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The self-consistent Monte Carlo technique has been used to solve coupled nonlinear kinetic
equations for electrons and optical phonons confined in a GaAs quantum well. We have studied the
influence of nonequilibrium phonons on quasi-two-dimensional electron transport for a lattice
temperature of 30 K and for a wide range of applied electric fields. A substantial difference in
generation and decay times as well as the confinement inside the GaAs/AlAs
heterostructure-bounded active region lead to a significant growth of nonequilibrium optical-phonon
population generated by a heated electron gas. We have found that when the phonon generation~as
well as phonon reabsorption by the quasi-two-dimensional carriers! becomes significant, there are
substantial effects on transport in the quantum well. We show that for low electron concentrations,
the hot optical-phonon distribution reflects the main features of the carrier distribution; indeed, it
preserves an average quasi-momentum in the forward~opposite to electric field! direction. However,
hot-phonon feedback to the electron system is found to be not essential in this case. For high
electron concentrations, enhanced nonequilibrium optical-phonon reabsorption results in phonon
distribution which spreads significantly in the quasi-momentum space and essentially loses the
characteristic of the forward-peaked anisotropy. The interactions with the confined electron
subsystem typically result in an isotropic phonon distribution. In this case, nonequilibrium optical
phonons lead to an increase in the mean electron energy and a reduction in the carrier drift velocity.
© 1997 American Institute of Physics.@S0021-8979~97!01123-7#
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I. INTRODUCTION

Modern solid-state electronics is entering a new stag
development with a strong emphasis on utilizing quant
well ~QW! semiconductor structures. However, full use
the advantages of QW structures cannot be realized c
pletely without an adequate knowledge of how the coup
electron-phonon system responds to realistic nonequilibr
external conditions. This response becomes much more c
plex when nonequilibrium~hot! phonon effects come into
play and strongly affect all-important electron transport p
rameters.

In A3B5 materials, a substantial difference betwe
optical-phonon emission and their decay characteristic tim
t0 andtd , respectively, may result in a significant accum
lation of these phonon modes. In the case of GaAs,t0

'0.15 ps andtd'7 – 8 ps.~The latter value is realistic at th
low lattice temperatures1–3 for which we have performed ou
simulation.! If electrons are heated by an applied elect
field, photoexcitation, or due to injection into the active r
gion, the optical-phonon population may grow significan
in comparison with the equilibrium population given by th
Planck formula.

The hot phonons created by the heated carrier gas
be observed by Raman spectroscopy measurements.4 Such
experiments on nonequilibrium phonon dynamics in b
GaAs and wurtzite GaN have been reported in Refs. 3 an
The population relaxation time for longitudinal optical~LO!
phonons was measured directly to be close to 5.0 ps in G

a!Current address: Box 7911, ECE, NCSU, Raleigh, NC 27695.
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at T525 K. A similar value was obtained for GaAs in th
150–420 K temperature range.3

Sub-picosecond laser pulses have also been use
study nonequilibrium electron distributions and to gener
hot LO phonons in InP and InAs.6 Since these two semicon
ductors have considerably different energy band gaps, t
provide a contrast in that the decay of the Raman sig
probes different electron relaxation mechanisms in the st
tures investigated. The study shows that the signal deca
narrow-band gap InAs is governed by intervalleyG2L elec-
tron transitions, while in wideband gap InP it is dominat
by the relaxation of hot LO phonons.

Hot optical phonons dramatically affect electron tran
port in small scaleA3B5 semiconductor structures. In gen
eral, an increase in the reabsorption of such emitted phon
by electrons increases the mean carrier energy. This, in t
raises the electron temperature and, hence, reduces
mobility.1 However, a strong anisotropy of the nonequili
rium phonon distribution in the applied field direction cou
also result in momentum transfer from the forward optic
phonon modes to electrons causing mutual carrier-pho
drag effects.1,2,7,8 The competition of these two opposin
mechanisms—hot-phonon drag and diffusive heating
phonons—determines the electron mobility in each particu
case. It should be pointed out that hot-LO phonon drag
strongly pronounced in quantum wires.7 In contrast, due to
the existence of additional degrees of freedom in QWs
bulk materials, carrier interactions with randomly orient
optical phonons can outweight the drag effect smearing
the electron distribution function and reducing the carr
mobility. A slight increase in the mobility as a result of pr
7/82(11)/5580/9/$10.00 © 1997 American Institute of Physics
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vailing hot-phonon drag may be observed only at low el
tric field.1,2 However, the effect is comparably small becau
of a negligible nonequilibrium optical-phonon population a
cumulated in the structure in this case.

It was shown that hot-phonon reabsorption is import
for high-field electron transport in semiconductor quant
wells and wires, resonant heterostructure tunneling dio
and other microstructures.7–11 In particular, it was predicted
and demonstrated numerically that the quantum casc
laser’s12 performance suffers from relatively high thresho
currents13 but can be improved significantly by the approp
ate use of nonequilibrium-phonon effects in the active Q
region.

