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Hot electron energy relaxation via acoustic phonon emission in modulation-doped
In0.53Ga0.47AsÕIn0.52Al0.48As heterojunctions with double-subband occupancy
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The energy relaxation associated with acoustic phonon emission in lattice-matched In0.53Ga0.47As/
In0.52Al0.48As heterojunctions, has been investigated using Shubnikov-de Hass~SdH! effect measurements
performed in the temperature range from 3.3 to 25 K, and at electric fields up to 200 Vm21. The thickness (tS)
of the undoped spacer layer in modulation-doped samples was in the range between 0 and 400 Å . The SdH
oscillations show that two subbands are populated for all samples except those withtS5400 Å . The electron
temperature (Te) of hot electrons in each subband has been obtained from the lattice temperature (TL) and
applied electric field dependencies of the amplitude of SdH oscillations. For the samples withtS50, 100, and
200 Å , the power loss from the electrons in the first and second subbands is found to be proportional to
(Te

3-TL
3) for electron temperatures in the range 3.3,Te,12 K, indicating that piezoelectric scattering is the

dominant scattering mechanism. For the samples withtS5400 Å , however, in which only the first subband is
populated, the power loss is approximately proportional to (Te-TL) in the same range of electron temperatures.
The experimental results are also compared with a three-dimensional model for electron energy loss by
piezoelectric and deformation-potential scattering.

DOI: 10.1103/PhysRevB.64.085301 PACS number~s!: 73.40.Kp, 73.50.Jt, 73.43.Qt
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I. INTRODUCTION

The energy relaxation of hot carriers in semiconduct
has been investigated extensively, both experimentally
theoretically in bulk and two-dimensional~2D! structures
~for review see1–3!. The determination of the temperature
electrons, under electric-field heating conditions in t
steady state, provides useful information about the elect
phonon interactions involved in the energy relaxation p
cess. Since at temperatures below about 30–40 K, the p
lation of optical phonons is negligibly small, acoust
phonon scattering provides the only inelastic-scatter
mechanism.3–6

Most of the previous experimental investigations
power loss in 2D electron-gas systems, in the acoustic p
non regime, were performed on modulation-dop
GaAs/Ga12xAl xAs heterojunctions and quantum well stru
tures, in which only the lowest subband was populated
electrons and hence all the scattering processes were o
intrasubband nature.7–21A substantial increase in the 2D ca
rier density, moving the Fermi level above the second s
band, would give rise to inelastic intersubband scatter
processes, which may affect the overall energy relaxa
rates.14,15The first experiments devoted to study the acou
phonon assisted power loss in a 2D electron gas with dou
subband occupancy, were carried out for modulation-do
GaAs/Ga12xAl xAs heterostuctures, where the carrier dens
was varied by using the persistent photoconductiv
effect.14,15,18,22,23

Comparatively little work have been published in the l
erature concerning measurements of the power loss of
electrons in material systems, where the 2D electron ga
0163-1829/2001/64~8!/085301~11!/$20.00 64 0853
s
d

e
n-
-
u-

g

f
o-
d

y
an

-
g
n
c
e-
d

y
y

ot
is

confined in the In0.53Ga0.47As ternary alloy.13,17,24–27To our
knowledge, there is no study to date concerning the acou
phonon assisted energy relaxation of hot electrons in
In0.53Ga0.47As/In0.52Al0.48As heterojunctions with double
subband occupancy. In the present work we have inve
gated energy relaxation in modulation-doped In0.53Ga0.47As/
In0.52Al0.48As heterojunctions, lattice-matched to InP su
strates, in which one or two subbands are populated by e
trons, depending on the thickness (tS) of the undoped space
layer. We present the results of Shubnikov–de Haas~SdH!
effect measurements in samples with spacer layer thickn
in the range betweentS50 and 400 Å. In all but in the
samples withtS5400 Å, the first two subbands are alread
occupied at liquid-He temperatures. The temperature of
electrons (Te) in each subband of the samples and the c
responding power loss (P), have been determined as a fun
tion of the applied electric field. The results are discussed
the framework of the current theoretical models concern
carrier energy-loss rates in semiconductors.

The SdH oscillations in magnetoresistance, provide an
curate and sensitive technique that has been employed
cessfully in the investigations of electron energy relaxat
in the acoustic phonon regime.19,21,28–31 In heavily
modulation-doped structures, where a highly-degene
electron gas exists, the variations of the amplitude of
SdH oscillations with applied electric field and lattice tem
perature, can be used in the determination of the power l
electron temperature characteristics. All the samples use
the present paper are highly degenerate, so that the red
Fermi energyh5(EF-Ei)/kBT@1 ~Table I!, even at electron
temperatures of about 30 K, which is well above the range
temperatures considered here. Therefore, we employed
©2001 The American Physical Society01-1
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TABLE I. Sample parameters, electronic and transport properties of the modulation-doped In0.53Ga0.47As/In0.52Al0.48As heterojunctions
determined at 3.3 K.

