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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 geasration
well as phonon reabsorption by the quasi-two-dimensional carfiesomes 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 for¢ggoplosite to electric fielddirection. 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 Physids50021-897@7)01123-7

I. INTRODUCTION at T=25K. A similar value was obtained for GaAs in the
150—420 K temperature range.

Modern solid-state electronics is entering a new stage of Sub-picosecond laser pulses have also been used to
development with a strong emphasis on utilizing quantumsy,dy nonequilibrium electron distributions and to generate
well (QW) semiconductor structures. However, full use of hot O phonons in InP and InA&Since these two semicon-
the advantages of QW structures cannot be realized comyyctors have considerably different energy band gaps, they
pletely without an adequate knowledge of how the couplegyroyide a contrast in that the decay of the Raman signal
electron-phonon system responds to realistic nonequilibriumyropes different electron relaxation mechanisms in the struc-
external conditions. This response becomes much more congyreg investigated. The study shows that the signal decay in
plex when nonequilibriunthot) phonon effects come into  parrow-band gap InAs is governed by intervalley: L elec-
play and strongly affect all-important electron transport pa+ron transitions, while in wideband gap InP it is dominated
rameters. by the relaxation of hot LO phonons.

In AsBs materials, a substantial difference between ot optical phonons dramatically affect electron trans-
optical-phonon emission and their decay characteristic time%,ort in small scaleAsBs semiconductor structures. In gen-
7'o_and 74, respectively, may result in a significant accumu-gra| an increase in the reabsorption of such emitted phonons
lation of these phonon modes. In the case of GaAs, py electrons increases the mean carrier energy. This, in turn,
~0.15 ps andrq=~7-8 ps.(The latter value is realistic at the 5ises the electron temperature and, hence, reduces the
low lattice temperaturés® for which we have performed our mobility." However, a strong anisotropy of the nonequilib-
simulation) If electrons are heated by an applied electricjym phonon distribution in the applied field direction could
field, photoexcitation, or due to injection into the active re- 5150 result in momentum transfer from the forward optical-
gion, the optical-phonon population may grow significantly yhonon modes to electrons causing mutual carrier-phonon
in comparison with the equilibrium population given by the drag effectd:>”® The competition of these two opposing
Planck formula. _ mechanisms—hot-phonon drag and diffusive heating by

The hot phonons created by the heated carrier gas Mayhonons—determines the electron mobility in each particular
be observed by Raman spectroscopy measurefish  case. It should be pointed out that hot-LO phonon drag is
experiments on nonequilibrium phonon dynamics in bU|kstroneg pronounced in quantum wirksn contrast, due to
GaAs and wurtzite GaN have been reported in Refs. 3 and §pe existence of additional degrees of freedom in QWs and
The population relaxation time for longitudinal optidalO)  pylk materials, carrier interactions with randomly oriented
phonons was measured directly to be close to 5.0 ps in Galyptical phonons can outweight the drag effect smearing out
the electron distribution function and reducing the carrier
dCurrent address: Box 7911, ECE, NCSU, Raleigh, NC 27695. mobility. A slight increase in the mobility as a result of pre-
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vailing hot-phonon drag may be observed only at low electhe role of electron intersubband transitions. At the same
tric field.** However, the effect is comparably small becausetime this keeps the well reasonably wide, so that the interface
of a negligible nonequilibrium optical-phonon population ac-optical modes are not importafft?®
cumulated in the structure in this case. The in-plane dimensions of the QW, XL, are large

It was shown that hot-phonon reabsorption is importanin comparison with the electron de Broglie wavelength. In
for high-field electron transport in semiconductor quantumGaAs/AlAs heterostructures, at the top and bottom bound-
wells and wires, resonant heterostructure tunneling diodesiries of the plane heterointerfaces, there exist large potential
and other microstructurés™* In particular, it was predicted parriers for electrons causing carrier wave confinement in the
and demonstrated numerically that the quantum cascadgansverse directio?f. The presence of the heterointerfaces
laser's? performance suffers from relatively high threshold gives rise to a similar confinement of optical-phonon modes
currents® but can be improved significantly by the appropri- in the GaAs layer as welf?’ The parameters of this QW
ate use of nonequilibrium-phonon effects in the active QWstrycture are favorable for nonequilibrium phonon accumu-

region. lation because the lowest order confined optical-phonon

Hot-phonon effects in bulk semiconductors and4r_n2i§r°'mode is the only one which scatters 2D electrons with high
structures have been investigated by several aufttots efficiency.