Hot-phonon effects in bulk semiconductors and mic
structures have been investigated by several authors.3,5,6,14–26

However, in spite of active research on nonequilibrium el
trons and phonons in small scale systems, such as G
quantum wells, there is no adequate understanding of n
equilibrium carrier relaxation, recombination, and no
when both quantization of carriers and confinement of o
cal phonon modes become important.27 Most of the previous
research in this area is concentrated basically on the in
ence of nonequilibrium phonons on the electron energy
laxation after initial electro- or photoexcitation. In additio
there have not been enough studies dedicated to a det
investigation of quasi-two-dimensional~2D! electron trans-
port under hot-phonon conditions in the case of stro
carrier-optical-phonon coupling. Earlier theoretical stud
on the influence of hot phonons on the electron mean en
and drift velocity as well as on electron and phonon dis
bution functions in QWs involve the investigation of speci
cases when, e.g., only the lowest energetic subband is p
lated by electrons, or by the use bulklike optical phon
modes and/ora priori specified electron distribution func
tions, etc. Very few of the previous articles studied ho
nonequilibrium-phonon effects depend on electron conc
tration and electric field.

We would like to emphasize that electron transport
QWs in the presence of hot phonons is nonlinear with
spect to both the carrier and phonon concentrations. Its
vestigation requires solving coupled nonlinear kinetic eq
tions for both electron and phonon distribution functions. W
have solved these equations self-consistently for a G
quantum well for a wide range of applied electric fields, a
this article presents the main results of our study. We h
examined the nonequilibrium optical-phonon distribution
well as its dependence on the applied electric field and e
tron concentration; also we have investigated the influenc
hot phonons on the nonlinear electronic response in this c

II. MODEL

We have studied the nonlinear electron and phonon
namics in a quasi-two-dimensional GaAs QW embedded
an AlAs matrix. The thickness of the well,a, has been cho-
sen to be 100 Å in order to reduce the number of ‘‘activ
electron subbands in the QW~practically only the lowest
energy subband is populated in equilibrium! and to diminish
J. Appl. Phys., Vol. 82, No. 11, 1 December 1997
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the role of electron intersubband transitions. At the sa
time this keeps the well reasonably wide, so that the interf
optical modes are not important.28,29

The in-plane dimensions of the QW,Lx3Ly , are large
in comparison with the electron de Broglie wavelength.
GaAs/AlAs heterostructures, at the top and bottom bou
aries of the plane heterointerfaces, there exist large pote
barriers for electrons causing carrier wave confinement in
transverse direction.30 The presence of the heterointerfac
gives rise to a similar confinement of optical-phonon mod
in the GaAs layer as well.13,27 The parameters of this QW
structure are favorable for nonequilibrium phonon accum
lation because the lowest order confined optical-phon
mode is the only one which scatters 2D electrons with h
efficiency.

We use a standard ensemble Monte Carlo method
solve the coupled nonlinear kinetic equations for electro
and phonons. A multi-subband parabolic electron ener
band structure and electron intersubband/intrasubband
terings by optical and acoustic phonons are taken into
count. ~However, as mentioned, the role of the carr
intersubband transitions is not significant in the case con
ered.! Optical phonons are treated as confined within the Q
in accordance with the dielectric continuum model,27 while
acoustic phonons are treated as bulklike phonons. This
proach is well established31,32 and we do not go into details
here. The electron collision integrals which account for t
nonequilibrium optical-phonon population are determin
from a solution of phonon kinetic equations~which reduce to
simple rate equations in our case because of neglig
optical-phonon dispersion!.

Nonequilibrium optical-phonon decay into two sho
wavelength acoustic phonons has been taken into acc
and the characteristic time constanttd has been taken to b
'8.0 ps. We did not consider the inverse process of
‘‘merging’’ of two acoustic phonons into one optical phono
for the following reasons. In equilibrium the optical-phono
decay and creation processes caused by phonon–phono
teractions compensate each other. However, in the pres
of a high electric field this balance is disturbed considerab
Due to the significant hot optical-phonon accumulation
this case, the decay processes initially dominate resultin
large acoustic-phonon populations in the QW. In fact,
acoustic phonons in heterostructures with similar ela
properties~such as GaAs/AlAs in our case! are not confined
within the active region and can easily escape from the w
into the surrounding AlAs matrix.~For simplicity we assume
that these escaping decay phonon modes are not able t
enter the active region what usually corresponds to reali
conditions!. In addition, because of the large phonon pha
space volume available near the zone boundaries, these
wavelength acoustic phonons produce small perturbation
the phonon occupation number there.22 As a result, the bulk-
like decay modes do not contribute significantly to the h
phonon buildup in the system. However, an outgoing aco
tic phonon energy flux can be measured experimentall31

these measurements provide useful information about
transport phenomena occurring in the QW.32
5581Paulavičius, Mitin, and Bannov
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We consider a lattice temperature,T, of 30 K. It is high
enough so that it is reasonable to neglect electron
degeneracy23 even at low electric fields for the electron co
centrations of interest in this work. The inelasticity
electron-acoustic-phonon scattering,33 which might be sig-
nificant at lower temperatures, is accurately taken into
count in our model. It should be pointed out that the te
perature chosen is low with respect to the LO-phonon ene
for GaAs, \vLO'36 meV; therefore, at equilibrium th
population of these phonons is very small and their abso
tion by electrons is thus a mechanism of scattering of mi
importance. Hence, hot-phonon effects should be well p
nounced for such conditions.

