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The electron —longitudinal-optical-phonon coupling in GaAs/Ga„Al, As modulation-doped quan-

tum wells is studied under the conditions of steady-state high-field transport from theoretical and experi-

mental points of view. The calculations are based on the Lei-Ting approach of high-field transport in a

two-subband system. A common hot-electron temperature is assumed for both subbands but the Fermi
levels are allowed to split off because of the weakness of the intersubband Coulomb interaction against

the impurity and LO-phonon intersubband scatterings. The agreement with experiments requires a pho-

non lifetime of about 5 ps and a nonequilibrium hot-phonon population drifting with the electron gas.

Moreover, we show that the temperature versus power-loss diagrams do not fully characterize the

electron —LO-phonon coupling since this coupling increases with the drift velocity through the Doppler
shift of the LO-phonon frequency. Finally, for a vanishing electric field, the low-temperature mobility is

shown theoretically to be mainly reduced at the onset of the second subband by intrasubband scattering.

It is argued that the high-mobility electrons lying at the Fermi level of the ground subband are efficiently

scattered within their subband by the low-mobility carriers of the upper subband through the electron-

electron Coulomb interaction.

I. INTRODUCTION

In recent years, considerable interest has been focused
on the development of a full understanding of the hot-
electron energy-loss rate in quasi-two-dimensional
heterosystems, under conditions of steady-state high-field
transport or optical pumping. ' The energy loss rate of
a quasi-two-dimensional electron gas (2DEG) in
modulation-doped multiple quantum wells, measured in
steady-state transport experiments, ' ' is about one order
of magnitude smaller than the theoretically predicted
value for high-electron-density samples. The proposed
explanation for this anomalously low electron-energy-loss
rate is based on the assumption of a nonequilibrium pop-
ulation of longitudinal-optical (LO) phonons, in excess of
what is to be expected at the lattice temperature. During
the cooling of the electron gas by the emission of LO
phonons, there is a finite probability that an emitted LO
phonon will be reabsorbed by the hot-electron gas before
decaying into acoustic phonons via anharmonic processes
if the LO-phonon-population lifetime is nonzero, as is
suggested by time-resolved experiments.

The LO-phonon lifetime in a single lattice mode or de-
phasing time may be shorter than the relaxation time of
the population of all the modes with a common wave-
vector module, if the LO-phonon momentum is efficiently
relaxed within the LO-phonon modes by intrabranch
scattering events; these could originate from alloy fluc-
tuations in the barrier or interface roughness. In such a
case, hot LO phonons are nondrifting and although the
energy-relaxation rate of the electron gas is slowed down

by the hot-phonon reabsorption, the electron-gas
momentum-relaxation rate is enhanced, reducing the
drift velocity at high electric fields. ' Conversely, if the

LO-phonon population lifetime is also the momentum re-
laxation time, there will be little reduction in the
electron-gas momentum-relaxation rate since the momen-
tum will be reabsorbed together with the energy of the
phonon mode.

Besides, the experimental electron-energy-loss rate de-
duced from transport experiments also depends on the
drift velocity. Because the electron gas is drifting with
reference to the lattice, the effective LO-phonon frequen-

cy is Doppler shifted from aLO to colo —vd q, where vd is

the drift velocity and q the wave vector of the phonon
mode. The difference between these two frequencies
amounts to the electric-field energy, which is transferred
to the LO-phonon bath without being degraded into heat.
Therefore, the lower the drift velocity, the hotter the
electron gas for a given electric-field power input.

The drift velocity may be greatly reduced if intersub-
band scattering takes place as should be the case for some
large quantum wells that have been experimentally inves-

tigated. ' On the other hand, the increase of the density
of states associated with the occurrence of a second sub-

band should increase the energy-loss rate of the electron
gas, owing to the new allowed electronic transitions in-

volving a LO-phonon emission. However, in such cir-
cumstances, Coulomb interactions must be carefully han-
dled. First, many-body interactions within the electron
gas shift and broaden the single-particle states and, con-
sequently, the energy spreading between the subbands is

determined not only by the quantum-well width but also

by the electron-gas density and its temperature. More-
over, Coulomb interactions are known to be efficient in

giving a unique temperature within both subbands but
they are likely to fail to give a common Fermi level be-

cause the exchange of particles between the subbands
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through Coulomb interactions involves form factors that
are quite small. Then, the electronic population and the
Fermi level within each subband may be determined by
particle exchange due to phono n- or impurity-
intersubband scattering rather than by Coulomb interac-
tions. Therefore, the emission of LO phonons due to
electronic transitions from the upper to the ground sub-
band lowers the Fermi level in the upper subband. As a
consequence, in order to keep the same average energy
per electron, the temperature of the electron gas should
be raised, compared to what it would be for an electron
gas in a fully equilibrium state.

