( q ,  w )  cannot 
be  calculated  exactly.  However, in the  limit of high elec- 
tron carrier  concentrations  in  the transit region (typically 
n = 1 X 10" cmP3) the  Coulomb  interactions  among 
electrons  are  weak.  This  is  characterized by the r, value 
which for n = 1 X lo1' cm-3  is  less  than  unity, i.e., r, 
= ($an)113 (mze2/A2e,) z 0.7 where rnz = 0.07mo so 
that x(q, w )  may be  replaced with the  familiar noninter- 
acting  Lindhard  form, xo(q, w )  where 

x&, 0) = X 4 (.. + (1 - - ;)2) 

In[ y - - x(x x(x - + 2)] 2) + (1 - 1/4(x + :r) 
. [-Y - x(x + 'I.]) 

- y  - x(x - 2) 

in which 4 = m,*/2 (e/ah)2 (8a/3n)'I3, x = q/kF and y = 
tZw/EF where kF is  the  Fermi  wavevector and EF the  Fermi 
energy. 

Substituting (8) into (7) gives  the  dielectric response 
~ ( q ,  w )  = el(q, w )  + ie2(q,  w )  of  the  coupled  electron/ 
phonon system in the  transit  region.  In  Fig.  4(a) we plot 
the real (e1) and  imaginary ( e 2 )  parts of E for  a fixed value 
of q = 0.1 X kF as a  function of energy  loss Aw for a 
carrier  concentration n = 1 X 10'' cmP3. As may be  seen 
el crosses  zero at a  number  of  energies  and e2 has a finite 
positive value  in  two  energy  ranges.  In Fig. 4(b)  we  plot 
the  loss  function S(q ,  w )  over  the  same  energy  range. At 
low energies (0.0 meV -+ 12.0 meV) there is a  small, 

5 -  q/hF=O 1 

- 
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E ~ = 5 2  meV 
In 

3 
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- 
UI 

u 

1 -  

I / ,  
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(b) 
Fig. 4. (a)  Plot  of the real e, and imaginary  part of the  dielectric re- 

sponse function, E for a fixed value of q = 0.1 x kF as a function  of 
energy  loss Aw at a carrier  concentration of 1 x 10l8 ~ r n - ~ .  (b) The 
corresponding loss function for  (a). 

slowly varying contribution  to S(q ,  w )  (not shown in  the 
figure) arising from the  large  value of c2 in  this  range. 
This  loss  mechanism  corresponds  to  the  excitation of sin- 
gle  electron  hole  pairs from the  Fermi  sea  (the so-called 
electron-hole  continuum).  The  two  zero  crossings of e l  at 
around 30 meV and 45 meV shown  in  Fig.  4(a)  give  rise 
to the  two  peaks  in S ( q ,  w )  shown  in  Fig.  4(b)  and  cor- 
respond to long-wavelength,  collective,  longitudinal  ex- 
citations of  the coupled electron/phonon  system. 

Information  on S(q ,  w )  as a  function of energy loss hw 
for  all  scattered  wavevectors q is  given by the  dispersion 
relation shown in  Fig. 5 .  Here ha is  shown  as  a  function 
of q for  GaAs having a  carrier  concentration n = 1 X 
10'' cmP3. Because,  for  this high value of n,  both the  bare 
plasmon and optical phonon frequencies  are  similar they 
interact to  form  two  coupled  plasmon/phonon modes of 
frequency w f  and w- at q = 0. With increasing wave- 
vector these modes exhibit  dispersion and at  some modest 
wavevector (q/kF G 0.3) they enter  the  electron-hole  con- 
tinuum shown by the shaded region.  Here  the  collective 
plasmon/phonon modes are Landau damped  (broken  lines 
in Fig. 5 )  by the  excitation of single  electron  hole  pairs 
from the  Fermi  sea. In any given  inelastic  scattering  event 
there will be a  contribution  from  the  coupled  plasmon/ 
phonon modes and  from  the  continuum. At larger wave- 
vectors only the dispersionless longitudinal optical phonon 
mode and  the  single  particle  continuum  exist. 