We have considered electric fields in the range 0–1
V/cm: from very low to high enough to result in the electro
escape from the quantum well. We use a right-handed
thogonal Cartesian coordinate system in which thex and y
axes lie in the QW plane and the direction of the appl
parallel electric field is in the negativex direction. Thez axis
is, of course, perpendicular to the QW plane.

A wide range of sheet~surface! 2D-electron concentra
tions has been considered. In this article we present ou
sults for two different concentrations:ns154.031010 cm22

andns256.431011 cm22. As will be shown later, in the cas
of the lower electron concentration,ns1 , optical-phonon ac-
cumulation as well as the phonon reabsorption by the carr
are not significant. Therefore, the role of nonequilibriu
phonon feedback in electron transport is negligible. In ot
words, hot phonon and electron systems evolute almos
dependently in this case. For the higher electron concen
tion, ns2 , the mutual influence of the hot LO phonon an
electron systems becomes strong and both the 2D-elec
and confined phonon distributions display dramatic chang

We have not taken into account electron interactions
sulting from remote ionized impurities, regions of surfa
roughness, and electron–electron scattering. Although
these mechanisms may be important at very low temp
tures and high carrier concentrations,34,35 they should not
play a crucially significant role in the range of electric field
temperatures, and electron concentrations investig
herein.

III. MONTE CARLO SIMULATION OF
NONEQUILIBRIUM OPTICAL PHONONS

The electron scattering rate by optical phonons in a Q
is proportional to the square of the matrix element for
2D-electron-optical-phonon interaction,M 6

M 65^kx8 ,ky8 ,n8;Nq1 1
26

1
2uH2Dukx ,ky ,n;Nq1 1

27
1
2&,

~1!

where H2D stands for the 2D Fro¨hlich Hamiltonian of the
dielectric continuum model;27,28 Nq is the actual optical-
phonon occupation number, and the quantitieskx ,ky ,n and
kx8 ,ky8 ,n8 indicate initial and final electron states, respe
tively. The upper~lower! signs correspond to phonon emi
sion ~absorption!.

In Eq. ~1!, the influence of nonequilibrium phonons
reflected directly by the termNq , i.e., by the phonon occu
pation at the certainqi point in the 2D wave vector~or quasi-
5582 J. Appl. Phys., Vol. 82, No. 11, 1 December 1997
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momentum! space. Therefore, in order to include se
consistently hot phonons in the ensemble Monte Ca
simulation, the instantaneous value ofNq should be used; as
well, the carrier scattering rates must be adjusted appro
ately after any optical phonon scattering event has occur

To account for a change in the optical-phonon popu
tion we discretized the in-plane (qx ,qy) wave-vector space
and introduced a discrete function on this mesh,Nq . The 2D
mesh steps were taken asDqx andDqx . ~Note that, due to
the uncertainty principle, the restrictions apply to the mi
mum mesh step value in theqi space: min$Dqa%
.2p/min$La%, wherea stands for either thex or y coordinate
and min$La% is the smallest in-plane dimension of the QW!
In accordance with the 2D nature of confined optic
phonons in QWs, after each optical-phonon emissi
absorption event their population is incremented in the c
responding (qx ,qy) cell by the value

DNq56S 2p

Dqx
D S 2p

Dqy
D S ns

N
D . ~2!

Here ns stands for the surface electron concentration in
QW, andN is the actual number of particles~representing
2D electrons! in the Monte Carlo simulation.

According to Eq.~2!, the instantaneous value of non
equilibrium optical-phonon occupation,Nq(t), can be ex-
pressed as

Nq~ t !5Nq
eq1(

i
DNq

~ i ! ,

where Nq
eq represents the equilibrium phonon occupati

number ~Planck function! and the sum is taken over a
optical-phonon scatterings that occurred up to the time
stantt. ~It also includes the phonon decay terms.! For equi-
librium conditions the sum in the above expression sho
vanish in accordance with the principle of detailed equil
rium. When an electric field is applied, the optical-phon
population may deviate significantly fromNq

eq and the sum
reflects these changes.

Hot optical-phonon decay into acoustic phonons w
taken into account in our model by recalculatingNq for ev-
ery mesh cell at the end of each time step in the Monte C
procedure. As mentioned previously, we have used the v
of 8.0 ps for the optical-phonon decay time,td .