The purpose of the present paper is to investigate how
the energy and momentum loss rates of a 2DEG under a
high electric field in a modulation-doped GaAs/
Ga„A11 „As quantum well, are modified by the LO-
phonon lifetime, the drift velocity, and intersubband
scattering. The investigations reported here are based on
the balance description of high-field transport of Lei and
Ting. ' In the second section, we shall rederive the main
results of the balance equation theory following Lei and
Ting s original paper, but extending it in order to allow
explicitly for different Fermi levels in each subband.
Many-body properties such as screening or renormaliza-
tion are handled within the random-phase approximation
(RPA) in a two-subband system at finite temperature. In
the third section, we shall derive the zero-temperature
impurity-limited low-field resistivity within a two sub-
bands system. We shall discuss the difference between
our result (at the onset of the second subband, the main
mechanism reducing the mobility is the intrasubband
scattering rate rather than the intersubband scattering
rate) and the conductivity derived from coupled
Boltzmann equations. ' In the fourth section, we present
experimental and theoretical results and discuss the
dependence of the drift velocity and of the electron-
energy-loss rate on parameters such as the LO-phonon
1ifetime and the low-field, low-temperature mobility.

II. BALANCE EQUATIONS

We consider a quantum well of width I and barrier
height V, and denote by N the two-dimensional electron-

gas density. The growth axis is in the z direction. In the
following, a uniform background static dielectric con-
stant x is assumed and the in-plane electronic properties
are described through an efFective mass m. A constant
uniform electric field E=E„x is applied in the plane of
the quantum well. Electrons are scattered by randomly
located impurities (H, ; ) and are coupled with phonons

(H.-ph}.
Following Lei and Ting, we can separate the electronic

degrees of freedom into a center-of-mass part (H, } and
a relative 2DEG part (H, ) by introducing

N
P= g p, , R=(1/N) g r, ,

r,'=r; —R, p,'=p; P/N— ,

with [r,p'p]=i%5 p[5;, —1/N), [R,I'p]=i%5 p .

Here r; and p; are the position and the momentum of
the ith electron, whereas r,'. and p,' are the corresponding
relative-coordinate variables. P and R are the center-of-
mass momentum and position operators. The commuta-
tion relations between r,

' and p' are not exactly canonical
because the relative electrons are not completely indepen-
dent with 2N degrees of freedom but are subject to con-
straints:

N

g r,'=0.

These constraints can be ignored and the relative coor-
dinate variables can be considered as canonical ones, pro-
vided only the lowest-order terms in the scattering in-
teractions (impurities and phonons} are retained in the
description of the relative electron gas state and that the
fluctuations of the center-of-mass position are ignored:
because of its enormous mass Nm, the center-of-mass
motion is nearly classical. '

The total Hamiltonian of the system can thus be writ-
ten as

H =Hg m +He +Hph +Hg Imp+He ph+Hph p

where

H, =P /(2Nm) —NeE R,
H, =Hq;„+Hc,„= g eqcq, cq,

k, s, o.

F ' '(q)e /(2Aeosq)
q&0

0 1,0'2, 0'3, CT g

H, h =H;h+Hg

Hph = X ~q, ~(bq, d q, ~+
Q, A.

Hg = &~ (bLoq, ~bq, ~+

Ck+qztT Ck qz tT Ck z & Ck
k, s, k', s'

H, ; p= g [6 (z;,q)e /(2Ae~q)]e '
p (q),

I
I, 0'p 0'
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Ma~, (q, k, )I (A, , q)(bz '+b z
')e'' p (q)

q, A„o,cr'

+ p ~.,(p, X)I (Z, )(b~, +S' o „)e'' a' (q),
q, q, A, , o,o.'

where o. is a subband index and the other symbols have
their usual meaning. '

We assume the acoustic phonons to be the GaAs
acoustic modes because the GaAs and Ga„A1, „As
bulk-material velocities of sound are quite similar, and in-
trasubband scattering only will be taken into account for
the electron-acoustic phonon coupling.

The quantized LO-phonon modes (q, A, ) are derived
through a model for long-wavelength longitudinal-optical
phonons, which is based on the framework of the Born-
Huang model generalized to include the isotropic disper-
sion effects in the Brillouin-zone center. ' The essential
requirement of mutual orthogonality of the different
eigenmodes is fulfilled, and the Maxwell equations are
verified. For double heterostructures, there are a finite
number of confined quantized modes exhibiting, in part, a
Coulomb or interface-mode behavior. The phonon-
phonon interaction Hph ph will be heuristically modeled
by a unique LO-phonon relaxation time 7 ph in the kinetic
equation for the LO-phonon occupation numbers

Nq &
=bq &bq &. Therefore, we assume that the dephasing

time is equal to the population relaxation time ("drifting
hot phonons"). Comparing theoretical and experimental
results, we shall show later that this assumption is
reasonable.

For the electron-LO phonon interaction, we have re-
tained only the four higher modes (two of them are even
and two are odd) since they give more than 95% of the
total electron —LO-phonon scattering rate. For the quan-
tum well widths that will be considered here, the quanti-
zation of the LO-phono ™desis not essential and re-
sults would not change if bulk LO phonons were used.

The electron-electron Coulomb interaction arises
through form factors, such as

F ' (q)= f f dzdz'g' (z)g" (z')g (z')g (z)

X exp( —q. ~z —z'~ ),

describing the collision between an electron in subband
o. , and an electron in subband O. 3, which are scattered, re-
spectively, into subband O.