However, in spite of active research on nonequilibrium elec-  \\a use a standard ensemble Monte Carlo method to

trons and phonons in small scale systems, suc_h as Ga’%%lve the coupled nonlinear kinetic equations for electrons
quantum wells, there Is no adequate understanding of N0 phonons. A multi-subband parabolic electron energy-

equilibrium carrer _relaxatlon,. recombmatpn, and NOIS€\, nd structure and electron intersubband/intrasubband scat-
when both quantization of carriers and confinement of opti-

! . i ical ic ph ken i -
cal phonon modes become importahMost of the previous terings by optical and acoustic phonons are taken into ac

. . . . .~ . count. (However, as mentioned, the role of the carrier
research in this area is concentrated basically on the influ:

S intersubband transitions is not significant in the case consid-
ence of nonequilibrium phonons on the electron energy re-

laxation after initial electro- or photoexcitation. In addition, ered) Optical phonons are treated as confined within the QW

there have not been enough studies dedicated to a detailly accordance with the dielectric continuum motfelyhile
investigation of quasi-two-dimension&D) electron trans-

acoustic phonons are treated as bulklike phonons. This ap-
port under hot-phonon conditions in the case of stron

3rj)roach is well establishét®? and we do not go into details
carrier-optical-phonon coupling. Earlier theoretical studies'€"®- The electron collision integrals which account for the

on the influence of hot phonons on the electron mean enerd;pnequilibriym optical-phonon population are determined
and drift velocity as well as on electron and phonon distri-T0m & solution of phonen kinetic equatiotwhich reduce to-
bution functions in QWs involve the investigation of specific SMPle rate equations in our case because of negligible
cases when, e.g., only the lowest energetic subband is pop@Ptical-phonon dispersion
lated by electrons, or by the use bulklike optical phonon  Nonequilibrium optical-phonon decay into two short
modes and/om priori specified electron distribution func- Wavelength acoustic phonons has been taken into account
tions, etc. Very few of the previous articles studied howand the characteristic time constanthas been taken to be
nonequilibrium-phonon effects depend on electron concen=8.0 ps. We did not consider the inverse process of the
tration and electric field. “merging” of two acoustic phonons into one optical phonon
We would like to emphasize that electron transport infor the following reasons. In equilibrium the optical-phonon
QWs in the presence of hot phonons is nonlinear with redecay and creation processes caused by phonon—phonon in-
spect to both the carrier and phonon concentrations. Its irteractions compensate each other. However, in the presence
vestigation requires solving coupled nonlinear kinetic equaef a high electric field this balance is disturbed considerably.
tions for both electron and phonon distribution functions. WeDue to the significant hot optical-phonon accumulation in
have solved these equations self-consistently for a GaAthis case, the decay processes initially dominate resulting in
quantum well for a wide range of applied electric fields, andlarge acoustic-phonon populations in the QW. In fact, the
this article presents the main results of our study. We havacoustic phonons in heterostructures with similar elastic
examined the nonequilibrium optical-phonon distribution asproperties(such as GaAs/AlAs in our casare not confined
well as its dependence on the applied electric field and eleawithin the active region and can easily escape from the well
tron concentration; also we have investigated the influence ahto the surrounding AlAs matrixFor simplicity we assume
hot phonons on the nonlinear electronic response in this casghat these escaping decay phonon modes are not able to re-
enter the active region what usually corresponds to realistic
conditions. In addition, because of the large phonon phase-
Il. MODEL space volume available near the zone boundaries, these short
wavelength acoustic phonons produce small perturbations of
We have studied the nonlinear electron and phonon dythe phonon occupation number théfeAs a result, the bulk-
namics in a quasi-two-dimensional GaAs QW embedded irike decay modes do not contribute significantly to the hot-
an AlAs matrix. The thickness of the well, has been cho- phonon buildup in the system. However, an outgoing acous-
sen to be 100 A in order to reduce the number of “active” tic phonon energy flux can be measured experimentally;
electron subbands in the Q\(practically only the lowest these measurements provide useful information about the
energy subband is populated in equilibriuand to diminish  transport phenomena occurring in the G,
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We consider a lattice temperatuiig, of 30 K. It is high  momentum space. Therefore, in order to include self-
enough so that it is reasonable to neglect electron gasonsistently hot phonons in the ensemble Monte Carlo
degeneraci even at low electric fields for the electron con- simulation, the instantaneous valueNyf should be used; as
centrations of interest in this work. The inelasticity of well, the carrier scattering rates must be adjusted appropri-
electron-acoustic-phonon scatterifigwhich might be sig-  ately after any optical phonon scattering event has occurred.
nificant at lower temperatures, is accurately taken into ac- To account for a change in the optical-phonon popula-
count in our model. It should be pointed out that the tem-tion we discretized the in-planeg(,q,) wave-vector space
perature chosen is low with respect to the LO-phonon energgnd introduced a discrete function on this mesh, The 2D
for GaAs, fiw o~36 meV; therefore, at equilibrium the mesh steps were taken Asj, andAqg,. (Note that, due to
population of these phonons is very small and their absorpthe uncertainty principle, the restrictions apply to the mini-
tion by electrons is thus a mechanism of scattering of minomum mesh step value in they, space: mifAqg,}
importance. Hence, hot-phonon effects should be well pro=>2#/min{L,}, wherea stands for either the or y coordinate
nounced for such conditions. and mirL,} is the smallest in-plane dimension of the QW.