IV. SIMULATION RESULTS

A widely used assumption in Monte Carlo simulations
carrier transport in QWs is that the optical-phonon distrib
tion remainsin equilibrium even if there is an electric field
applied to the structure. In reality, hot electrons interact
with the phonon subsystem always drive the latter out
equilibrium. Therefore, an accurate simulation should s
consistently includenonequilibrium optical-phonon buildup.

The equilibrium optical-phonon occupation numbe
Nq

eq, at T530 K is very low, about 1025. Therefore, practi-
cally all generated optical phonons are nonequilibrium on
In this article, we present our Monte Carlo calculations
two significantly different 2D electron concentrations:ns1

54.031010 cm22 and ns256.431011 cm22. For the first
Paulavičius, Mitin, and Bannov
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carrier concentration,ns1 , the influence of hot phonons o
electron transport is not important because the opti
phonon generation is insufficient even for strong elec
fields. However, the situation is much different for the high
carrier concentration,ns2 .

The process of hot optical-phonon accumulation
GaAs QW consists of several stages. Figure 1 shows
transient response of the total nonequilibrium-phonon po
lation, as represented by the effective lattice temperature
an applied electric field step of 200 V/cm att50. The dashed
curve corresponds to an electron concentration of
31010 cm22 and the solid line represents the case wh
ns256.431011 cm22. As seen in Fig. 1, the phonon popul
tion increases rapidly due to the rapid generation of phon
by hot 2D electrons; after 20–30 ps the population reac
saturation. The increasing part of the nonequilibrium-phon
population response is controlled by several factors. On
them iste , the time necessary for an electron to approa
the optical-phonon energy when the phonon emission
comes possible. At an electric field ofE5200 V/cm, this
time is approximately 8.5 ps (te'A2m* \vLO/eE, wheree
and m* are the electron charge and the effective elect
mass, respectively!. Another factor is the optical-phonon de
cay ~thermalization! time (td'8.0 ps). In fact, the genera
tion and decay processes play the main role in the in
stage of the evolution of the nonequilibrium-phonon syste
Therefore, as a result of the heating of the electron syst
the phonon population starts to grow almost linearly w
time. On the other hand, together with the accumulation
decay mechanisms considered, the rate of hot optical-pho
reabsorption by electrons increases as well because it is
early proportional to the phonon occupation number,Nq ; see
Eq. ~1!. The latter process becomes important for signific
nonequilibrium-phonon populations, i.e., during the fin
stages of the hot optical-phonon population evolution an
more pronounced in the case of high carrier concentratio
as would be expected. The counterplay of the phonon em
sion and decay as well as the induced reabsorption

FIG. 1. Temporal evolution of the nonequilibrium optical-phonon popu
tion. GaAs quantum well:a5100 Å, ns154.031010 cm22 ~dashed curve!,
ns256.431011 cm22 ~solid curve!; T530 K, E5200 V/cm.
J. Appl. Phys., Vol. 82, No. 11, 1 December 1997
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phonons by 2D carriers control the steady-state value of
hot LO-phonon population.

Figure 2 shows the total~integral! nonequilibrium LO-
phonon population plotted versus the applied electric fi
intensity for electron concentrations of 4.031010 cm22

~dashed curve! and 6.431011 cm22 ~solid curve!. According
to this figure, over a wide range of electric field, 100 V/c
,E,1000 V/cm, the hot optical-phonon population grow
near linearly with increasing electric field. On the othe
hand, at low fields the dependence considered is nonlin
The explanation of this fact is the following. At electri
fields lower than 10–20 V/cm electron transport in the Q
is controlled primarily bybulklike acoustic phononscatter-
ing. This scattering mechanism efficiently prevents the c
riers from approaching the optical-phonon emission thre
old; therefore, such phonon accumulation in the structur
weak and is caused only by the high-energy tail of the el
tron distribution. Increasing the electric field results in t
heating of the electron subsystem causing electron runa
from acoustic phonon scattering as well as in exponenti
enhanced optical-phonon emission. The counterplay
acoustic and optical-phonon scattering, when the la
mechanism becomes more and more dominant with incr
ing field, leads to the nonlinear dependence in Fig. 2 aE
,15 V/cm.

For moderate fields of 100 V/cm,E,500 V/cm,
optical-phonon emission is much stronger than acous
phonon scattering; it controls the carrier mobilitystabilizing
effectively further electron energy growth in this region.
should be emphasized that in the case of such electric fie
electron motion in the QW structure corresponds to the
called streaming regime.33,36–38 Electrons accelerate unt
they acquire the energy of the optical phonon. Then th
rapidly emit these phonons and are scattered down to
bottom of the energy subband. This process repeats per
cally in time. Because the emission rates at energies
above the optical-phonon energy are very high, electr
cannot penetrate much above this energy threshold. Base

-
FIG. 2. Dependence of the nonequilibrium optical-phonon population on
applied electric field. GaAs quantum well:a5100 Å, ns154.0
31010 cm22 ~dashed curve!, ns256.431011 cm22 ~solid curve!; T530 K.
5583Paulavičius, Mitin, and Bannov
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these considerations, in the streaming regime the elec
drift velocity saturates at the value

ys5A\vLO

2m*
. ~3!