2 and subband O.4. In sym-
metric quantum wells, only four form factors are nonzero
in a two-subband model (the ground subband is labeled 0
and the upper subband is labeled l): Fa'0 and FI'I are in-
volved in pure intrasubband Coulomb scattering. These
collisions tend to establish a temperature within each
subband. FQ'0 describes the collisions between electrons
belonging to different subbands but which are scattered
within the same subband. This kind of collision tends to
give a unique temperature for both subbands. FD'„FD' &,

F]'0 and F", 0 involve exchange of particles between the

two subbands with the conservation of the number of
electrons within each subband (FD „F&'0) or with the
transfer of two electrons from one subband to the other
(FQ'I, FI'0). All these form factors have the same value
and are small as compared to F0'0 F~'

~
and FD'0 because

they vanish for q =0. Hence, the Coulomb interaction
Hc,„can be separated in two parts: Hc,„(made up of
terms containing FD'0 F]'

~
and FQ'0, which tends to give

a unique electronic temperature in both subbands and
Hc,„(made up of the remaining smaller terms}, which
tends to establish a unique Fermi level within both sub-
bands.

Ignoring the fluctuations of the center-of-mass coordi-
nates, we write R=vdt. The relative electron gas and the
phonon bath are fully described by H —H, , indepen-
dently of the center-of-mass Hamiltonian and of the elec-
tric field. To determine the steady state of the relative
electron gas and of the phonon bath through the Liou-
ville equation on the density matrix =,

iA' d:- = [H„m+ Hcavy +H~„+HI +Hcau
F

dt

with HI =Hp lm +Hp ph+Hph-pP

we need to start with an initial state "0 as close as possi-
ble to the final steady state. Since HI can be handled per-
turbatively against HD =Hk;„+Hc,„+H h and assuming
that the Coulomb terms H z,„can be neglected as com-
pared to HI, we imagine turning off all the electron-
impurity, electron-phonon, and phonon-phonon interac-
tions and the electric field. ' Then, the center of mass
and the relative electron system are decoupled from each
other. The center of mass is moving freely with the drift
velocity of the final steady state, whereas each subband of
the relative electron system approaches a thermal equilib-
rium with a unique temperature T, because of the
Coulomb interactions H c,„but with its own Fermi level:
since the exchange of electrons between the subbands was
governed by the intersubband parts of H, ; and H, ph,
no more exchange of particles is allowed between the sub-
bands. The optical and acoustical phonons are also
decoupled; as the sample is in contact with a heat reser-
voir at temperature T (helium bath), acoustic phonons
remain in a quasiequilibrium state at temperature T ("lat-
tice temperature"}. The nonequilibrium optical-phonon
distribution is allowed through a temperature T& q

for
each &node. Therefore, the initial density matrix is
chosen as
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:- = fexp[ H—(He;, +H „—)xeN pN—, )]IZ, f jf exp( (—)Hr )IZ rr exp( —() Qxe', q)/Z
A,,q

with

P, =1/kT„P=1IkT, P =1IkT, N = g ct, c„, , N, = P ct, ,c„,, (N =N +N, ),
k, s k, s

where po and is the Fermi level in the bottom subband, p, is the Fermi level in the top subband, and k is the Boltmann
constant.

We then solve the Liouville equation for the density matrix =(r) to first order in HI, with the initial condition =0.
The final steady state is characterized by

(P ) =0 (constant momentum of the center ofmass),

(H, ) =0 (constant energy of the relative electrons),

( No ) = —(N, ) =0 (constant populations in each subband),

(Nz ) =(1 /i')[N&, H, h]
—(Nz q N, )/—~ h=0 (constant LO-phononpopulationineachmode) . (4)

The full expression of Eqs. (1)-(4) is given in Appendix
A.

In the above equations, the many-body properties of
the two subband electron gas (renormalization energies
and polarizability} are taken into account in the finite-
temperature dynamical RPA formalism. ' Those calcula-
tions are self-consistent in the sense that the broadening
of the electronic states is taken into account in the calcu-
lation of the electron self-energy. ' In agreement with
Ref. 19, we find that intersubband exchange cannot be
neglected, since it renormalizes the upper subband by
about half the renormalization energy of the lower sub-
band, which is mainly due to intrasubband processes.

The numerical solution of the nonlinear system (1}—(4}
enables us to determine the unknown parameters
vdy T„Tp q$5p p] ppt

III. LOW-FIELD MOBILITY

First, we discuss the solution of the balance equations
(1)—(4), in the zero-field limit. For a zero electric field,
T, = T and hp=0 are obvious solutions. Developing the
balance equations to first order in the electric field, it is
easy to show that both derivatives dT, /dE and dip/dE
are zero at vanishing electric field: the subband Fermi
levels are equal when the electric field is handled to first
order. It also follows that the LO-phonon population is
the equilibrium one at temperature T.