We have considered electric fields in the range 0—1000n accordance with the 2D nature of confined optical
V/cm: from very low to high enough to result in the electron phonons in QWs, after each optical-phonon emission/
escape from the quantum well. We use a right-handed orabsorption event their population is incremented in the cor-
thogonal Cartesian coordinate system in which thendy responding ¢ ,qy) cell by the value

axes lie in the QW plane and the direction of the applied o\ [ 22\ /N
parallel electric field is in the negatiwedirection. Thez axis ANg==* ( _) (_) (_S) ) 2)
is, of course, perpendicular to the QW plane. Aqg,/\Agy/ )

A wide range of sheetsurfacg 2D-electron concentra- Here n stands for the surface electron concentration in the
tions has been considered. In this article we present our redw, and./ " is the actual number of particlésepresenting
sults for two different concentrationsiy; =4.0x 10t° cm™2 2D electron in the Monte Carlo simulation.
andng,=6.4x 10" cm~2 As will be shown later, in the case According to Eq.(2), the instantaneous value of non-
of the lower electron concentrations;, optical-phonon ac-  equilibrium optical-phonon occupatiom,(t), can be ex-
cumulation as well as the phonon reabsorption by the carriergressed as
are not significant. Therefore, the role of nonequilibrium-
phonon feedback in electron transport is negligible. In other Ng(t)= NqurE ANS)'
words, hot phonon and electron systems evolute almost in- i

d_ependently in this case. For the higher electron concentrgipare N© represents the equilibrium phonon occupation
tion, ns,, the mutual influence of the hot LO phonon and mper (Planck functiop and the sum is taken over all
electron systems becomes strong and both the 2D-electrqfyical.phonon scatterings that occurred up to the time in-
and confined phonon d|§tr|but|ons display drgmatlc C_hange%tantt. (It also includes the phonon decay terjrfSor equi-
We have not taken into account electron interactions refi,m conditions the sum in the above expression should
sulting from remote ionized impurities, regions of surfaceyanish in accordance with the principle of detailed equilib-

roughness, and electron—electron scattering. Although alf,,, \when an electric field is applied, the optical-phonon
these mechanisms may be important at very low tempergsqnjjation may deviate significantly frofS® and the sum
tures and high carrier concentratioffs? they should not  ofiacts these changes

play a crucially significant role in the range of electric fields, Hot optical-phonon decay into acoustic phonons was

temperatures, and electron concentrations investigategken into account in our model by recalculatiNg for ev-

herein. ery mesh cell at the end of each time step in the Monte Carlo
procedure. As mentioned previously, we have used the value

lll. MONTE CARLO SIMULATION OF of 8.0 ps for the optical-phonon decay time,.
NONEQUILIBRIUM OPTICAL PHONONS

The electron scattering rate by optical phonons in a QWy, siMULATION RESULTS
is proportional to the square of the matrix element for the
2D-electron-optical-phonon interactiokl A widely used assumption in Monte Carlo simulations of
carrier transport in QWs is that the optical-phonon distribu-
tion remainsin equilibrium even if there is an electric field
applied to the structure. In reality, hot electrons interacting
where H?P stands for the 2D Fidich Hamiltonian of the with the phonon subsystem always drive the latter out of
dielectric continuum modéf*?® N, is the actual optical- equilibrium. Therefore, an accurate simulation should self-
phonon occupation number, and the quantikgsk, ,n and  consistently includa@onequilibrium optical-phonon buildup
k)’(,k)’,,n’ indicate initial and final electron states, respec-  The equilibrium optical-phonon occupation number,
tively. The upper(lower) signs correspond to phonon emis- Ngq, atT=30 K is very low, about 10°. Therefore, practi-
sion (absorption. cally all generated optical phonons are nonequilibrium ones.