Note that, if electric field is low, less than 10–20 V/cm
the frequency of periodic electron motion in qua
momentum space is comparable with the rate of the ca
scattering by acoustic phonons. As a result, the stream
motion does not occur in this case because electrons are
vented from acquiring significant energies. On the ot
hand, at electric fields above 400–500 V/cm, electrons s
running awayfrom optical-phonon scattering and period
carrier motion does not occur either.

As mentioned previously, at moderate electric fields
total joule power pumped into the electron system by
external electric field is dissipated mostly via the intens
emission of LO phonons in the streaming mode. This pow
PJ5 envsE, for the saturated electron drift velocity of Eq
~3! is a linear function of the electric field. Therefore, th
total nonequilibrium optical-phonon population, which
proportional toPJ , is also a linear function of E in the
moderate field range; see Fig. 2.

As illustrated by the above considerations, the roles
the different electron-phonon scattering mechanisms dep
on the applied electric field intensity. The presence of p
nounced hot optical-phonon accumulation may also mod
dramatically these rates strongly affecting all transport pr
erties in the QW. Figure 3 illustrates the influence of no
equilibrium phonons on 2D-electron scattering in the syst
by LO phonons. As discussed previously, the latter proc
makes the dominant contribution to the electron energy
sipation in QWs in the moderate-to-high electric field ran

When the buildup of hot phonons is negligible, as in t
case of a low concentration 2D-electron gas~the curves with

FIG. 3. Optical-phonon emission/absorption rate vs the applied ele
field. Solid curves illustrate the phonon emission intensity, dashed ones
absorption. Empty circles denote the case when nonequilibrium LO pho
are neglected; stars correspond to the self-consistent simulation which
into account hot phonons. GaAs quantum well:a5100 Å; T530 K.
5584 J. Appl. Phys., Vol. 82, No. 11, 1 December 1997
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empty circles in Fig. 3!, optical phonon absorption by carr
ers remains small and almost constant for electric field ra
under consideration~the dashed curve with empty circles.! In
this case, such an absorption rate is controlled by the ne
gible equilibrium LO-phonon population corresponding to
30 K lattice temperature.~As mentioned above, the equilib
rium occupation number,Nq , is 1025 of the order of mag-
nitude in this case!. Note that for small disturbances of th
phonon system, the much larger emission rate~the solid
curve with empty circles in Fig. 3! is due to spontaneou
phonon emission with a relative weightNq11. At higher
fields, owing to a significant electron heating in the QW
LO-phonon emission increases by several orders of ma
tude as the electric field increases up to 1000 V/cm. Ho
ever, a sufficient part of the power pumped by hot-elect
gas to the confined hot optical-phonon subsystem leaves
structure by means of significant strongly nonequilibriu
bulklike acoustic-phonon radiation. As mentioned, the lat
phonons are produced as a result of the hot optical pho
decay.21,39

In the case of high carrier concentrations represented
the curves with stars in Fig. 3, when nonequilibrium-phon
accumulation is pronounced, the optical-phonon absorp
intensity increases dramatically in contrast to the previou
discussed case; compare the two dashed curves in Fig. 3
rate of the latter scattering mechanism becomes even cl
to that of the corresponding LO-phonon emission in the c
considered—the solid curve with stars. Such behavior is
accordance with Eq.~1! whenNq is comparable to or large
than unity.

Due to the substantially enhanced optical-phonon
sorption rate in the case of very pronounced hot LO-phon
accumulation, the energy stored in the confin
nonequilibrium-phonon system does not leave the QW str
ture. This energy is efficiently transferred back to the el
tron subsystem by means of hot-phonon reabsorption
turn, the additional energy gained by the carriers leads
further enhancement of the optical phonon emission in
system and so on. Such a ‘‘positive feedback’’ between
electron and phonon subsystems causes a dramatic inc
in the optical-phonon emission rate~the solid curve with
stars in Fig. 3! in comparison with that for negligible hot
phonon accumulation in the QW~the solid curve with empty
circles in Fig. 3!. The optical-phonon emission/absorptio
rates in the case of high electron concentration~the curves
with stars! change in the same way responding to t
changes of the applied electric field intensity. This indica
that there is a certain quasi-steady-state established bet
the carrier and the phonon subsystems in the QW.