The total resistivity is the sum of the diferent scatter-
ing rates, due to impurities or phonons, intrasubband or
intersubband. To go further, we will consider only
impurity-limited Ohmic resistivity at zero temperature.
It can be split into two contributions, an intraband and
an interband resistivity:

R2 DEo = (1/Ne)(1 IfM ) =(1/Ne)(m le)(R;„„,+R;„„,),
where p is the mobility and R refers to a scattering rate.
The full expressions of the scattering rates R;„„, and

R;„„,are given in Appendix B.
We plot in Fig. 1, the intrasubband and intersubband

scattering rates for a 25-nm-large quantum well. Elec-
trons are scattering on 7.5 X 10" cm remote impurities
located 25 nm away from the quantum-well interfaces.
Two main features should be emphasized: first the mobil-
ity drop only occurs in a limited 2DEG density range,
and second the main scattering mechanism reducing the
mobility at the onset of the upper subband is the in-
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FIG. 1. (a) Zero-temperature mobility vs the 2DEG density.
(b) Scattering rates vs the 2DEG density: intersubband scatter-
ing rate (dashed-dotted curve); intrasubband scattering rate
(Np/N)R p within the ground subband (full curve), and the in-
trasubband scattering rate (N& /N)R, within the upper subband
(dashed curve).
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trasubband scattering rate 8;„„,. This is at variance with
the results derived from coupled Boltzmann equations, '

where the intersubband scattering was claimed to reduce
the mobility in a wide 2DEG density range above the on-
set of the second subband. To understand this disagree-
ment, the intersubband scattering rate is neglected in a
first step. The Lei-Ting mobility can be written (denoting
by R; the intrasubband scattering rate in subband i):

O'LT ( e /m )[(No /N)R o + (N
&
/N )R i ]

whereas the Boltzmann mobility is derived by writing the
total conductivity as the sum of the conductivity of each
subband. This means that the subbands are handled as
two independent conductors:

ps =(e/m)[(N o/N)(1/R o) +(N&/N)(1/R, )] .

Since (N, /N)R
&

is large [see Fig. 1(b)], R t is very large
and the Boltzmann mobility should remain unchanged at
the onset of the upper subband: the Boltzmann mobility
drop should be of the order of N, /N at the onset of the
upper subband because the subband conductivities are
additive, as for two independent conductors. Conversely,
in the present approach the scattering rates are additive
because the subb ands are strongly coupled by the
Coulomb interaction and the two-subband electron gas is
handled as a whole. In that sense, the mobility drop cal-
culated here may be attributed to the Coulomb scattering
of the subband 0 carriers on the very low mobility car-
riers lying at the bottom of the upper subband.

When the impurity intersubband scattering is now in-
cluded, the mobility drop derived from the coupled
Boltzmann equations is likely to come from the balance
on the subband population exchange rates, which couples
the subband relaxation times to each other. ' The inter-
pretation of such a coupling could be as follows: because
of the intersubband scattering, the carriers of the ground
subband will spend some time in the upper subband
where they experience an intense impurity scattering.
However, the mobility is still derived by summing the
subband conductivities: this means that the Coulomb
coupling between the subbands due to Vo o is ignored
whereas Vo'o is as large as Vo'0 or V&'&. When the
Coulomb interaction between the subbands is fully taken
into account, as in the Lei-Ting approach, coupling the
subband relaxation times through the inter subband
scattering rates is irrelevant since the balance on the sub-
bands population exchange rates is necessarily fulfilled to
first order in the electric field.

In the Boltzmann approach, the Coulomb interaction
is only taken into account through screening, but here

again another difference comes out. In our approach, the
Coulomb interaction between the two subbands is fu11y
embodied in the polarizability of the 2DEG, indepen-
dently of the impurity potential. Terms involved in Ro
and R, (see Appendix B) are proportional either to
~Go(z;, q) ~

or to ~G I(z;,q) ~
. In the Boltzmann ap-

proach, ' on the contrary, screening is handled separately
on its own and the intrasubband matrix e1ements of the
impurity potential are mixed through the dielectric
screening function. The ground subband scattering rate
is derived from the impurity potential through

~

I' p/&oo, oo~'-
~ [(I—I'I,'I~I )Go

+( V1,~11G1 )]/e~2

In that case, the physical meaning of the crossed terms
involving GOO& is unclear. Moreover, it seems incon-
sistent to keep the intersubband Coulomb interaction
Vo 0 in Ole screening terms and at the same time, to treat
the two subbands as two decoupled conductors (i.e., sum-
ming up the conductivities to get the total conductivity).

The disagreement on the mobility discussed here is
reminiscent of the difference between the Boltzmann adi-
abatic mobility formula where relaxation times are aver-
aged and the isothermal mobility theory focuses on relax-
ation rates by fully taking into account the electric-field
potential and the electron-electron Coulomb interac-
tion. " From the above discussion it follows that the
Coulomb interaction shows up not only in the screening
of the scattering potentials but also in the way that the
scattering rates are averaged: averaging the relaxation
times as in the Boltzmann mobility means that the con-
ductivities of the different carriers are added to each oth-
er, neglecting in part the Coulomb interaction between
them. The mobility of a two-subband electronic system
clearly enlightens the difference between the Lei and Ting
balance equations for nonlinear electronic transport and
a Boltzmann approach, and the different behaviors pre-
dicted for the low-field mobility may provide an experi-
mental way to resolve the controversy between them.

IV. HIGH-FIELD TRANSPORT

A. Experimental details

A detailed characterization of the sample used in our
high-field transport experiments has been reported (sam-

ple 3 in Ref. 23). The parameters of this GaAs/
Ga Al, As multiple-quantum-we11 sample are listed in

Table I.

TABLE I. The parameters of the sample studied under high-field transport conditions. The
structural parameters are deduced from x-ray measurements; the electronic density and the low-field

low-temperature mobility are deduced from Hall and Shubnikov —de Haas measurements.