In Eq. (1), the influence of nonequilibrium phonons is In this article, we present our Monte Carlo calculations for
reflected directly by the term\y, i.e., by the phonon occu- two significantly different 2D electron concentrations;
pation at the certaig, point in the 2D wave vectgor quasi- =4.0x10'° cm 2 and ng,=6.4x 10 cm 2 For the first

==Ky, ky 0" NG+ 3% 3 H?P Ky ky .05 NG+ 35 3),
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FIG. 1. Temporal evolution of the nonequilibrium optical-phonon popula- e . .
tion. GaAs quantum wella=100 A, n.,=4.0x 101° cm™2 (dashed curve FIG. 2. Dependence of the nonequilibrium optical-phonon population on the

Ne=6.4% 10t cm2 (solid curve; T=30 K, E=200 V/cm. appli%d ﬂectric field. GaAs quanttfm lvella-: 100 A., ng=4.0
X 10'° cm™2 (dashed curvg ng,=6.4x 10 cm2 (solid curve; T=30 K.

carrier concentratioms,;, the influence of hot phonons on phonons by 2D carriers control the steady-state value of the
electron transport is not important because the opticalhot LO-phonon population.
phonon generation is insufficient even for strong electric  Figure 2 shows the totdintegra) nonequilibrium LO-
fields. However, the situation is much different for the higherphonon population plotted versus the applied electric field
carrier concentratioms,. intensity for electron concentrations of Q0% cm 2

The process of hot optical-phonon accumulation in(dashed curveand 6.4< 10! cm™2 (solid curve. According
GaAs QW consists of several stages. Figure 1 shows th# this figure, over a wide range of electric field, 100 V/cm
transient response of the total nonequilibrium-phonon popu<E<1000 V/cm, the hot optical-phonon population grows
lation, as represented by the effective lattice temperature, toear linearly with increasing electric field. On the other
an applied electric field step of 200 V/cmtat0. The dashed hand, at low fields the dependence considered is nonlinear.
curve corresponds to an electron concentration of 4.0"he explanation of this fact is the following. At electric
x 10 cm™2 and the solid line represents the case wherdields lower than 10—20 V/cm electron transport in the QW
ne,=6.4x 10 cm 2. As seen in Fig. 1, the phonon popula- is controlled primarily bybulklike acoustic phonoscatter-
tion increases rapidly due to the rapid generation of phononig. This scattering mechanism efficiently prevents the car-
by hot 2D electrons; after 20—30 ps the population reachesers from approaching the optical-phonon emission thresh-
saturation. The increasing part of the nonequilibrium-phonorold; therefore, such phonon accumulation in the structure is
population response is controlled by several factors. One olveak and is caused only by the high-energy tail of the elec-
them is 7, the time necessary for an electron to approachtron distribution. Increasing the electric field results in the
the optical-phonon energy when the phonon emission beheating of the electron subsystem causing electron runaway
comes possible. At an electric field &= 200 V/cm, this from acoustic phonon scattering as well as in exponentially
time is approximately 8.5 psrf~+2m*#fw, o/eE, wheree  enhanced optical-phonon emission. The counterplay of
and m* are the electron charge and the effective electroracoustic and optical-phonon scattering, when the latter
mass, respectivelyAnother factor is the optical-phonon de- mechanism becomes more and more dominant with increas-
cay (thermalization time (74=~8.0 ps). In fact, the genera- ing field, leads to the nonlinear dependence in Fig. E at
tion and decay processes play the main role in the initiakx15 Vicm.
stage of the evolution of the nonequilibrium-phonon system.  For moderate fields of 100 V/cmE<500 V/cm,
Therefore, as a result of the heating of the electron systemgptical-phonon emission is much stronger than acoustic-
the phonon population starts to grow almost linearly withphonon scattering; it controls the carrier mobil&abilizing
time. On the other hand, together with the accumulation anéffectively further electron energy growth in this region. It
decay mechanisms considered, the rate of hot optical-phon@hould be emphasized that in the case of such electric fields,
reabsorption by electrons increases as well because it is lirelectron motion in the QW structure corresponds to the so-
early proportional to the phonon occupation numbgy; see  called streaming regimé®®°~3® Electrons accelerate until
Eqg. (1). The latter process becomes important for significanthey acquire the energy of the optical phonon. Then they
nonequilibrium-phonon populations, i.e., during the finalrapidly emit these phonons and are scattered down to the
stages of the hot optical-phonon population evolution and idottom of the energy subband. This process repeats periodi-
more pronounced in the case of high carrier concentrationgally in time. Because the emission rates at energies just
as would be expected. The counterplay of the phonon emissbove the optical-phonon energy are very high, electrons
sion and decay as well as the induced reabsorption ofannot penetrate much above this energy threshold. Based on
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empty circles in Fig. B optical phonon absorption by carri-
ers remains small and almost constant for electric field range
under consideratiofthe dashed curve with empty circlein
this case, such an absorption rate is controlled by the negli-
gible equilibrium LO-phonon population corresponding to a
30 K lattice temperaturgAs mentioned above, the equilib-
rium occupation numbeiN,, is 10°° of the order of mag-
nitude in this case Note that for small disturbances of the
phonon system, the much larger emission rétee solid
curve with empty circles in Fig.)3is due to spontaneous
phonon emission with a relative weight;+ 1. At higher
fields, owing to a significant electron heating in the QW,
LO-phonon emission increases by several orders of magni-
. . tude as the electric field increases up to 1000 V/cm. How-
10° 10" 10° 10° ever, a sufficient part of the power pumped by hot-electron
ELECTRIC FIELD (V/em) gas to the confined hot optical-phonon subsystem leaves the
_ o _ , _structure by means of significant strongly nonequilibrium
F 1. 3. Opticalphonon emissionabsorption rate vs the applied eIecmﬁgulklike acoustic-phonon radiation. As mentioned, the latter
ield. Solid curves illustrate the phonon emission intensity, dashed ones, t ’