The changes in the mutual interaction and the strengt
coupling between the hot electron and nonequilibriu
optical-phonon systems are reflected by their distributions
the structure under consideration. Figures 4 and 5 show
phonon distribution functions atE5200 V/cm andT530 K
for the two different electron sheet concentrations of 4
31010 cm22 and 6.431011 cm22, respectively. The first fig-
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ure demonstrates a smooth symmetrical phonon distribu
in the two-dimensional wave vector space (qx ,qy) for the
case of the lower electron concentration. Forns154.0
31010 cm22 the mutual influence of the electron and phon
systems is not significant. Periodic oscillation of electrons
the quasi-momentum space~streaming! results in significant
generation of optical phonons only in certain regions of
phonon quasi-momentum space. This function has a m
mum at the wave-vectorqi5(qmax,0), where qmax

5A2m* vLO /\, and it is equal to the equilibrium popula
tion, 1/(exp(\vLO /T)21), at the origin,qi50, due to re-
strictions imposed by energy and quasi-momentum con
vation on electron-optical-phonon scattering.

The hot LO-phonon distribution is symmetrical with r
spect to theqx-axis ~the direction of the electric field! and is
shifted in thex direction. As we will see later~Figs. 6 and 7!,
the phonon distribution displays the analogous features
the electron distribution. Optical phonons with positiveqx

wave-vector components prevail over those with nega
components; therefore, the nonequilibrium-phonon s
system preserves a certain directed momentum and en
~in the direction opposite to the electric field due to the ne
tive electron charge! which might be transferred back to th
2D-carrier system.

In Fig. 4 there is a circular region near the coordina
origin, qi50, where the optical-phonon population remai
unchanged, i.e., it is equilibrium. According to the conser
tion laws for optical-phonon scattering, the shortest and
longest possible emitted/absorbed phonon wave-vectoq
magnitudes are defined by the following equations:

qmin5u7k6k8u5
A2m*

\
u7Ae6Ae6\vLO u, ~4!

qmax5uk1k8u5
A2m*

\
uAe1Ae6\vLO u, ~4!

wherek and k8 indicate the magnitudes of initial and fina
electron state wave numbers, respectively, ande is electron
energy before the scattering. The upper~lower! signs in the

FIG. 4. Nonequilibrium optical-phonon distribution function. The simu
tion self-consistently includes nonequilibrium optical phonons. GaAs qu
tum well: a5100 Å, ns154.031010 cm22; T530 K, E5200 V/cm.
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above expression stand for phonon absorption~emission!. As
the electron energy increases the minimum phonon w
vector becomes shorter and the maximum magnitude oq
increases as indicated by Eqs.~4!.

The nonequilibrium LO-phonon distribution in Fig.
corresponds to the case wherens256.431011 cm22. Refer-
ring to Figs. 4 and 5, one can see that if the 2D-elect
concentration increases by a factor of 16, i.e., it becom
equal to 6.431011 cm22, the hot optical-phonon populatio
is larger that unity, and stimulated phonon absorption by
2D electrons is likely to occur. Such reabsorption may s
stantially randomize the phase of the carrier coherent stre
ing motion in the quasi-momentum space.1 This broadens the
carrier distribution, washes out the kink at optical-phon
emission threshold, and leads to a more isotropic distri
tion. On the other hand, the heated electrons with those m
symmetric distribution functions emit optical phonons wi
more arbitrarily oriented wave vectors~see Fig. 5!. In turn,
as these phonons are reabsorbed by electrons they trans
the carrier distribution functions so that the latter have ev
more symmetric forms, and so on. The above reason
shows that the transition fromlow electron concentrations—
when phonon absorption almost has little affect on elect
transport—tohigh electron concentrations—when this influ
ence becomes significant—is dramatic; this transition co
pletely transforms the carrier and phonon distribution fun
tions as is evident upon comparison of Figs. 4 and 5!.

For higher electron concentration,ns2 , when
nonequilibrium-phonon reabsorption is significant~Fig. 5!,
the optical-phonon distribution in theqi-vector space is sub
stantially wider than in the case of low electron concent
tion. However, it has a larger magnitude than that in Fig
because more electrons create more phonons; in the ca
significant hot-phonon buildup, the electron-optical-phon
interaction smears out the 2D-electron distribution and
most completely destroys the forward-peaked anisotropy
the nonequilibrium-phonon distribution; the latter becom
nearly isotropic. Therefore, the 2D electrons do not gain a
prevailing directed momenta as a result of reabsorbing s

-
FIG. 5. Nonequilibrium optical-phonon distribution function. The simul
tion self-consistently includes nonequilibrium optical phonons. GaAs qu
tum well: a5100 Å, ns256.431011 cm22; T530 K, E5200 V/cm.
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phonons. This interaction does, however, lead to an incre
in the carrier mean energy.

Note that for high electron concentration, the radius
the circle of prohibited phonon wave numbers near the co
dinate origin,qi50, becomes smaller~see Fig. 5!, indicating
an increase in the energy of the scattering participating
riers according to Eqs.~4!.

As Figs. 4 and 5 show, hot LO-phonon distributions d
fer significantly in the cases of the lower and the high
electron concentrations. Naturally, due to a strong coup
between the confined carrier and optical-phonon system
the structure, the carrier distributions also vary in these
cases.