Well Barrier Doped
thickness thickness Ga„Al, „As Space r

L (A) Lb (A) Ld (A) (A) +Al

ND
(10" cm ')

X
(10" cm )

Mobility
(4.2 K)

(m /Vs)

274 1089 121 484 0.24 2.75 3.51 33
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To minimize the Joule heating, 1-ps electric field

pulses, with a duty cycle lower than 10, were applied

along the heterolayers. The photoluminescence was ex-

cited with an argon laser and the optical power was kept
below 100 mW/cm to prevent optical heating. By using

simple gating techniques, the photoluminescence from
the samples was collected only during the electric pulses.
Assuming that the low density (10 cm ) of optically ex-

cited holes thermalizes with the high-density electron

gas, the luminescence intensity decreases as

IPL -exp( Rc—o/kT, ),
where T, is the electronic temperature, provided that the

emitted photon energy %co is well above the sum of the
band gap and of the Fermi energy and that the density of
states is staircase shaped. It should be noticed that for
such wide quantum wells, a large number of hole quan-
tum levels are involved in the valence band at finite tem-
perature. Consequently, the hole density of state is rath-
er a three-dimensional one, behaving as the square root of
the energy. Therefore, the hot-carrier temperature may
be experimentally slightly overestimated. Performing
high-field Hall measurements, we checked that the elec-
tron density remained constant within experimental accu-
racy (20%).

B. Theoretical results

The numerical values used for the material constants in

our simulations are listed in Table II. %e plot in Fig. 2
the Fermi levels, together with the renormalized quan-
tum levels versus the carrier temperature. At low electric
fields, the Fermi levels are equal, in agreement with the
preceding paragraph where their splitting has been
demonstrated to increase at least quadratically with the
electric field. Then, the upper-subband Fermi level rises
above the lower-subband Fermi level before they cross
around 80 K. A careful inspection of the origin of the in-

tersubband transitions shows that LO phonons mainly
transfer electrons from the upper subband to the ground
subband, while scattering on impurities transfers carriers
from the ground subband to the upper subband. At low
temperatures, the impurity associated behavior dom-
inates, raising the upper-subband Fermi level above the
ground-subband Fermi level, whereas at high tempera-
tures the LO phonons overcome. The splitting of the
Fermi levels, which accounts for the balance on the ex-
change of particles between the two subbands, is the
counterpart of the splitting between the lattice tempera-
ture T and the hot-electron temperature T, : as is obvious
from (2), the energy absorbed and turned into heat
through scattering on the randomly distributed impuri-
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FIG. 2. Energies at the bottom of the subbands and Fermi

levels against the carrier temperature: ground-subband energy

(full curve) and Fermi level (dotted curve); upper subband ener-

gy (dashed curve) and Fermi level (dashed-dotted curve). The

energies are measured with reference to the bulk GaAs conduc-

tion band. The phonon lifetime is mph 0 ps.

C. Discussion

To characterize the electron-energy-loss rate, the re-
ciprocal electron temperature is plotted against the
electric-field power input per electron for three LO-
phonon lifetimes (Fig. 4). It should be mentioned that
the electron temperature measures the internal energy of
the relative electron gas, whereas the electric-field power
is applied to the drifting 2DEG, the energy of which is

ties, is transferred to the lattice through phonon emis-

sion. Therefore, the increase of the relative electron-gas
temperature is due in a Srst step to the scattering of im-

purities (Fig. 3}. This rise of temperature is lessened be-

cause of the transfer of carriers by impurity intersubband

scattering, which raises the upper-subband Fermi level

above the ground-subband Fermi level: for the same aver-

age energy the temperature is lower than what it would

be if the Fermi levels were equal. After a slowing down

in the growth speed of the temperature due also to the in-

creasing eSciency of the LO-phonon emission because of
the nonlinear Bose factor 8[(RcoLo fivd. q}/kT—, ], the

temperature T, increases again more steeply. For drift
velocities above 1.5X10 cm/s, the range of wave vec-

tors, where co&0
—vd q is negative becomes noticeable

(q ~3X10 cm ') and increases with the drift velocity.
In that case, the relative electron gas absorbs some kinet-
ic energy from the center-of-mass motion mainly through
LO-phonon-electron interaction and turns it into heat by
Coulomb interactions within the electron gas.

TABLE II. The numerical values of the GaAs/Ga„All „As material constants used in the numeri-

cal simulations.

12.90 10.92

(cm/s)

3X 10'

~sr

(cm/s)

5.3 X 10

P
(g/cm')

5.3

D
(eU)

12

hl4
(U/cm)

1.2X10'

~Lo
(meU)

36
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FIG. 3. Hot-carrier temperature vs electric field: experimen-
tal data (full curve); theoretical curves without hot phonons
(dashed curve), with hot phonons for a phonon lifetime 'Tph —3
ps (dotted curve) and ~» =7 ps (dashed-dotted curve) ~

the sum of the kinetic energy of the center-of-mass and of
the thermal energy of the relative electron gas. The
better agreement with experiment is found for a phonon
lifetime between 3 and 7 ps.