Sample MV572A MV576A MV577 MV578A

Spacer thickness,
tS~Å! 0 100 200 400
Subband Index First Second First Second First Second First
2D carrier density,
Ni ~1016 m22) 1.6760.05 0.3360.01 1.0960.005 0.2160.005 0.8660.01 0.1260.01 0.5160.001
Total 2D carrier density,
N11N2 (1016 m22) 2.0060.05 1.3060.007 0.9860.01 0.5160.001
Hall carrier density,
NH (1016 m22) 1.9560.05 1.1060.04 0.9160.02 1.1360.03
Effective mass,
m* (m0) 0.03960.001 0.04160.001 0.03760.002 0.03960.001 0.04260.001
Fermi Energy,
EF-Ei ~meV! 10264 20.560.5 6462 13.560.4 5362 7.660.2 29.160.8
E2-E1 ~meV! 8264 5162 4562
Hall mobility,
mH (m2 V21 s21) 4.860.1 8.160.2 6.760.2 4.160.1
Transport mobility,
m t i (m2 V21 s21) 4.91 3.75 7.54 3.30 6.92 1.08 9.16
Quantum lifetime,
tqi (10212 s! 0.2060.007 0.1560.01 0.2560.01 0.1760.01 0.4260.03
g 3.2 3.1 3.4 3.1 '1
A (eV s21 K2g) 9 25 6 28
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SdH oscillations technique in our investigations. The meth
is based on the assumption that ionized-impurity scatter
alloy scattering, and interface roughness scattering, wh
determine the low-temperature transport mobility of ele
trons, are elastic in nature. Consequently, the energy th
gained by electrons in an applied electric field, is dissipa
via the emission of acoustic phonons.

The SdH oscillations in magnetoresistance of a 2D e
tron gas of single-subband occupancy, are well describe
the analytic function32–35

Drxx

r0
}D~x! expS 2p

vctq
D cosF2p~EF2E1!

\vc
2pG , ~1!

whereDrxx , r0, EF , E1 , vc(5eB/m* ), m* , and tq are
the oscillatory magnetoresistivity, zero magnetic-field res
tivity, Fermi energy, first-subband energy, cyclotron fr
quency, effective mass, and quantum lifetime of 2D electr
in the first subband, respectively. The effects of higher h
monics are neglected in Eq.~1!.28,36 The formula in Eq.~1!
was originally derived32–34for carrier transport in a 2D elec
tron gas of single-subband occupancy under the condi
vctq<1. However, this condition is not stringent and E
~1! describes well the experimental SdH oscillations data
all vctq values as long asDrxx,r0 ~see Refs. 19,35,37–
39!. The exponential term, exp(2p/vctq), describes the
damping due to the collision broadening of the Landau l
els. The temperature dependence of the envelope functio
the SdH oscillations is totally contained in the term
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D~x!5
x

sinhx
~2!

with

x5
2p2kBT

\vc
,

where\ is the Planck’s constant andkB is the Boltzmann
constant. The thermal damping of the amplitude of the S
oscillations is, therefore, determined by the temperatu
magnetic field, and effective mass via

A~T,Bn!

A~T0 ,Bn!
5

T sinh~2p2kBT0m* /\eBn!

T0 sinh~2p2kBTm* /\eBn!
, ~3!

whereA(T,Bn) andA(T0 ,Bn) are the amplitudes of the os
cillation peaks observed at a magnetic fieldBn and at tem-
peraturesT andT0. In the derivation of Eq.~3! from Eq.~1!,
it has been assumed that the quantum lifetime (tq) is inde-
pendent of both temperature and magnetic field. The qu
tum lifetime can be determined from the magnetic-field d
pendence of the amplitude of the SdH oscillations~i.e.,
Dingle plots! at a constant temperature provided that t
electron effective mass is known28,29,36

lnFA~T,Bn!Bn
21/2sinh~x!

x G5C2
pm*

etq

1

Bn
, ~4!

whereC is a constant.
1-2
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HOT ELECTRON ENERGY RELAXATION VIA ACOUSTIC . . . PHYSICAL REVIEW B 64 085301
In the case of a 2D electron gas of double-subband oc
pancy, the quantum oscillations in magnetoresistance ca
represented by a weighted sum of contributions from all
populated subbands:21,40–42

Drxx

r0
}(

i 51

n

D~ i ,x! expS 2 ip

vctq
D cosF2ip~EF2Ei !

\vc
2 ipG ,

~5!

where the subscripti labels the populated subbands.
Assuming that the change in the SdH amplitude with

plied electric field can be described in terms of electric-fi
induced electron heating, the temperatureT in Eqs.~1! to Eq.
~5! can be replaced by the electron temperatureTe . There-
fore, Te can be determined by comparing the relative am
tudes of the SdH oscillations measured as functions of
lattice temperature (T5TL) and the applied electric field~F!
using21,28,29

F A~TL ,Bn!