absorption. Empty circles denote the case when nonequilibrium LO phononphonons are produced as a result of the hot optical phonon
are neglected; stars correspond to the self-consistent simulation which tak%ﬁacayZLC%Q
into account hot phonons. GaAs quantum wak: 100 A; T=30 K.
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In the case of high carrier concentrations represented by
the curves with stars in Fig. 3, when nonequilibrium-phonon
) ) ) ) ) accumulation is pronounced, the optical-phonon absorption
these considerations, in the streaming regime the electrOfensity increases dramatically in contrast to the previously
drift velocity saturates at the value discussed case; compare the two dashed curves in Fig. 3. The
oo rate of the latter scattering mechanism becomes even closer
Vs~ NV om* - () tothat of the corresponding LO-phonon emission in the case
, P considered—the solid curve with stars. Such behavior is in
Note that, if electric field is low, less than 10-20 Vlcm, accordance with Eq(1) whenN, is comparable to or larger

the frequency of periodic electron motion in quasi- o unity.

momentum space is comparable with the rate of the carrier Due to th bstantiall h d ontical-oh b
scattering by acoustic phonons. As a result, the streamin ue 1o the substantially enhanced optical-phonon ab-

motion does not occur in this case because electrons are pl,%grptlon rqte in the case of very pronounped hot LO-phpnon
vented from acquiring significant energies. On the othe@ccumulation, —the energy stored in the confined
hand, at electric fields above 400-500 V/cm, electrons staffonequilibrium-phonon system does not leave the QW struc-
running awayfrom Optica|_phonon Scattering and periodic ture. Th|S energy iS efﬁciently transferred baCk to the eleC'
carrier motion does not occur either. tron subsystem by means of hot-phonon reabsorption. In
As mentioned previously, at moderate electric fields theurn, the additional energy gained by the carriers leads to
total joule power pumped into the electron system by theurther enhancement of the optical phonon emission in the
external electric field is dissipated mostly via the intensivesystem and so on. Such a “positive feedback” between the
emission of LO phonons in the streaming mode. This powerelectron and phonon subsystems causes a dramatic increase
P,= enugE, for the saturated electron drift velocity of Eq. in the optical-phonon emission ratéhe solid curve with
(3) is alinear functionof the electric field. Therefore, the stars in F|g 3in Comparison with that for neg||g|b|e hot-
total ngnequilibrium optical—phonon population, yvhich IS phonon accumulation in the Q\the solid curve with empty
proportional toP;, is also alinear functionof E in the  (jrcles in Fig. 3. The optical-phonon emission/absorption
moderate field range; see Fig. 2. rates in the case of high electron concentratithe curves

As illustrated by the above considerations, the roles O(Ni'[h stary change in the same way responding to the

the different electron-phonon scattering mechanisms depenc%anges of the applied electric field intensity. This indicates

on the applied electric field intensity. The presence of pro- . . . .
nounced hot optical-phonon accumulation may also modif)}Eat the_re IS adcirtalr;]quay-stsady-state_ esrt]abllsvr\lled between
dramatically these rates strongly affecting all transport prop:[ e carrier and t ? phonon su -system.s in the QW.