The  function S ( q ,  0)  which describes  the  loss  processes 
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Fig. 5 .  Dispersion  relation for  the coupled  electroniphonon for  GaAs  at  a 
carrier  concentration n = 1 X 10'' ~ m - ~ .  

may now be used to obtain  a  total  inelastic  scattering  rate, 
l / ~ ~ , , ,  for  the  incident  nonequilibrium  electrons of energy 
Ei. This is achieved by integrating (5) over  all q consis- 
tent with momentum and  energy  conservation 

The  Pauli  exclusion  principle  is included in the  calcula- 
tion by preventing  electrons  from being scattered  into 
states below the Fermi energy EF. The loss of energy of 
nonequilibrium electrons to the coupled  electron-phonon 
system in GaAs is described by (9). Ultimately this  en- 
ergy is dissipated as heat  in  the  sample,  but in the  linear 
regime, were the  experiments  were  performed,  the  details 
of this  process are unimportant. In Fig.  6(a) we plot the 
calculated total inelastic  scattering  rate l/qn as a  function 
of E i ,  the initial electron  energy  above  the conduction 
band minimum for  GaAs,  for  several  carrier  densities.  We 
note that 1 / 7 i n  has not been weighted with energy loss. 
The  scattering rates are,  due to the  Pauli  exclusion prin- 
ciple,  zero below EF for a finite carrier  concentration  and 
zero below the longitudinal optical phonon energy (AuLO) 
for n = 0. For n = 1 X loL8 ~ m - ~ ,  which is relevant for 
our  data,  the inelastic scattering rate increases slowly from 
zero  at  the  Fermi energy EF - 50 meV, reaching a max- 
imum of - 2 X 1 0 1 3  s-'  at 0.15 eV above the conduction 
band minimum and remaining essentially constant up to 
0.3 eV.  Hot  electron  injection  energies  greater  than  0.3 
eV are not considered  in  the  calculation  since  for  energies 
greater  than  this  other  details,  such  as  the  change in the 
character  of  the  electron's wavefunction and  the possibil- 
ity of intervalley scattering, must be taken  into  account. 

For impurity concentrations as high as ni = 1 X 10I8 
cmW3 in the  transit region the  role of elastic  scattering 
from ionized impurities  must  also  be  considered.  Elastic 
scattering is specified by momentum transfer q = 2kj sin 
(8/2) where 0 is the  scattering  angle.  In  the Born approx- 
imation,  the total elastic  scattering  rate, l / ~ ~ ' ,  is given by 

2 0 1  

I 
100 200  300 

hw LO ENERGY 

0 100 200 30( 

ENERGY ( m e v )  

Fig. 6 .  (a)  Total  inelastic  electron  scattering  rate as a function  of  injected 
electron  energy  measured  from  the  conduction  band  minimum  for  differ- 
ent  carrier  densities in GaAs. (b)  Total elastic electron  scattering.  Pa- 
rameters  used  in  calculations  were  effective  electron  mass m,* = 0.07 
mo, high-frequency dielectric constant E ,  = 11.1, longitudinal  optical 
phonon  energy hwLO = 36 .3  meV, and transverse  optical  phonon  energy 
haTo = 33 .3  meV. 

where ni is  the density of ionized  impurities (ni = n) and 
4 = sin (0/2). In Fig.  6(b)  the total elastic  scattering  rate 
l / ~ ~ ' ,  which has not been weighted for scattering angle, 
is plotted as  a  function  of Ei for  two impurity concentra- 
tions. As expected for  Coulombic  scattering, l / ~ ~ ,  de- 
creases with increasing Ej . We  cannot,  however,  take un- 
limited advantage of this  decrease in the scattering rate 
with increasing Ei, since intervally scattering can occur 
in GaAs when Ej 2 0.3  eV. By considering both elastic 
and inelastic scattering  we  obtain  a  calculated mean free 
path for  electrons injected at Ei = 0.25 eV of - 350 A .  