A~TL0 ,Bn!G
F5F0

5F A~F,Bn!

A~F0 ,Bn!G
TL5TL0

. ~6!

Here A(F,Bn) and A(F0 ,Bn) are the amplitudes of the os
cillation peaks observed at a magnetic fieldBn and at electric
fields F andF0, respectively. In order to obtain the electro
temperature from the lattice temperature and electric-fi
dependencies of the amplitude of the SdH oscillations,
quantum lifetime has to be independent of both the lat
temperature and the applied electric field.

II. EXPERIMENTAL PROCEDURES

The modulation-doped In0.53Ga0.47As/In0.52Al0.48As het-
erojunctions were grown by the molecular beam epita
technique. During the growth, sample parameters includ
doping density, alloy fractions, and layer thicknesses are
timated from the calibrated charts for the specific grow
conditions and materials. After the growth, these parame
were measured for each wafer, using standard characte
tion techniques such as photoluminescence, scanning tr
mission electron spectroscopy, and capacitance-voltage
filing, and energy dispersive x-ray analysis. The samp
were fabricated in Hall-bar geometry and Ohmic conta
were formed by diffusing the Au/Ge/In alloy. The laye
structure and doping parameters of all the samples~Fig. 1!
were nominally identical with the exception of the thickne

FIG. 1. The structure of the modulation-dope
In0.53Ga0.47As/In0.52Al0.48As heterojunctions samples used in the p
per.
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(tS) of the undoped In0.52Al0.48As spacer layer, which was
varied from 0~no spacer layer! to 400 Å. Table I lists the
growth characteristics and the electronic and transport
rameters of all the samples studied, which include structu
with both single- and double-subband occupancy.

The magnetoresistance measurements were carried o
functions of ~i! the applied electric field at a fixed lattic
temperatureTL0 ~the lowest of the lattice temperature rang!
and ~ii ! the lattice temperature (TL0,TL,25 K! at a fixed
electric field F0, which was low enough to ensure Ohm
conditions and hence to avoid carrier heating. The mag
toresistance measurements were performed in a three-s
closed-cycle refrigeration system~HS-4 Heliplex, APD
Cryogenics! using a conventional dc technique in combin
tion with a constant current source~Keithley 220! and a
nanovoltmeter~Keithley 182!. The current flow was in the
plane of the 2D electron gas. Steady magnetic fields~B! up
to 2.3 T were applied perpendicular to the plane of t
samples and hence to the plane of the 2D electron gas.
data were taken at equal intervals of 1/B. All the measure-
ments were performed in the dark.

III. RESULTS AND DISCUSSION

Figures 2~a! and 2~b! show typical examples for the mag
netoresistance (Rxx) measurements in the modulation-dop
In0.53Ga0.47As/In0.52Al0.48As heterojunctions sample withtS
5100 Å for different lattice temperatures at a fixed elect
field F053.84 Vm21, and for different electric fields at a
fixed lattice temperatureTL053.28 K, respectively. The data
clearly show the decrease in the amplitude of the SdH os
lations with increasing lattice temperature or electric field
is evident from Figs. 2~a! and 2~b! that the oscillatory com-
ponent of the magnetoresistance consists of two supe
posed sets of oscillations with different periods indicating
occupation of two subbands.23,42,43This is also true for the
samples withtS50 and 200 Å ~see Ref. 44!. Fourier trans-
form of the rawRxx(B) data for the samples withtS50, 100,
and 200 Å yields two peaks confirming that two subban
are populated in these samples. For the sample withtS
5400 Å , however, the SdH oscillations contain only o
period ~i.e., only the lowest subband is populated! and are
superimposed on a positive background magnetoresist
@Figs. 3~a! and 3~b!#. It has been shown in Ref. 44 that th
strong positive magnetoresistance measured for this sam
is due to the parallel conduction in the Si-dop
In0.52Al0.48As barrier.

In order to separate the oscillatory components with d
ferent periods, the second-derivative technique and dig
filtering have been employed. The second-derivative te
nique removes the effects of the background magnetore
tance, which varies slowly with magnetic field, suppres
the amplitude of the long-period oscillations, and amplifi
that of the short-period oscillations.37,44,45The SdH oscilla-
tions associated with the first subband are extracted by
rectly calculating the negative second derivati
(2]2Rxx /]B2) of the raw experimental data with respect
the magnetic field. To separate the SdH oscillations ass
ated with the second subband, suitable low-pass digital

-
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tering has been first applied to the rawRxx(B) data and then
2]2Rxx /]B2 has been calculated. For further details of d
analysis, refer to Ref. 44. Typical plots of the two oscillato
components, as extracted from theRxx(B) data for the
sample withtS5100 Å , are shown in Figs. 4~a!–4~d!. Both
series of SdH oscillations could be isolated completely. T
SdH oscillations associated with each subband have w
defined envelopes and can be represented by Eq.~1!. The
SdH oscillations similar to those given in Figs. 4~a!–4~d!,
have been analyzed to yield the electronic transport pro
ties and power loss electron temperature characteristics
propriate to the individual subbands in the samples w
double-subband occupancy.