Figures 6 and 7 illustrate the influence of hot optic
phonon reabsorption on the 2D-electron distribution funct
in the case of the higher electron concentration,ns256.4
31011 cm22. Figure 6 corresponds to the Monte Carlo sim
lation with an equilibrium optical-phonon distribution func
tion while Fig. 7 is obtained from the self-consistent soluti
of the kinetic equations for electrons and phonons. It sho
be mentioned that for the case of the lower carrier conc
tration, ns154.031010 cm22, the results related to elec
trons and found by the self-consistent approach are iden
to those obtained using the model equilibrium optic
phonons. The solid curves in Figs. 6~a! and 7~a! illustrate the
dependence of the electron distribution function on the e
tron in-plane wave vector componentkx , i.e., the function is
averaged overky . The dashed curves represent the elect
distribution function versusky ~the average overkx!. The
energy dependence of the 2D-electron distribution funct
is also shown in Figs. 6~b! and 7~b!.

In the case when hot phonons are neglected in the si

FIG. 6. ~a! A 2D-electron distribution function averaged overky as a func-
tion of kx ~solid curve! and averaged overkx as a function ofky ~dashed
curve!; ~b! A 2D-electron distribution function as a function of electro
energy. Nonequilibrium optical phonons are neglected; GaAs quantum w
a5100 Å, ns154.031010 cm22, E5200 V/cm, T530 K; the field is anti-
parallel to thekx axis.
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lation, the 2D-electron distribution in the QW structure d
plays the features related to the streaming regime of the
rier motion. The distribution is shifted against the elect
field ~i.e., in the positivekx direction! in the electron wave-
vector space@the solid curve in Fig. 6~a!# and it also retains
an axial symmetry in this direction as illustrated by t
dashed curve in Fig. 6~a!. The distribution function depen
dence on electron energy@the graph in Fig. 6~b!# exhibits a
well pronounced kink at carrier energies close to the optic
phonon energy ('36 meV).

As Fig. 6 indicates, there is a significant population
the ‘‘slow’’ carriers near the origin,ki50, in the case when
hot-phonon feedback to electrons is not taken into acco
In accordance with the streaming mechanism, at mode
electric fields~e.g., 200 V/cm as in the case presented in t
figure! electrons gain their energy slowly until they reach t
optical-phonon energy. Then they very rapidly emit optic
phonons and are scattered back to the bottom of the ener
subband. Therefore, the carriers spend a significant frac
of time in the region nearki50. Acoustic-phonon scattering
which is dominant at low electron energies, efficien
‘‘slows down’’ the electrons and contributes to the effe
considered.

Comparing Figs. 6 and 7 we can see how dramatica
the electron distribution is affected by the induced noneq
librium optical-phonon reabsorption. The carrier distributi
function smears out, its forward-peaked anisotropy is
duced, and it becomes more symmetric in theki space; the
mean electron energy increases and a steep kink at
optical-phonon energy disappears, indicating an increas
the population of the high-energy electrons. This shows t
the quasi-periodic electron motion in the momentum spac
almost completely destroyed as a result of the phonon sys

ll:

FIG. 7. ~a! A 2D-electron distribution function averaged overky as a func-
tion of kx ~solid curve!, averaged overkx as a function ofky ~dashed curve!;
~b! the distribution function as a function of electron energy. Hot opti
phonons are taken into account; GaAs quantum well:a5100 Å, ns256.4
31011 cm22, E5200 V/cm,T530 K; the field is antiparallel to thekx axis.
Paulavičius, Mitin, and Bannov

 license or copyright, see http://jap.aip.org/jap/copyright.jsp



er
s
c
ra
ea
ve
le
u

th
ct
d
d

on
fo

c
1
is
th
i
m
in
a

al
ce
fie

n
an
e
re
a
n-
u
i-

ring
rgy
s at

he
is
ase
illus-
ount.
o-

he

,
h

ar-

s
ns
on
he
ely

f its
LO-
ilar
ell;

es
for
tum

fie for
action. Therefore, on average, the 2D-electron mean en
increases in this case while carrier drift velocity decrease

As shown, changes in the 2D-electron distribution fun
tion, caused by hot-phonon feedback, modify the integ
carrier characteristics such as the drift velocity and the m
energy. The hot-phonon effects considered herein are
pronounced for high electron concentrations and strong e
tric fields. Figure 8 demonstrates the influence of noneq
librium optical phonons on the mean electron energy;
dashed curve corresponds to the case of the higher ele
concentration,ns2 , when hot-phonon effects are pronounce
while the solid curve represents the case of an almost un
turbed phonon distribution. Here, particular cases, such
shown above in Fig. 6, are summarized. The calculati
have been carried out for a 30 K lattice temperature and
the electric field interval of 1–1000 V/cm and.