The nonequilibrium phonon population is highly aniso-
tropic with a peaked distribution in the direction of the
drift velocity (Fig. 5). This anisotropy comes from
the Doppler shift of the LO-phonon frequency
(coLo +coLo vd q), which enhances the electron —LO-
phonon coupling for LO modes having a phase velocity
along the 2DEG drift velocity. Therefore a LO-phonon
gas drifts with the electron gas and exchanges momentum
with it. The peak values of the nonequilibrium LO-
phonon population are associated with wave vectors q,
such that mI ~—vd .q =0. This means that the relative
electron gas interacts mainly with those LO phonons that
have a phase velocity nearly equal to the drift velocity.

The experimental drift velocity is plotted in Fig. 6.
The agreement with theory is fairly good: the calculated
velocity is only about 15% higher than the experimental
one at the highest electric field. Such a disagreement may
be due to an additional scattering on a few low-energy
electrons in the third subband or to an overestimation of
2DEG density at high electric fields and a correlative un-

derestimation of the drift velocity, since the high-field
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FIG. 5. Hot-LO-phonon population vs phonon wave vector
in the electric field direction: (a) first even LO mode; (b) first
odd LO mode. The phonon lifetime is ~» =3 ps and the arrows
point on the wave vector such that coLo —vd -q =0. The drift ve-

locities and the carrier temperatures are ( 1 ) vd = 1 .08 X 10'
cm/s, T, =7 1 K; (2) vd = 1 .48 X 10" cm/s, T, =86 K; (3)
vd = 1;76X 10' cm/s, T, = 135 K; (4) vd =2. 1 X 10' cm/s,
T, =24 1 K.

Hall measurements accuracy is only 20go . The drift ve-
locity is only weakly reduced by a finite LO-phonon life-
time, since the overall momentum is not relaxed within
the phonon branch and is reabsorbed together with the
LO-phonon energy.

The question of the momentum relaxation rate of drift-
ing hot LO phonons arises at first because of the anisotro-
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FIG. 4. Inverse electron temperature vs power loss per elec-
tron. The full line accounts for the experimental results.
Theoretical results are reported for three LO-phonon lifetimes:
7 ph 0 ps (dashed curve), ~» = 3 ps (dashed-dotted curve), and

Tph 7 ps (dotted curve) .

FIG. 6. Drift velocities vs electric field. The full line ac-
counts for the experimental results. Theoretical results are re-

ported for three LO-phonon lifetimes: v.» =0 ps (dashed curve),
7 ph 3 ps (dashed-dotted curve), and ~» =7 ps (dotted curve) .
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py of the electron-LO-phonon interaction, which is
enhanced for LO modes having their wave vectors in the
direction of the drift velocity. If the nonequilibrium LO-
phonon momentum were completely relaxed within the
LO-phonon modes by intrabranch scattering events,
keeping the same phonon population lifetime would
greatly inhibit the reduction of the electron-energy-loss
rate due to hot phonons because the isotropic nonequili-
brium phonon population would be quite small, whereas
the electron-LO-phonon coupling would remain highly
anisotropic. On the other hand, keeping the same reduc-
tion in the electron-energy-loss rate with nondrifting hot
phonons would require a high nonequilibrium phonon
population for these wave vectors, where the electron-
phonon coupling is strong (see Fig. 5). Since the hot-
phonon population level is equal in any direction for non-
drifting phonons, unlikely large phonon lifetimes would
be required. In all the above, nondrifting hot phonons
have been discussed assuming a given drift velocity and
an electron-phonon coupling that is reduced to wave vec-
tors lying along the drift velocity. If we now take into ac-
count that the electron-LO-phonon coupling is not
strictly zero for modes that do not move along the drift
velocity, a nonequilibrium phonon population in all
directions is still required in order to keep the electron-
energy-loss rate small even if the phonon lifetime is not as
large as in the total anisotropic coupling case. Momen-
tum reabsorption from this random phonon distribution
will imply a reduction of the drift velocity, which would
be in disagreement with the experimental results. There-
fore, in all respects hot LO phonons are likely to drift to-
gether with the electron gas.

It is worth noting that we recover a quasiequilibrium
state on the subband populations in the presence of hot
phonons. At low fields, the relative impurity contribu-
tion to the Fermi level's splitting is reduced because the
electron gas is hotter, and at high fields the LO-phonon
reabsorption by intersubband scattering transfers elec-
trons back from the ground to the upper subband.

The momentum relaxation rates per the center-of-mass
momentum Nmvd are plotted in Fig. 7 for scattering on
impurities and phonons, together with their sum, which
is equal to rz=eE/(mvd ) and with the scattering rate
deduced from the low-field experimental mobility

p, r„=e/(mp, ). The high-field scattering rate first in-

creases more steeply than the scattering rate derived
from the low-field mobility. This behavior, which is well
pronounced in the absence of hot phonons, cannot be as-
sociated with a large nonequilibrium phonon population
but with the electron —LO-phonon interaction enhance-
ment by the Doppler shift of the LO-phonon frequency
for a nonvanishing drift velocity: the emission threshold
for LO phonons is reduced from ALLO to fuoLo —fivd-q
and therefore the temperature required for LO-phonon
emission when the 2DEG is drifting is lower than in the
case of low-field mobility experiments. As the lattice
temperature is raised in 1ow-field experiments, the equi-
librium LO-phonon population becomes noticeable and
its absorption by the 2DEG is no longer negligible
against its emission: the low-field scattering rate over-
takes the high-field scattering rate. The energy relaxation
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FIG. 7. Momentum relaxation rates per the center-of-mass
momentum Nmuz vs hot-carrier temperature for intrasubband
scattering on acoustic phonons, LO phonons, impurities, and
for intersubband scattering on LO phonons and impurities (the
LO-phonon lifetime is 'Tph 3 ps). Scattering rate derived from
the high-field mobility rE=eE/(mvd) vs carrier temperature:

mph 3 ps (full curve); ~» =0 ps (dashed-dotted curve) . Scatter-
ing rate derived from the experimental low-field mobility

p, r„=e/{ m p) vs lattice temperature (solid circles).