The carrier density (Ni) in each subband, the Fermi en
ergy with respect to the subband energy (EF-Ei), the energy
separation of the two populated subbands (E2-E1), the in-
plane effective mass (m* ) and the quantum lifetime (tq) of
2D electrons, as determined44 from the analysis of the SdH
oscillations measured under cold electron conditions,
summarized in Table I. The transport mobility (m t) of 2D
electrons in each subband of the samples~Table I! has been
determined from magnetoresistance measurements in
classical regime.44 For the samples with double-subband o
cupancy, the total carrier density of 2D electrons, determi

FIG. 2. Experimental results showing the effects of~a! tempera-
ture and~b! applied electric field on the magnetoresistanceRxx(B)
measured for sample MV576A (tS5100 Å! in which two subbands
are populated by electrons.
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independently from the SdH oscillations and Hall effect me
surements, are in good agreement. This indicates that
parallel conduction due to carriers outside the 2D channe
negligible for these samples at low temperatures. The
plane effective mass of 2D electrons in each subband o
the samples is practically independent of magnetic field
the range from 0.8 to 2.3 T. The carrier density, quant
lifetime, and transport mobility of 2D electrons in each su
band are found to be essentially independent of both
lattice temperature in the range from 3.3 to 15 K and
applied electric field up to 120 Vm21.

It can be seen from Figs. 2–4 that increasing the latt
temperature (TL) or the applied electric field~F! results in
the damping of the amplitude of the SdH oscillations. F
ures 5 and 6 show the amplitudes of the SdH oscillatio
normalized, as described by Eq.~6!, as functions ofTL andF
for the samples withtS5100 and 400 Å , respectively. Th
relative amplitude of the SdH oscillations decreases with
creasingTL ~or F) in accordance with the thermal dampin
factor given in Eq.~2!. In the figures, only the relative am
plitudes at a given magnetic fieldBn are shown for clarity. A
similar analysis made for all the SdH peaks observed in

FIG. 3. Experimental results showing the effects of~a! tempera-
ture and~b! applied electric field on the magnetoresistanceRxx(B)
measured for sample MV578A (tS5400 Å! in which only the low-
est subband is populated by electrons.
1-4
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FIG. 4. The effects of temperature~upper panel! and applied electric field~lower panel! on the SdH oscillations arising from the electro
in the first@~a! and~b!# and second@~c! and~d!# subbands, as extracted from theRxx(B) data for sample MV576A (tS5100 Å! shown in Fig.
2. The full curves through the experimental data points are intended as a guide to the eye.
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magnetic field range from 0.8 to 2.3 T has established
the relative amplitudes of SdH oscillations~and hence the
electron temperatures! in our samples are essentially ind
pendent of magnetic field. This indicates that the magn
field used in our experiments does not alter significantly
energy relaxation processes of hot electrons. Although
have observed well-resolved SdH oscillations in all t
samples with double-subband occupancy at lattice temp
tures up to about 25 K or applied electric fields up to ab
200 Vm21, the data obtained in the rangesTL.15 K and
F.120 Vm21 are not used in the determination of the ele
tron temperature. This is because, at higher lattice temp
tures or electric fields, the relative amplitude of the S
oscillations decreases to less that 10% of the initial value
the rate of change in relative amplitude withTL or F be-
comes very small~see Fig. 5!, so that the experimental reso
lution reduces and hence the evaluation ofTe becomes
gradually unreliable.

It should be noted that the determination of the elect
temperatureTe from the lattice temperature and electric-fie
dependencies of the amplitude of SdH oscillations beco
complicated in the samples where two subbands are p
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lated. It has been possible to extract quantitative informat
about the power loss characteristics of hot electrons in b
the first and second subbands of the sample withtS5100
Å. However, the amplitude of the short-period component
the oscillations originating from the first subband of t
sample withtS50 Å , was much smaller compared to that
the long-period oscillations associated with the second s
band and diminished with increasing lattice temperature
the applied electric field. We were, therefore, able to de
mine Te of electrons only in the second subband of th
sample. Because of the lack of prominent oscillation pe
from the second subband of the sample withtS5200 Å , the
electron temperature can only be obtained for the first s
band.