The changes in the mutual interaction and the strength of

erties in the QW. Figure 3 illustrates the influence of non- . N
equilibrium phonons on 2D-electron scattering in the systen$OUPIling between the hot electron and nonequilibrium
by LO phonons. As discussed previously, the latter procesgptical—phonon systems are reflected by their distributions in
makes the dominant contribution to the electron energy disthe structure under consideration. Figures 4 and 5 show the
sipation in QWs in the moderate-to-high electric field range phonon distribution functions & =200 V/cm andT =30 K
When the buildup of hot phonons is negligible, as in thefor the two different electron sheet concentrations of 4.0
case of a low concentration 2D-electron gt curves with X 10'° cm 2 and 6.4< 10'* cm™2, respectively. The first fig-
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FIG. 4. Nonequilibrium optical-phonon distribution function. The simula- FIG. 5. Nonequilibrium optical-phonon distribution function. The simula-
tion self-consistently includes nonequilibrium optical phonons. GaAs quandion self-consistently includes nonequilibrium optical phonons. GaAs quan-
tum well: a=100 A, ny;=4.0x 10° cm 2% T=30 K, E=200 V/cm. tum well: a=100 A, ny,=6.4x 10" cm™2% T=30 K, E=200 V/cm.

ure demonstrates a smooth symmetrical phonon distributioabove expression stand for phonon absorpt@nission. As
in the two-dimensional wave vector spaag (dy) for the  the electron energy increases the minimum phonon wave
case of the lower electron concentration. Fo;=4.0  vector becomes shorter and the maximum magnitudg of
X 10'° cm™2 the mutual influence of the electron and phononincreases as indicated by Eq8).
systems is not significant. Periodic oscillation of electrons in  The nonequilibrium LO-phonon distribution in Fig. 5
the quasi-momentum spacgtreaming results in significant  corresponds to the case wherg=6.4x 10'* cm 2. Refer-
generation of optical phonons only in certain regions of thering to Figs. 4 and 5, one can see that if the 2D-electron
phonon quasi-momentum space. This function has a maxtoncentration increases by a factor of 16, i.e., it becomes
mum at the wave-vectorg,=(dmax0), Where gmax  equal to 6.4 10" cm2, the hot optical-phonon population
=y2m* o o/f, and it is equal to the equilibrium popula- is larger that unity, and stimulated phonon absorption by the
tion, 1/(exptw o/T)—1), at the origin,q,=0, due to re- 2D electrons is likely to occur. Such reabsorption may sub-
strictions imposed by energy and gquasi-momentum consestantially randomize the phase of the carrier coherent stream-
vation on electron-optical-phonon scattering. ing motion in the quasi-momentum spdcEhis broadens the
The hot LO-phonon distribution is symmetrical with re- carrier distribution, washes out the kink at optical-phonon
spect to theg,-axis (the direction of the electric fiejdand is  emission threshold, and leads to a more isotropic distribu-
shifted in thex direction. As we will see latefFigs. 6 and ¥, tion. On the other hand, the heated electrons with those more
the phonon distribution displays the analogous features ofymmetric distribution functions emit optical phonons with
the electron distribution. Optical phonons with positige  more arbitrarily oriented wave vectotsee Fig. 5. In turn,
wave-vector components prevail over those with negativeas these phonons are reabsorbed by electrons they transform
components; therefore, the nonequilibrium-phonon subthe carrier distribution functions so that the latter have even
system preserves a certain directed momentum and ener@yore symmetric forms, and so on. The above reasoning
(in the direction opposite to the electric field due to the negashows that the transition froow electron concentrations—
tive electron chargewhich might be transferred back to the when phonon absorption almost has little affect on electron
2D-carrier system. transport—tohigh electron concentrations—when this influ-
In Fig. 4 there is a circular region near the coordinateence becomes significant—is dramatic; this transition com-
origin, g,=0, where the optical-phonon population remainspletely transforms the carrier and phonon distribution func-
unchanged, i.e., it is equilibrium. According to the conservations as is evident upon comparison of Figs. 4 ahd 5
tion laws for optical-phonon scattering, the shortest and the For higher electron concentration,ng,, when
longest possible emitted/absorbed phonon wave-vegtor nonequilibrium-phonon reabsorption is significafig. 5),