rates per the LO-phonon energy %cod~ and per electron
are also plotted for two LO-phonon lifteimes (Fig. 8).
The mean time for the emission of ficozz per electron
stays beyond 1 ps.

In order to examine the inhuence of the drift velocity
on the energy-loss rate, we have considered the samples
reported in Ref. 1. The carrier density and the well
width of sample 2 are quite similar to our sample ones,
and we will now compare these two samples. The only
difFerence arises from the low-field mobility, which is
@=79000 cm /Vs against @=330000 cm~/Vs for our
sample. For a given hot-electron-gas temperature, the
low-mobility sample power-loss rate is almost one order
of magnitude smaller than the high-mobility one (Fig. 9).
The energy supplied to the 2DEG by the electric field is
in part turned into heat through dissipative mechanisms
such as scattering on randomly distributed impurities.
This part is well characterized by the hot-carrier temper-
ature and is transferred to the phonon bath through the
emission of Raze —Avd. q. The other part is transferred
directly to the phonon bath through the center-of-mass
motion by emission of the Doppler energy Avd q. In oth-
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FIG. 8. Energy relaxation rates per AcoLo and per electron vs
hot-carrier temperature for two LO-phonon lifetimes: r» =0 ps
(full curves), and ~» =3 (dashed curves).
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FIG. 9. Inverse electron temperature vs power loss per elec-
tron. Experimental results are reported for two samples: full
curve (sample 2, Ref. 1, p =7.9 m /V s), dashed curve (sample 3,
Ref. 17, @=33 m /V s).

FIG. 11. Drift velocities vs electric field for sample 2 of Ref.
1. The full line accounts for the experimental results. Theoreti-
cal results are reported for a LO-phonon lifetime v»=7 ps
(dashed curve).

er words, the relative electron-gas temperature does not
fully characterize the whole energy supplied by the elec-
tric field to the drifting 2DEG, the state of which is
determined by both the drift velocity and the electron
temperature. In spite of the large difference between the
experimental power-loss diagrams, the LO-phonon life-
time, which is necessary to account for the energy-loss
rates, is about 5 ps whatever the sample investigated (Fig.
10). Once again, the agreement between the calculated
drift velocities and the experiments is fairly good (Fig.
11), assuming that the nonequilibrium hot LO phonons
are drifting.

V. CONCLUSION

The electron —LO-phonon coupling in GaAs/
Ga Al& As modulation doped quantum wells has been
investigated through steady-state transport experiments
performed on a wide quantum well by measuring both
the drift velocity and the hot-carrier temperature.
Within a two-subband model, the inhuence of intersub-
band scattering has been taken into account for the relax-

~ 3
I

CD

2

ation of the 2DEG energy and momentum and for the
carrier density distribution between the two subbands.
The investigations reported here are based on the balance
description of the high-field transport of Lei and Ting,
which separates the center-of-mass variables from the rel-
ative variables of the electrons. It is thus possible to
separate the thermal motion of the electron system from
its drift motion and to analyze the inhuence of the
electric-field power input on each of them. Therefore, the
temperature against power-loss diagrams are not fully
representative of the electron-LO-phonon coupling. For
a given temperature, the higher the low-field mobility, the
higher the electric-field power input. When the decay of
LO phonons into acoustic modes is described by a unique
lifetime, the agreement with the experiments requires a
mean time of about 5 ps. For such a lifetime and accord-
ing to the drift velocity calculations, the nonequilibrium
LO-phonon dephasing time should be of the same order
of magnitude as the population relaxation time. As a
consequence, the nonequilibriurn hot phonons drift with
a phase velocity roughly equal to the electron drift veloci-
ty. The splitting between the subbands Fermi levels
arises from the competition between the impurity inter-
subband scattering, which transfers carriers in the upper
subband, and the intersubband LO-phonon emission,
which brings carriers back into the ground subband. The
overall result is rather weak and does not affect the
2DEG temperature to a large extent. Finally, it has been
shown that the low-field mobility is mainly reduced at the
onset of the second subband by intrasubband scattering.
It has been argued that the high-mobility electrons lying
at the Fermi level of the ground subband are efficiently
scattered by the low-mobility carriers of the upper sub-
band through the electron-electron Coulomb interaction.

0
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FIG. 10. Inverse electron temperature vs power loss per elec-
tron (sample 2, Ref. 1). The full lines account for the theoretical
results for three LO-phonon lifetimes. Experimental results are
also reported (solid circles).