The electron temperature associated with each popul
subband in the modulation-doped In0.53Ga0.47As/
In0.52Al0.48As heterojunctions, as obtained by comparing
rectly the curves similar to those in Figs. 5~a! and 5~b! @and
Figs. 6~a! and 6~b!#, is plotted as a function of the applie
electric field in Fig. 7 for all the samples studied. It can
seen from the figure that, for the sample withtS5100 Å , the
electron temperatures determined separately for the elect
1-5
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in the first and second subbands are identical within the
perimental error due to the complex pattern of the SdH
cillations. This shows that the electrons in the two subba
are in thermal equilibrium with each other, as would be e
pected from electron-electron scattering on a time scale
is orders of magnitude less than the energy relaxa
time,2,3,18,23 so that the 2D electron gas itself represent
system in thermal equilibrium characterized by an elect
temperatureTe greater that the lattice temperatureTL . The
electron temperatures determined for all the samples
found to be practically independent of magnetic field in t
range from 0.8 to 2.3 T. This result is in line with that foun
for modulation-doped GaAs/Ga12xAl xAs heterojunctions,
where only the first subband was populated.19,22,23Recently,
however, Leadleyet al.18 reported that, when the applie
electric field was increased above about 5 Vm21, the elec-
tron temperature determined for high-mobility GaA

FIG. 5. ~a! Temperature and~b! electric-field dependencies o
the normalized amplitude of the oscillation peak atBn measured for
sample MV576A (tS5100 Å!. The data points represented by th
full circles and open circles correspond to the SdH oscillations a
ing from the electrons in the first and second subbands, respecti
The full and dashed curves are the best fits of Eq.~3! to the experi-
mental data for the first and second subbands, respectively.
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Ga12xAl xAs heterojunctions, developed a strong depende
on magnetic field in the range below about 0.8 T, and s
gested it to be due to cyclotron phonon emission~see also
Ref. 19!.

The SdH oscillations measured for the sample withtS
5400 Å , decrease rapidly when increasing the applied e
tric field and become vanishingly small forF.30 Vm21

@see Figs. 3~b! and 6~b!#. The electron temperature dete
mined for this sample, rises quickly with increasingF, reach-
ing 15 K whenF>25 Vm21 ~Fig. 7!. The 2D electrons in
this sample are easily heated by a relatively small elec
field, possibly due to their higher transport mobility whe
compared with the samples of double-subband occupa
~Table I!.

In the steady state, the power loss from hot electrons
the emission of acoustic phonons is equal to the power s
plied by the applied electric field, which can be calculat
using the energy balance equation1,28,46

s-
ly.

FIG. 6. ~a! Temperature and~b! electric-field dependencies o
the normalized amplitude of the oscillation peak atBn measured for
sample MV578A (tS5400 Å!. The full circles correspond to the
experimental data and the full curve is the best fit of Eq.~3! to the
experimental data.
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HOT ELECTRON ENERGY RELAXATION VIA ACOUSTIC . . . PHYSICAL REVIEW B 64 085301
P5em tF
2, ~7!

whereP, m t , andF are the energy loss~or energy supply!
rate per electron, transport mobility, and applied elec
field, respectively. The transport mobility of 2D electrons
modulation-doped In0.53Ga0.47As/In0.52Al0.48As heterojunc-
tion samples has been found to be essentially independe
both the lattice temperature and applied electric field in
ranges of interest, since it is determined mainly by allo
disorder scattering and ionized impurity scattering,44,47

which lead to momentum relaxation of electrons but not
ergy relaxation to the lattice. In the calculations of pow
loss, therefore, we used the transport mobilities as give
Table I. The power loss versus electron temperature is p
ted in Fig. 8 for all the samples studied. The magnitude
the power loss varies significantly from one sample to

FIG. 7. Electron temperature (Te) versus applied electric field
~F! for all the samples studied. The full curves through the exp
mental data points are intended as a guide to the eye.

FIG. 8. Power loss per electron versusTe-TL0 for all the
samples studied. The full curves through the experimental d
points are intended as a guide to the eye.
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other. Since the layer structures and doping parameters o
the samples are identical~Fig. 1!, the observed variations in
power loss may be associated with the differences in sp
thickness~and hence 2D carrier density! of the samples.

The variation of the power loss per electron with electr
temperature has been often approximated by the relation

P5A~Te
g2TL0

g !, ~8!

where the proportionality constantA depends on the elasti
moduli of the matrix, the coupling constants, and the
carrier density. Theoretical calculations of the acoustic p
non assisted energy loss rates of hot electrons in a 2D e
tron gas of single-subband occupancy, predictg51 at high
temperatures~when Maxwell-Boltzmann statistics is appl
cable and equipartition is assumed! and g53 ~unscreened
piezoelectric scattering!, g55 ~unscreened deformation po
tential and heavily-screened piezoelectric scatterings!, and
g57 ~heavily-screened deformation potential scattering! at
low temperatures~see for instance Refs. 3,11,14,15,23,4
49!.