Our  calculations of scattering rates as  a  function of in- 
jection energy play an  important role aiding understand- 
ing of hot electron spectra.  The sequence of spectra shown 
in  Fig. 3 gives the  evolution of the hot electron  distribu- 
tion with distance  from  the  step  potential that injected a 
collimated beam  of  almost  monoenergetic hot electrons 
into  the  transit region. Sample  3(a), having the narrowest 
transit region width,  shows  two  distinct  features;  a peak 
at high barrier  energies (low voltage  bias, Vb,) which we 
attribute  to "ballistic" electrons, i.e., electrons which 
have only interacted with the  static  periodic part of the 
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crystal’s lattice  potential,  and  a  second  narrower  peak in 
the spectrum  at  lower  analyzer  barrier energies (high V,,), 
close to the  Fermi  energy, attributed to electrons excited 
from  the  Fermi sea,  i.e., the electron distribution in the 
transit region has been  “heated” by interaction with the 
injected electrons. Now consider  Fig.  3(b)  which  shows 
results obtained from  a  sample  having  a transit region 
width of 850 A. In this case the “ballistic”  peak  can  only 
just be  seen  and  most electrons have  been scattered and 
are collected at  lower barrier potentials (greater V,,). Such 
a characteristic may be understood by considering the en- 
ergy dependent scattering rate detailed in Fig. 6 since  the 
electrons are injected with  energy - 250  meV  their scat- 
tering rate is  very  high.  However,  once they have lost 
energy  such that they are only 150 meV or less above  the 
conduction  band  minimum  their scattering rate decreases 
and electrons begin  to  accumulate at lower  energies.  Fig. 
3(c) shows  the progression of this process by increasing 
the transit region width  to  1200 A. There  is  little  evi- 
dence of the initial injected peak  and  a  large  low-energy 
peak  which includes many electrons scattered from  high 
energies as well as those excited from  the  Fermi  sea.  Fi- 
nally, Fig. 3(d) shows  a  spectrum obtained from  a  sample 
with  a  1700 A transit region width in which  only the low- 
energy  peak  remains, containing contributions from  both 
the injected electrons and those excited from  the  Fermi 
sea. 

We have  obtained  further  experimental information on 
the dynamics of injected hot electron transport by apply- 
ing a  magnetic field perpendicular ( B , )  to  the direction 
of electron injection in the  sample  having  a transit region 
width of 650 A. The study was  undertaken  for  two rea- 
sons, firstly to measure  changes in a  given  spectrum  with 
applied magnetic field to  establish that hot electron effects 
were  indeed  being  observed  and  secondly to  infer  a  scat- 
tering rate for hot electrons from  changes in the spectra 
with B,. 

The simplest description of hot electron transport uti- 
lizes a classical kinematical model in which an electron 
injected into the transit region,  prior to the application of 
a  magnetic field, has  a  straight trajectory between  scat- 
tering events.  However,  when  a  magnetic field is applied 
this trajectory is modified, the electron describes part of 
a  circular orbit between  collisions,  the radius of which r 
is given by 

where p is  the  electron’s  momentum, e its charge, c the 
velocity of  light,  and B ,  the applied  magnetic field in 
Gauss. 

To  understand the effect of the  magnetic field consider 
what would  happen  to  an  electron transiting from  the in- 
jector to the  analyzer  “ballistically. ” A nonequilibrium 
electron injected into  the transit region with  energy Ei and 
with all its  momentum p = in the  forward  direc- 
tion is analyzed  after traversing d the transit region width. 
When B ,  is applied to the sample  two effects occur  that 

I TRANSIT  REGION  WIDTH=650% .? 
:: 

ANALYZER VOLTAGE BIAS (VbJ VOLTS 

IV 

0 1  
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MAGNETIC FIELD ( B l )  TESLA 
Fig. 7. (a)  The  variation of the  hot  electron  spectrum  shown  in Fig.  3(a) 

for the  indicated  values of magnetic  field  applied  perpendicular  to  the 
injected  current.  (b)  The  magnetic  field  dependence of the  hot  electron 
spectrum  shown  in  Fig.  8(a) for the  indicated  values of fixed  bias Vbc. 