In analyzing Fig. 8 it is useful to consider three chara
teristic regions of the electric field. At fields less than 10–
V/cm, all the carrier energy gained from the electric field
dissipated via acoustic-phonon emission. In this region
electron mean energy starts to grow nearly quadratically w
increasing electric field; however, slightly above 4–5 V/c
the dependence evolves into a square-root dependence
cating a significant heating of 2D electrons. Saturation
very low fields in the first characteristic region (E
,1 V/cm) is due to the lower limit imposed by the therm
electron energy which is about 2.6 meV for a 30 K latti
temperature. As discussed previously, in the moderate
region, 15 V/cm,E,300 V/cm, a significant part of the
electron energy is transferred to confined optical phono
The LO-phonon emission, which becomes the domin
scattering mechanism in the QW system, stabilizes the m
electron energy at approximately 12.0 meV in this field
gion. Electrons start to run away from optical-phonon sc
tering for electric fields above 400–500 V/cm. With the i
duced hot optical-phonon reabsorption taken into acco
~the dashed curve in Fig. 8!, the electron subsystem diss

FIG. 8. Dependence of the mean electron energy on the applied electric
for the cases when nonequilibrium optical phonons are neglected~solid
curve! and taken into account~dashed curve!. GaAs quantum well:a
5100 Å, ns256.431011 cm22; T530 K.
J. Appl. Phys., Vol. 82, No. 11, 1 December 1997
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pates its energy at slower rate; this can be seen by compa
Figs. 6 and 7. Consequently, due to the additional ene
absorbed back by electrons, the carrier runaway start
lower electric fields in this case.

The influence of nonequilibrium optical phonons on t
carrier drift velocity in the field range 1–1000 V/cm
shown in Fig. 9. The solid curve corresponds to the c
when hot phonons are neglected and the dashed curve
trates the results when these phonons are taken into acc
In accordance with the streaminglike nature of electron m
tion at moderate electric fields (100 V/cm,E,1000 V/cm)
in the case of negligible nonequilibrium-phonon buildup, t
electron drift velocity~the solid curve! should saturate at the
value ofys given by Eq.~3!. Using the parameters for GaAs
we getys'2.153107 cm/s, which is in good agreement wit
the graph.

In the case of pronounced hot-phonon buildup~the
dashed curve in Fig. 9!, the electron drift velocity is approxi-
mately 1.5 times smaller than in the former case of ne
equilibrium optical phonons in the QW system~the solid
curve!.

As Figs. 4, 5, 8, and 9 illustrate for the electric field
investigated in this work, nonequilibrium optical phono
lead to significant randomization of the directed electr
quasi-momentum and to diffusivelike carrier heating in t
system. The 2D-electron distribution spreads out intensiv
in the wave-vector space and loses a significant part o
field-directed anisotropy. Because the electron and the
phonon systems are strongly coupled in this case, sim
changes are displayed by the hot-phonon distribution as w
Figs. 4 and 5 illustrate this clearly.

V. CONCLUSIONS

We have employed Monte Carlo simulation techniqu
to solve self-consistently the coupled kinetic equations
electrons and optical phonons confined in a GaAs quan

ldFIG. 9. Dependence of the electron drift velocity on applied electric field
the cases when nonequilibrium optical phonons are neglected~solid curve!
and taken into account~dashed curve!. GaAs quantum well:a5100 Å,
ns256.431011 cm22; T530 K.
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well. We have investigated the effect of nonequilibrium o
tical phonons on electron transport at a lattice temperatur
30 K.

We have found that for the range of electric fields
10–1000 V/cm the nonequilibrium optical-phonon popu
tion in 2D GaAs/AlAs QW structures grows nearlylinearly
with increasing electric field intensity.

For the case of low 2D-electron concentrations in
QW, the hot optical-phonon distribution reflects the dom
nant features of the electron distribution from which it orig
nated. Thus, on average, the nonequilibrium-phonon sys
preserves a certain directed quasi-momentum in the opp
direction to that of electric field. However, the feedback
the optical-phonon distribution function on the electrons
not essential: both the electron and phonon systems ar
most independent in this case.

For high electron concentrations, enhanced hot-pho
emission and reabsorption lead to a nonequilibrium-pho
distribution which intensively spreads out in the qua
momentum space and its forward-peaked anisotropy is
duced greatly. As a result of interactions with the 2D ele
trons, the phonon subsystem behaves more like anisotropic
distribution. The influence of such a smeared out, nea
isotropic hot optical-phonon distribution on electron tran
port in the QW is reflected by an increase of high-ene
electron population and a decrease of the carrier drift ve
ity as manifested by an increase in the mean electron en
or the electron subsystem temperature.

It should be pointed out that, even though the noneq
librium LO phonon as well as the electron distributions e
hibit dramatic changes due to electron-hot-phonon inte
tions, the integral 2D-electron characteristics—such as
drift velocity and the mean energy—remain relatively unp
turbed in the electric field and electron concentration ran
presented herein. However, with increasing electron conc
tration, nonequilibrium-phonon effects become increasin
pronounced.
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