For the modulation-doped In0.53Ga0.47As/In0.52Al0.48As
heterojunction samples with spacer thicknesstS50, 100, and
200 Å , wefound thatg>3 for each populated subband~see
Table I! by fitting Eq.~8! to the experimental data~Fig. 9!. In
all cases a constant value for the exponentg is obtained over
the whole temperature range from 3.3 to 12 K. This resul
consistent with the theoretical predictions that the main
ergy loss mechanism is the scattering of hot electrons by
piezoelectric potential of acoustic phonons. The effect
screening of the electron acoustic phonon interaction by
electrons, is expected to increase towards low temperat
for samples with high carrier density, as the scattering
acoustic modes involves smaller and smaller wave vector4,6

Although the 2D carrier density in our samples is lar
enough so that the screening is anticipated to be effective
found no evidence for a higher value of the exponentg, as
(Te-TL0)→0. One could also consider that the temperat
range of our experiments is intermediate between the l
temperature~Bloch-Grüneisen! and high-temperature~equi-
partition! limits.18,19,23 For modulation-doped
In0.53Ga0.47As/InP heterojunctions and single quantum we
of single-subband occupancy, Barlowet al.13 found an expo-
nent between 3 and 5, for electron temperatures in the ra
from 2 to 20 K, which was explained by assuming that e
ergy relaxation is due to acoustic phonon emission via mi
unscreened piezoelectric and deformation potential inte
tions ~see also Ref. 27!. However, for the modulation-dope
In0.53Ga0.47As/In0.52Al0.48As heterojunctions sample withtS
5400 Å , inwhich only the lowest subband is populated, w
found that the power loss is approximately proportional
(Te-TL0). A linear dependence of power loss on electr
temperature was reported previously for a weakly degene
2D electron gas in modulation-doped In0.53Ga0.47As/
In0.52Al0.48As heterojunctions in the lattice temperature ran
3,TL,20 K,17 and for In0.53Ga0.47As/InP and
(InGa)1(GaAs)1 /InP heterojunctions at electron temper
tures below 10 K.25 The linear behavior is in accord with th
theoretical predictions for the variation of power loss w
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electron temperature for a 2D electron gas in the equipa
tion regime. However, as pointed out by Ridley,3 the experi-
mental observation thatP}(Te-TL0) may also be an indica
tion of the influence of parallel conduction in the barrie
which is present in our sample withtS5400 Å ~see Ref.
44!. If the parallel conduction is significant, energy rela
ation in the 2D channel may be affected by electron-elect
interactions between the electrons in the 2D channel
those in the barrier.16

Theoretical calculations of the energy loss rate in
acoustic phonon regime were also made14 for the case of a
2D electron gas with double-subband occupancy by ass
ing that the electrons in both subbands are described b
Fermi-Dirac distribution function with the same Fermi lev
EF and with the same electron temperatureTe . In this case
the total energy loss rate consists of four terms,P5P11
1P121P211P22, wherePi j is the energy loss rate of ho
electrons in thei th subband, which are transferred to thej th

FIG. 9. Comparison of the experimental power loss determi
for the ~a! first and ~b! second subbands in sample MV576A (tS

5100 Å! with theory. The full circles represent the experimen
data. The full curve corresponds to the best fit of Eq.~8! to the
experimental data points and the dashed curve to the power
calculated using Eq.~9! ~see text!.
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subband as a result of electron-phonon scattering.14,15 As
mentioned above, formulae forP11(Te) were derived by
many researchers~see, for instance,4,6,10,23,48,49! by consider-
ing the energy relaxation in the presence of one popula
subband. The expressions derived14 for the electron-
temperature dependencies of the intersubband scattering
cessesP12 and P21, are rather complex and differ from th
simple power-law behavior ofP11 with Te .

In the case of low temperatures and weak heating s
that kBTe! @8m* VS

2(E2-E1)#1/2, a condition that is satis-
fied to a large extent in our experiments, Kreshchuket al.,14

showed that P12;P21} exp(2@8m* VS
2(E2-E1)#1/2/kBTe),

whereVS is the sound velocity. For 2D electron-gas stru
tures with large subband separation, (E2-E1)@kBTe , which
is the case for all our samples with double-subband oc
pancy ~see Table I!, the inelastic intersubband scattering
expected to be greatly suppressed when compared with
intrasubband scattering. It is well known that a minimu
phonon wave vector and a corresponding minimum pho
energy are required for an intersubband transition to oc
Therefore, at low temperatures, when the phonon occupa
is small, intersubband transitions due to the emission
acoustic phonons of energy much greater thankBTe , are
blocked by the Pauli exclusion.50 This suggests an approx
mate subband decoupling scheme at low temperatures
energy relaxing mainly by small-angle intrasubba
scattering.14,50Consequently the total energy loss rate can
approximated byP>P111P22. When a hot electron under
goes an intrasubband transition by the emission of an ac
tic phonon, the electron changes its momentum and at
same time it loses energy to the phonon. At low tempe
tures, the Fermi gas has a sharp boundary curve and co
quently momentum changes, which involve the emission
an acoustic phonon of energy much greater thankBTe, are
hindered greatly. Hence only small-angle scattering is
lowed at very low temperatures.49,50 Then, in the case unde
discussion, low-angle scattering should occur in the first s
band, which is characterized by the dependenciesP11