influence the collection of the injected electron.  Firstly, 
the electron trajectory is increased from d to d’, and  hence 
the probability for  an  electron  to  be  scattered is increased. 
Secondly,  although  the  magnitude of the momentum of a 
“ballistic” electron remains  unchanged  its  normal  com- 
ponent  is  reduced  when it reaches the  analyzer  because of 
the imposed  circular  orbit.  The  analyzer  barrier, descri- 
minating  only  against the normal  component  of  momen- 
tum, collects the  electron  at  a  lower  barrier  energy.  This 
qualitative description of “ballistic”  electron transport in 
a  magnetic field  may be applied in a natural way  to  the 
case of hot electron transport when electrons are scattered 
in the transit region. The  application of B,, should  show 
no  change in the spectra since BII has  no effect on  the nor- 
mal component  of  momentum. 

The results of measurements ak4.2 K on  a  sample  hav- 
ing a transit region width  of 650 A are shown in Fig.  7(a) 
for B ,  up to  3  Tesla. As may be  seen in Fig.  7(a)  with 
increasing magnetic field the  high-energy  “ballistic”  peak 
at V,, - 0.1 V bias shifts to  larger Vb, (lower  collector 
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barrier energy) resulting from  the  change  in  the compo- 
nent of normal momentum of electrons  arriving at the  ana- 
lyzer. We also note that the intensity of  the  “ballistic” 
peak decreases and spectral weight is  transfered  to  lower 
collector  barrier  energies  indicating  that  the  electrons 
transiting the  base  have suffered collisions  due  to  the in- 
creased effective transit  distance in a  magnetic field. The 
peak at low collector  barrier  energies (Vbc - 0.7 V) 
broadens  and  increases  in intensity with increasing mag- 
netic field. Qualitatively,  this  is  expected  since both more 
electrons  are  excited from the  Fermi  sea and an increased 
number of hot electrons  are  inelastically  scattered down 
to low energies. For clarity in Fig. 7(b)  we plot the mag- 
netic field dependence of the  hot  electron  spectrum  for  the 
indicated values of Vbc. 

It is possible to infer  a hot electron  scattering rate from 
the magnetic field dependence using two reasonable as- 
sumptions [18].  Firstly,  electrons  scattered  due  to  an  in- 
crease in effective transit region width (d to d’ )  lose  suf- 
ficient energy that they no longer  contribute  to  the 
collected current at a given analyzer  energy.  Secondly, 
the  change  in  the  average  perpendicular momentum of 
electrons not scattered  due  to  the  increase in the  transit 
region width is givn by the  cross product of the  magnetic 
field and  the  velocity. Using these  assumptions we have 
obtained a scattering rate  for  the injected electrons of  2- 
3 X 1013 s-’. This is at least four  times  the rate we would 
expect for  phonon  emission  alone. 

It is interesting to note that application of a magnetic 
field of B ,  = 1.5 Tesla on a  sample with d = 650 A 
allows one  to  reproduce  the  spectra of a  sample having a 
transit region width of 850 A with B ,  = 0. However, 
application of a  magnetic field in  a  direction  parallel  to 
the  electron motion has no effect on  the  spectra.  This of 
course  is not surprising  since, in this  case, we expect in- 
jected  electrons to follow a helical path between collisions 
so that the effective path length between injector  and  ana- 
lyzer remains unchanged. 

Using the theory outlined  above  we  have interpreted 
our  experimental data and  obtained  a  dynamic picture of 
injected hot  electron  transport in GaAs.  To  gain  a more 
quantitative  measure of the  agreement between experi- 
ment and theory multiple scattering events must be taken 
into account  explicitly.  Monte  Carlo  calculations relevant 
to our  experimental conditions have been performed and 
the reported overall  agreement between our  experimental 
data and the  simulations  is good [19],  [20]. In particular, 
when both the  injected  electrons and those  excited from 
the  Fermi sea are  included  in  the  calculation,  the  agree- 
ment between our published results for  a  sample with a 
650 A transit region width [13] and theory [20] is excel- 
lent  (see  Fig. 8).  This  agreement  lends  additional support 
for  the validity and  accuracy of the theory we used to in- 
terpret  our measured spectra. 