magnitudes are defined by the following equations: the optical-phonon distribution in thg-vector space is sub-
J2m* stantially wider than in the case of _Iow electron co_ncentra-
Umin=| Fk=k'|= - |FVexVerhwol, (4)  tion. However, it has a larger magnitude than that in Fig. 4
because more electrons create more phonons; in the case of
L2m* significant hot-phonon buildup, the electron-optical-phonon
Oma= |K+K'|= 7 Vet Verhwol, (4)  interaction smears out the 2D-electron distribution and al-

most completely destroys the forward-peaked anisotropy of
wherek andk’ indicate the magnitudes of initial and final the nonequilibrium-phonon distribution; the latter becomes
electron state wave numbers, respectively, angl electron  nearly isotropic. Therefore, the 2D electrons do not gain any
energy before the scattering. The upglewer) signs in the prevailing directed momenta as a result of reabsorbing such
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FIG. 6. (a) A 2D-electron distribution function averaged ougras a func- FIG. 7. (a) A 2D-electron distribution function averaged ovgras a func-
tion of k, (solid curve and averaged ovek, as a function ofk, (dashed tion of k, (solid curve, averaged ovek, as a function ok, (dashed curve
curve; (b) A 2D-electron distribution function as a function of electron (b) the distribution function as a function of electron energy. Hot optical
energy. Nonequilibrium optical phonons are neglected; GaAs quantum wellphonons are taken into account; GaAs quantum veed:100 A, n,=6.4
a=100 A, ng;=4.0x10'° cm 2, E=200 V/cm, T=30 K; the field is anti- X 10" cm™2, E=200 V/cm, T=30 K; the field is antiparallel to thie, axis.
parallel to thek, axis.

lation, the 2D-electron distribution in the QW structure dis-

phonons. This interaction does, however, lead to an increag@ays the features related to the streaming regime of the car-
in the carrier mean energy. rier motion. The distribution is shifted against the electric

Note that for high electron concentration, the radius offield (i.e., in the positivek, direction in the electron wave-
the circle of prohibited phonon wave numbers near the coorvector spacéthe solid curve in Fig. @] and it also retains
dinate origin,q,=0, becomes smallésee Fig. , indicating an axial symmetry in this direction as illustrated by the
an increase in the energy of the scattering participating cadashed curve in Fig.(6). The distribution function depen-
riers according to Eq<4). dence on electron enerdshe graph in Fig. @)] exhibits a

As Figs. 4 and 5 show, hot LO-phonon distributions dif- well pronounced kink at carrier energies close to the optical-
fer significantly in the cases of the lower and the higherphonon energy 36 meV).
electron concentrations. Naturally, due to a strong coupling As Fig. 6 indicates, there is a significant population of
between the confined carrier and optical-phonon systems ithe “slow” carriers near the origink,= 0, in the case when
the structure, the carrier distributions also vary in these twdot-phonon feedback to electrons is not taken into account.
cases. In accordance with the streaming mechanism, at moderate

Figures 6 and 7 illustrate the influence of hot optical-electric fields(e.g., 200 V/cm as in the case presented in this
phonon reabsorption on the 2D-electron distribution functiorfigure) electrons gain their energy slowly until they reach the
in the case of the higher electron concentratioghb=6.4  optical-phonon energy. Then they very rapidly emit optical
x 10' cm™2. Figure 6 corresponds to the Monte Carlo simu-phonons and are scattered back to the bottom of the energetic
lation with an equilibrium optical-phonon distribution func- subband. Therefore, the carriers spend a significant fraction
tion while Fig. 7 is obtained from the self-consistent solutionof time in the region nedk,= 0. Acoustic-phonon scattering,
of the kinetic equations for electrons and phonons. It shouldvhich is dominant at low electron energies, efficiently
be mentioned that for the case of the lower carrier concen“slows down” the electrons and contributes to the effect
tration, ng=4.0x10'% cm™?, the results related to elec- considered.
trons and found by the self-consistent approach are identical Comparing Figs. 6 and 7 we can see how dramatically
to those obtained using the model equilibrium opticalthe electron distribution is affected by the induced nonequi-
phonons. The solid curves in Figgapand 7a) illustrate the librium optical-phonon reabsorption. The carrier distribution
dependence of the electron distribution function on the elecfunction smears out, its forward-peaked anisotropy is re-
tron in-plane wave vector compondqy, i.e., the function is  duced, and it becomes more symmetric in Kjespace; the
averaged ovek, . The dashed curves represent the electrormean electron energy increases and a steep kink at the
distribution function versuk, (the average ovek,). The optical-phonon energy disappears, indicating an increase in
energy dependence of the 2D-electron distribution functiorthe population of the high-energy electrons. This shows that
is also shown in Figs. () and 7b). the quasi-periodic electron motion in the momentum space is