}(Te
5-TL

5) for deformation potential scattering andP11

}(Te
3-TL

3) for piezoelectric scattering.14,49 In the case of
samples with high carrier density, such that the Fermi leve
well above the second subband energyE2, the theory14 pre-
dicts that the hot electrons in the second subband should
undergo low-angle scattering so thatP22}(Te

3-TL
3) for piezo-

electric scattering, but with a different proportionality co
stantA @see Eq.~7!# compared to that for the first subban
The fact that the density of carriers in the second subban
considerably smaller than that in the first subband~see Table
I! is not so important because the power losses are not du
all the electrons in each subband, but rather due to the e
trons within a narrow range of energies in the close vicin
of the Fermi level.14,18

For the modulation-doped In0.53Ga0.47As/In0.52Al0.48As
heterojunctions samples withtS5100 Å , we found that both
P11 and P22 are indeed proportional to (Te

3-TL
3) but with

different values for the coefficientA ~see Table I!, in agree-
ment with the theoretical predictions.11,14This is also true for
the electron temperature dependencies ofP22 andP11, deter-
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mined experimentally for the samples withtS50 and 200 Å,
respectively. Therefore, it appears that in our samples w
double-subband occupancy, the values found for the Fe
energy with respect to the bottom of the second subb
(EF-E2) and the subband separation (E2-E1) are sufficiently
large ~see Table I!, so that the intersubband scattering pr
cesses (P12 andP21) can indeed be neglected and hence
energy loss rates from hot electrons in both populated s
bands show the same electron temperature dependen
represented by Eq.~7! with g>3. This result is in contrast to
the case of GaAs/Ga12xAl xAs heterojunctions with double
subband occupancy, where it was found14,15 that the mean
exponentg, saturated at a value of about 2 when the Fe
energy was increased well above the bottom of the sec
subband, by using the persistent photoconductivity eff
The latter was explained14,15 by assuming that the electron
in the second subband experience quasielastic scatteri49

which is characterized by the dependenceP22}(Te-TL).
However, the observation ofg>2 would also imply that the
measurements were carried out over an intermediate reg
~see Refs. 3,10,16,23!.

The scattering of 2D electrons from ionized impuritie
alloy disorder, interface roughness, and acoustic phon
leads to broadening of Landau levels, which can be appr
mated byG5\/2tq .28,33 Using the values obtained for th
quantum lifetimetq of 2D electrons in the modulation-dope
In0.53Ga0.47As/In0.52Al0.48As heterojunctions~Table I! yields
values in the range from 1.6 to 4.4 meV forG. The mean
energy^\v& of the acoustic phonons involved in the scatt
ing process is estimated to be smaller than 1 meV in
temperature range of the measurements~see below!. There-
fore, the energy-level broadening in our samples is sev
times larger than the mean energy of acoustic phonons.
implies that the 2D behavior of the electron gas does
affect appreciably the electron acoustic phon
interaction;4,30 the scattering of electrons from acous
phonons can be treated as bulklike. Therefore, it is instr
tive to compare the results for energy loss rates determ
experimentally for modulation-doped In0.53Ga0.47As/
In0.52Al0.48As heterojunctions with a theoretical model3,16,21

based on the three-dimensional electron energy loss by
ezoelectric and deformation potential scattering

P5 f ~Te ,TL!~Cnp1Cp!~kBTe2kBTL! ~9!

with

f ~Te ,TL!5
sinh~XL2Xe!

sinhXL2sinhXe
S XLXe

XL2Xe
D , ~10!

Cnp53J2m* 2kF /pr\3, ~11!

and

Cp5
3e2Kav

2 m* 2VS
2

2pes\
3kF

. ~12!