Both our  experimental  and theoretical results indicate 
that GaAs is  an  unsuitable  material  for  the  fabrication of 
a  useful,  high-performance,  “ballistic”  electron  tran- 
sistor  (BET)  because of the short mean free path of in- 

ANALYZER VOLTAGE BIAS (Vbc) VOLTS 

Fig. 8. Comparison of experimental  data [13] (solid line) with a Monte 
Carlo  calculation [20] (broken  line).  Electron  injection  energy E, = 0.25 
eV,  carrier  concentration n = 1 X lo’* ~ r n - ~ ,  and transit region width 
650 A was used in the  simulation. 

jected hot electrons. Regardless of the mechanism of elec- 
tron injection or collection it is anticipated that device 
performance will be dominated by base  transit dynamics. 
There  are  two  approaches to consider whilst designing a 
BET in  a material system other than GaAdAlGaAs. One 
possibility is to chose  a  semiconductor with a wide inter- 
valley separation in order to take  advantage  of  the  de- 
crease  in  scattering  rate with increasing energy.  The  other 
is  to consider  a  material with a low effective mass and 
thereby lower density of states,  giving  a reduced electron 
scattering rate. 

A  semiconductor  illustrating  the first case could be 
CdTe which has a  direct band gap of 1.3 eV and a sub- 
sidiary minimum 1.1 eV above  the conduction band min- 
imum.  Such  a  material,  however, with its  large effective 
electron mass rnz = O.lrno is  unsuitable  for  “ballistic” 
devices. Alternatively, a semiconductor which satisfies the 
low mass condition would be  InAs or  InSb. InAs and InSb 
both have significantly lower  inelastic scattering rates 
compared to  GaAs. Because it may be possible to lattice 
match wider band gap  alloys such as GaInAsSb to InAs 
we  consider it in preference to InSb. As is the case with 
many low rnz semiconductors  InAs has a small band gap 
energy, Eg - 0.41 eV which is less than the energy dif- 
ference between the subsidiary and  conduction band min- 
imum.  Consequently,  whereas  the maximum injection en- 
ergy E F  in GaAs was determined by the subsidiary L 
minimum [21],  for  InAs E F  must satisfy E? 5 Eg + 
EF to avoid the possibility of direct  excitation of electrons 
from the  valence band into  the  conduction band: as also 
occurs in InSb [22]. 

In  Fig.  9(a) and (b) we plot 1 / ~ ~ ~  and l / ~ ~ ~ ,  respectively, 
for InAs as a function of Ej  for various base impurity con- 
centrations.  The  calculated  scattering rates have  features 
similar to those  shown in Fig. 6 only now the rates for  a 
given Ei are significantly reduced. Differences in electron 
mobility between InAs and GaAs mean that  a BET device 
with an n = 1 X 10”  cm-3 doped GaAs  base should be 
compared to a significantly lower  doped  InAs  base.  For 
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Fig. 9 .  (a)  Total  inelastic  electron  scattering  rate as a function of injected 
electron  energy  measured  from the conduction band minimum  for  differ- 
ent  carrier  densities in InAs. (b) Total elastic  electron  scattering.  Param- 
eters  used in calculations  were  effective  electron  mass m,* = 0.021 m,, 
high-frequency  dielectric  constant 6- = 11.8, longitudinal  optical  phonon 
energy  hwLo = 30.2  meV, and  transverse  optical  phonon  energy Aw, 
= 27.1  meV. 

n = 1 X 10l6 cm-3 and Ei = 0.4 eV electrons in InAs 
have  a iota1 mean free path of around 3000 A giving,  for 
a 500 A base width,  a  “ballistic”  common  base  current 
gain aB = 0.85. This is a  promising  improvement when 
compared to  GaAs. 