To derive the balance equation for the momentum ex-
changes, the statistical expectation of the rate of change
of the total impulsion, P=(1/iA')[P, H] is calculated:
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T

NeE= QA'q g [G (z, ,q)e /(2Aeycq)] (1/iri)[ —ImII (q, vd. q)]
I

l, CT, CT

with

+ g I (A,„,g, co» Q
—vd. q) [8[(fico» Q

—fnr d- q)/kT, ] B—(fico» Q/kT) ]
A,, q, cr

+ g I (A, ,q, co„o—vd q) IB[(fuu„o—Avz. q+p —p )IkT, ] B(—ficoLo/kT» )]
A, c7, CJ

(A 1)

I (&„,q, co)= —(2/R)l~„((},A, )I (q, )~ ImII (q, ~),
I (~,q, co) = —(2/&) ~M,p, (q, }()I (q, ) ~~1m' (q, co) .

We now consider, the rate of change of the relative electron-gas energy H, =(1/ig)[~„&]. This rate originates solely
from the relative electron kinetic energy. We get an equation between the energy absorption due to impurities and the
energy emission through the electron-phonon interactions:

g fiv„.q g [G (z, ,q)e /(2Aeycq)] (1/ iii)[ —ImII (q, v„.q)]

q A,,q, o
(iii~» Q Rvd q—)P (A. ,„,g, ei» Q vd q—)[8[(lc0» Q Rvd q—)/kT, ] B(M—» Q/kT)J

+ g (Rcogo A'vd q)I (k q ct)go vd'q)[8[(ficozo fivd. q+IJ,— p~)lkT, ]——8(Rcozo/kT»z)] . {A2)

Combining Eqs. (Al) and Eq. (A2), we get the equation between the electric-field power supplied to the 2DEG and

the rate of energy loss through the emission of phonons:

NeE vd =g g fico» Q
I' (A,„,g, co»Q vd. q) [8[%co» Q Rvd q)/kT—, ] 8(R~»—Q/kT) j

q A, ,q, o
I

+ g Rc0Lof' (A, , q, coLo vd q)IB—[(Aco„o Rvd q+—p p. }lkT—] B(fK0Lo/kT» &)]
A, ,o, cr'

Ignoring all the exchanges of particles between the subbands through electron-electron scattering, the vanishing rate
of change of the electron population of the subband cr is expressed as

g g [G (z;,q)e /(2Aeycq)] (1 /R)[lmII (q, vd. q) —ImII .(q, v& q)]
q i

= g g (I (A, , q, c0Lo —vz.q)IB[(iricoto —Rv„.q+p —p )IkT ] 8(ficoto/kT» )J

—I' (A, ,q, c0Lo —vd. q)IB[(AcoLo fivd q+p . —p)lkT, ]—B—(lc0Lo/kT»z)J } . (A3)

The decay of LO-phonon modes populations through anharmonic processes is heuristically described with a unique

lifetime ~

(N»z}~h„h= —({N»z} N, ~)/r~h with —N, ~=1/[exp(AcoLo/kT) 1] .

Finally, we have

N
q B[(fuoLo Rvd'q+p~ p, )/kT ], —

& =8[(~~o &vd q+ p.—p).IkT, ]+-
1+r h g I (A, , q, co„o—v„.q)

r h .'(~ q ~LO vd-

1+r h g I (A, , q, coLo —v&.q)

X [8[(fico„o Avd. q+IJ, p, )/k—T, ] B[(hcoL—o fivd. q+—p~, p) IkT, ] } ', — (A4)

with a' =a for even I.O modes and a'Xa for odd LO mod~~.
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APPENDIX B

We give below the full expression of the intrasubband and intersubband scattering rates for the case of low-

temperature impurity scattering:

R;„,„,=(No/N)R0+(N, /N)R, ,
2kf

R, =(X/N, )y f0 e 2(4k q2)1/2
0

X [ ~611(z;,q) ~ [1—( Vi", —Vll'1'1)P', (q, O)][1—V,"1P1(q,O)]

—IG1(*;,q}l'[1—( Vi 1
—Voo}P1(q,o}l[—V00PI(q, O})),

2kf

Ri (X/N, ) g f dq
I&I (4k 2

—q')'"
1

X I i G 1 (z;,q) i [1—( Vo'0 —Vl'1'1'1)P11(q, O)][1—Vo'0P0(q, O)]

—
I GO(z; q) ~'[1—( Vo'0 —Vl'1 }PO(q O)) [ —Vi'iPO(q o)) )

"/0+"/, (1+6,o/q ) ~G0(z;, q) ~

R;„„,=(X/N) dq
[4k 2(1+pl/ 2)2]l/2

0

/0 /1 (1—&0/q') I Gl'1(*;,q) ~'
+ — dq 2[4kq2(1 +lq2)2]1 /2

1

k =[2m(p —Eo)/lrt ]', kf =[2m(p, Ei )/fi ]'—, ho=2m(Ei Eo)/fi2, —

e=[1—V '0P (q, O}][1—V,",P,'(q, O)] —V, ',P (q, O)V'0P,'(q, O),

X=(2m/fi )[e /(4neotc)]

Since subbands are fully relevant to characterize free particles in a quantum well, the terms due to the intrasubband
scatterings can be clearly identified, as they involve free-particle absorption in each subband. For instance, in the
ground-subband case, these terms are proportional to d ImP00(q, co)ldco through the factor 1/(4kfo —q )'/ for the
ground subband.
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