Here Xe5^\v&/2kBTe , XL5^\v&/2kBTL and ^\v&
521/2\VSkF . Cnp and Cp are the magnitudes of the defo
mation potential~nonpolar acoustic! and the piezoelectric
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~polar acoustic! interactions, respectively, for a bulk materi
expressed in terms of the Fermi wave vectorkF and sound
velocity VS , and ^\v& is the acoustic phonon energy ave
aged over the Fermi surface. The functionf (Te ,TL) ap-
proaches unity at high temperatures and falls exponenti
at low temperatures. Equation~9! provides an approximation
extending the high-temperature regime towards l
temperatures.3 The power loss, as given by Eq.~9!, has been
calculated using the values~Table I! determined experimen
tally for the effective mass, carrier density, and Fermi ene
of 2D electrons in the modulation-doped In0.53Ga0.47As/
In0.52Al0.48As heterojunctions samples; the other physical
rameters of bulk In0.53Ga0.47As used in the calculations
@sound velocity VS (54810 ms21), density r(55590
kgm23), deformation potentialJ ~56.5 eV!, average elec-
tromechanical coupling constantKav

2 (52.031023), and
permittivity es (513.77e0)] are taken from the
literature.17,51 Equation~9! fits reasonably to the experimen
tal data for the first subband of the sample withtS5100 Å
@Fig. 9~a!#, although not as good as that of Eq.~8!. For the
second subband, however, the power loss predicted by
~9! is about an order of magnitude greater than that de
mined experimentally@Fig. 9~b!#. This indicates that the us
of the bulk expression for calculation of the power loss fro
hot electrons in the second subband of our samples, is de
able. Furthermore, in contrast to Eq.~8!, Eq. ~9! predicts that
the contributions of piezoelectric coupling and deformatio
potential coupling to power loss are comparable with ea
other.

The energy relaxation time (tE) for intrasubband pro-
cesses can be obtained from the power loss measurem
for each populated subband using3

P5
^\v&

tE

~kBTe2kBTL!

kBTe
. ~13!

Figure 10 shows the energy-relaxation time as a function
electron temperature for the modulation-dop
In0.53Ga0.47As/In0.52Al0.48As heterojunction samples studie
The values obtained fortE fall in the range of values found
previously, in the acoustic phonon regime, for GaA
Ga12xAl xAs heterostructures~see for instance Refs. 3,7!.
Such large values oftE indicate that the energy loss mech
nism in this temperature range is not so efficient and lead
the rapid rise of electron temperature when the input po
is increased~see Fig. 8!. However, as can be seen from Fi
10, the energy relaxation due to acoustic phonons beco
faster at higher electron temperatures. AlthoughtE shows a
similar behavior withTe for all the samples studied, its mag
nitude differs considerably from one sample to anoth
which may be a consequence of differences in the value
transport mobility and Fermi wave vector used in the cal
lations of the input power and the mean phonon ene
which are required to estimate the energy-relaxation tim
The energy-relaxation times determined for the electrons
the first and second subbands of the sample withtS5100 Å,
are essentially the same for (Te-TL0).2 K ~Fig. 10!. This
suggests that the two populated subbands behave as pa
channels for energy loss but with negligible inelastic int
1-9
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subband scattering. We also note that, for (Te-TL0).2 K, the
energy-relaxation time determined for the sample withtS
5400 Å, is much longer in comparison with those found f
all the samples with double-subband occupancy. This re

FIG. 10. Energy relaxation time (te) versusTe-TL0 for the
modulation-doped In0.53Ga0.47As/In0.52Al0.48As heterojunction
samples studied. The full curves through the experimental d
points are intended as a guide to the eye.
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implies that the parallel conduction in the barrier of th
sample has a considerable effect on energy relaxation.

IV. CONCLUSIONS

The energy loss rates, in the acoustic phonon regime
2D electrons in modulation-doped In0.53Ga0.47As/
In0.52Al0.48As heterojunction samples of single- and doub
subband occupancy, have been investigated us
Shubnikov-de Hass~SdH! effect measurements at lattic
temperatures (TL) between 3.3 and 15 K, and applied ele
tric fields up to 120 Vm21. The electron temperature (Te)
has been determined from the changes in the amplitud
the SdH oscillations measured as functions of the lattice t
perature and applied electric field. The electron temperatu
determined separately for the first and second subbands
essentially the same; the electrons in both subbands ar
thermal equilibrium with each other. For the samples w
double-subband occupancy, the energy loss rate from
electrons in each subband to the lattice is proportiona
(Te

3-TL
3) but with different proportionality constants, i

agreement with the theoretical predictions for power loss
to unscreened piezoelectric scattering.
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47S. Altinöz, E. Tiras, A. Bayrakli, H. C¸ elik, M. Cankurtaran, and
N. Balkan, Phys. Status Solidi A182, 717 ~2000!.

48Sh. M. Kogan, Fiz. Tverd. Tela~Leningrad! 4, 2474~1962! @Sov.
Phys. Solid State4, 1813~1963!#.

49V. Karpus, Fiz. Tekh. Poluprovodn.22, 439 ~1988! @Sov. Phys.
Semicond.22, 268 ~1988!#.

50P. K. Milsom and P. N. Butcher, Semicond. Sci. Technol.1, 58
~1986!.

51T. P. Pearsall,GaInAsP Alloy Semiconductors, 1st ed. ~Wiley,
New York, 1982!.
1-11