Irrespective of whether  the  semiconductor used is GaAs 
or InAs to  improve  device  performance  still  further  we 
are  forced  to  consider  a different means of confining ther- 
mal electrons to the  base  region. An obvious approach is 
to create  a uniform (fluctuation free) potential well such 
as occurs  in  a  two-dimensional  electron gas at  a  GaAs/ 
AlGaAs interface.  In  this  case,  elastic scattering may be 
reduced to a  minimum by use of “modulation  doping” 
which spatially removes  the  donor  ions  from  the confined 
electron gas [23 ] .  The  base region will only  be - 100 A 
wide and  inelastic  electron  scattering rates are reduced 
over  those  calculated  for  the  three-dimensional  case  de- 
scribed above  (because of the reduction in density of 
states) so that aB could easily approach  unity. In addition 
the high conductivity which may be achieved at low tem- 
perature  leads  to  a significant reduction in base resistance, 
a very desirable  feature in a  high-performance  transistor. 

In  conclusion we have  designed  and implemented a 
unique spectroscopic  probe with which to study nonequi- 
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librium electron  transport  in  semiconductors.  Our tech- 
nique of hot  electron spectroscopy has  enabled  us  to  es- 
tablish the  existence of “ballistic”  electron  transport 
together with a  complete  picture of the  dynamics of in- 
jected  electron  cooling  in  GaAs.  A  full  description of the 
measured spectra has been  obtained by considering  scat- 
tering from the  coupled  electron/phonon  system, with the 
low-energy portion of the  spectrum  attributed to electrons 
excited from the  Fermi  sea. We find excellent  agreement 
between experimental  and  theoretical  determinations of 
hot electron mean free  paths.  It  has  also  been  shown that 
the short mean free paths in  doped  GaAs make it an un- 
suitable material from which to fabricate  a useful hot  elec- 
tron transistor. We suggest  InAs  as  a  more  favorable ma- 
terial and a  two-dimensional  electron  gas  as  a  more 
suitable  means of confining electrons to the  transistor 
base. 

ACKNOWLEDGMENT 
We wish to thank S. J .  Allen, R. Bhat, A. C. Gossard, 

S. L. McCall, P. M. Platzmann,  and H.  L. Stormer  for 
many useful discussions. We also  acknowledge M. An- 
zlowar, T. Uchida,  and W. Wiegmann  for  technical  as- 
sistance.  The  continued support and  encouragement of R. 
C. Dynes, P. F. Liao,  and V. Narayanamurti is much 
appreciated. 

REFERENCES 
For  a review of this  early  work  see S. M.  Sze, Physics ofSemicon- 
ductor  Devices. New York: Wiley,  1981. 
J. M.  Shannon,  “Hot electron  camel transistor,” IEE J .  Solid State 
Electron  Devices, vol.  3,  pp. 142-144, 1979. 
J. M.  Shannon  and  A.  Gill,  “High  current  gain in monolithic  hot 
electron transistors,” Electron.  Lett., vol.  17,  pp. 620-621,  1981. 
R. J. Malik, T.  R. AuCoin, R.  L.  Ross, K.  Board, C. E C.  Wood, 
and L. F. Eastman,  “Planar doped  barriers in GaAs by molecular 
beam  epitaxy,” Electron.  Lett., vol.  16,  pp. 836-838, 1980. 
R. J. Malik,  M. A.  Hollis, L. F.  Eastman, D. J. Woodard,  C. E. C. 
Wood,  and T.  R. AuCoin, in Proc. Con$ Active  Microwave  Devices, 
Cornel1 Univ.,  Ithaca,  NY, 1981. 
S. Muto, K.  Imamura,  N.  Yokoyama, S .  Hiyamizu, and H. Nishi, 
“Subpicosecond  base  transit  time  observed in a hot  electron  transis- 
tor,” Electron. Lett., vol.  21,  pp. 555-556, 1985; J.  M.  Woodcock, 
J.   J .  Harris, and J. M.  Shannon,  “Monolithic hot electron  transistor 
in GaAs  with  high current  gain,” Physica, vol. 134B, pp. 111-118, 
1985;  M. Heiblum,  D. C. Thomas,  C. M. Knoedler,  and  M. I. Na- 
than, “Tunneling hot  electron transfer  amplifier,” Appl. Phys. Lett., 