In the case when hot phonons are neglected in the simwlmost completely destroyed as a result of the phonon system
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action. Therefore, on average, the 2D-electron mean enerdigtes its energy at slower rate; this can be seen by comparing
increases in this case while carrier drift velocity decreases.Figs. 6 and 7. Consequently, due to the additional energy

As shown, changes in the 2D-electron distribution func-absorbed back by electrons, the carrier runaway starts at
tion, caused by hot-phonon feedback, modify the integralower electric fields in this case.
carrier characteristics such as the drift velocity and the mean  The influence of nonequilibrium optical phonons on the
energy. The hot-phonon effects considered herein are vegarrier drift velocity in the field range 1-1000 V/cm is
pronounced for high electron concentrations and strong eleshown in Fig. 9. The solid curve corresponds to the case
tric fields. Figure 8 demonstrates the influence of nonequiwhen hot phonons are neglected and the dashed curve illus-
librium optical phonons on the mean electron energy; thdrates the results when these phonons are taken into account.
dashed curve corresponds to the case of the higher electrdh accordance with the streaminglike nature of electron mo-
concentrationp,, when hot-phonon effects are pronounced,tion at moderate electric fields (100 V/enf <1000 V/cm)
while the solid curve represents the case of an almost undi¢? the case of negligible nonequilibrium-phonon buildup, the
turbed phonon distribution. Here, particular cases, such aglectron drift velocity(the solid curve should saturate at the
shown above in Fig. 6, are summarized. The calculationgalue ofvs given by Eq.(3). Using the parameters for GaAs,
have been carried out for a 30 K lattice temperature and fowe getvg~2.15< 10" cm/s, which is in good agreement with
the electric field interval of 1-1000 V/cm and. the graph.

In analyzing Fig. 8 it is useful to consider three charac- In the case of pronounced hot-phonon build(the
teristic regions of the electric field. At fields less than 10—15dashed curve in Fig.)9the electron drift velocity is approxi-
V/cm, all the carrier energy gained from the electric field ismately 1.5 times smaller than in the former case of near-
dissipated via acoustic-phonon emission. In this region th€quilibrium optical phonons in the QW systefthe solid
electron mean energy starts to grow nearly quadratically wittgurve).
increasing electric field; however, slightly above 4-5 V/cm  As Figs. 4, 5, 8, and 9 illustrate for the electric fields
the dependence evolves into a square-root dependence inéfivestigated in this work, nonequilibrium optical phonons
cating a significant heating of 2D electrons. Saturation atéad to significant randomization of the directed electron
very low fields in the first characteristic regionE( quasi-momentum and to diffusivelike carrier heating in the
<1 V/cm) is due to the lower limit imposed by the thermal system. The 2D-electron distribution spreads out intensively
electron energy which is about 2.6 meV for a 30 K latticein the wave-vector space and loses a significant part of its
temperature. As discussed previously, in the moderate fieltield-directed anisotropy. Because the electron and the LO-
region, 15 V/cracE<300 V/cm, a significant part of the phonon systems are strongly coupled in this case, similar
electron energy is transferred to confined optical phononszhanges are displayed by the hot-phonon distribution as well;
The LO-phonon emission, which becomes the dominanfigs. 4 and 5 illustrate this clearly.
scattering mechanism in the QW system, stabilizes the mean
e!ectron energy at approximately 12.0 mey in this field '€\, CONCLUSIONS
gion. Electrons start to run away from optical-phonon scat-
tering for electric fields above 400—-500 V/cm. With the in- We have employed Monte Carlo simulation techniques
duced hot optical-phonon reabsorption taken into accourtb solve self-consistently the coupled kinetic equations for
(the dashed curve in Fig.)8the electron subsystem dissi- electrons and optical phonons confined in a GaAs quantum
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