E. J. Ryder and W. Shockley,  “Mobilities of electrons in high  elec- 
tric fields,” Phys.  Rev., vol.  81,  pp. 139-140,  1951. 
J. B.  Gunn, “Microwave oscillations of current in 111-V semicon- 
ductors,’’ Solid State Commun., vol.  1,  pp. 88-91,  1963. 
J. Shah  and R. C.  C.  Leite,  “Radiative recombination  from  photoex- 
cited hot carriers in GaAs,” Phys.  Rev. Lett., vol. 22,  pp. 1304- 
1307,  1969. 
J .  R. Hayes,  A.  F. J. Levi, and  W.  Wiegmann,  “Hot  electron  spec- 
troscopy,” Electron.  Lett., vol.  20,  pp. 851-852, 1984. 

pp. 1570-1572, 1985. 
R.  F. Kazarinov  and S.  Luryi,  “Charge injection over triangular  bar- 
riers  in  unipolar  semiconductor structures,” Appl. Phys. Left . ,  vol. 

A. F. J .  Levi, J .  R.  Hayes,  P.  M.  Platzman, and W.  Wiegmann, 
“Injected hot  electron  transport in GaAs,” Phys.  Rev.  Lett., vol.  55, 

M.  Heiblum, M. I. Nathan, D. C .  Thomas, and C.  M. Knoedler, 
“Direct observation of ballistic  electron  transport in GaAs,” Phys. 
Rev. Left.,  vol. 55, pp.  2200-2203, 1985. 

V O ~ .  47,  pp. 1105-1107, 1985. 

- , “Hot electron  spectroscopy of GaAs,” Phys.  Rev.  Lett., vol.  54, 

38, pp.  810-812,  1980. 

pp. 2071-2073, 1985. 

Authorized licensed use limited to: University of Southern California. Downloaded on November 25, 2009 at 17:16 from IEEE Xplore.  Restrictions apply. 



1752 IEEE  JOURNAL OF QUANTUM  ELECTRONICS, VOL. QE-22, NO. 9, SEPTEMBER 1986 

Phys., vol.  59,  pp.  2125-2128,  1986. 
A. P.  Long,  P.  H.  Beton,  and M. .I. Kelly,  “Hot  electron  transport 
in heavily doped  GaAs,” Semiconductor Sci. Technol., vol.  1,  pp. 
63-70,  1986. 
J. S .  Blakemore,  “Semiconducting and other  major  properties of gal- 
lium  arsenide,” J .  Appl. Phys., vol.  53,  pp.  R123-181,  1982. 
M.  Glicksman and M.  C. Steele,  “High field effects in n-indium  an- 
timonide,” Phys. Rev . ,  vol.  110,  pp.  1204-1205,  1958. 
R.  Dingle, H. L. Stormer,  A. C. Gossard, and W. Wiegmann,  “Elec- 
tron mobilities in modulation  doped  semiconductor  heterojunction  su- 
perlattices,” Appl. Phys. Leu. ,  vol.  33,  pp.  665-667, 1978. 

A. F. J. Levi received  the  B.Sc.  degree  from  the 
University of Sussex,  Falmer,  U.K., in 1980, and 
the  Ph.D.  degree  from  Cambridge  University, 
Cambridge,  U.K., in 1983. 

He  has  been a member of the  Technical Staff 
in the  Physics  Research  Division  at  AT&T Bell 
Laboratories, Murray Hill. NJ, since  1984. 

Authorized licensed use limited to: University of Southern California. Downloaded on November 25, 2009 at 17:16 from IEEE Xplore.  Restrictions apply. 


