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The two-dimensional (2D) electron energy relaxation in Al0.83In0.17N/AlN/GaN
heterostructures has been investigated experimentally. Shubnikov–de Haas
(SdH) effect measurements were employed in the investigations. The electron
temperature (Te) of hot electrons was obtained from the lattice temperature
(TL) and the applied electric field dependencies of the amplitude of SdH
oscillations. The experimental results for the electron temperature depen-
dence of power loss are also compared with current theoretical models for
power loss in 2D semiconductors. The power loss from the electrons was found
to be proportional to (Te

3 � TL
3) for electron temperatures in the range

1.8 K< Te < 14 K, indicating that the energy relaxation of electrons is due to
acoustic phonon emission via unscreened piezoelectric interaction. The effec-
tive mass and quantum lifetime of the 2D electrons have been determined
from the temperature and magnetic field dependencies of the amplitude of
SdH oscillations, respectively. The values obtained for quantum lifetime
suggest that remote ionized impurity scattering is the dominant scattering
mechanism in Al0.83In0.17N/AlN/GaN heterostructures.

Key words: GaN heterostructure, electron energy relaxation, power loss,
phonon emission, Shubnikov–de Haas, Hall mobility

INTRODUCTION

Group III-nitride materials are very suitable for
applications in high-power, high-frequency, and
high-temperature electronics.1 Knowledge on fun-
damental electron transport properties, such as the
effective mass of two-dimensional (2D) electrons
and relaxation times, is important for exploration
and optimization of this material system for device
applications. Device performance under high elec-
tric field is also important for these systems. At high
electric field, the electrons equilibrate at much
higher temperature than the lattice temperature.
Therefore, determination of the temperature of
those hot electrons is of technological and funda-
mental importance.

The energy relaxation of hot carriers in semicon-
ductors via electron–phonon interaction has been
investigated extensively, both experimentally and

theoretically, in bulk and two-dimensional 2D
structures (for review see Refs. 2–4). The determi-
nation of the temperature of electrons, under elec-
tric field heating conditions in the steady state,
provides useful information about the electron–
phonon interactions involved in the energy relaxa-
tion process. Since, at temperatures below approxi-
mately 30 K to 40 K, the population of optical
phonons is negligibly small, acoustic phonon scat-
tering provides the only inelastic scattering
mechanism.4–7

There are four experimental techniques that have
been widely employed, successfully, in investigations
of electron relaxation. First, in heavily modulation-
doped structures where a highly degenerate electron
gas exists, the variation of the amplitude of quantum
oscillations, such as in the Shubnikov–de Haas (SdH)
effect, with the applied field and lattice temperature
can be used in the determination of the electron tem-
perature–power loss characteristics.3,8,9 Second, in a
material where the momentum relaxation is domi-
nated by ionized impurity, remote impurity, interface
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roughness, or optical phonon scattering ,8–11 electron
temperatures can be determined as a function of the
applied electric field by a simple comparison of the
electric field-dependent and lattice temperature-
dependent mobility curves.8–10,12,13 Third, using the
noise technique, the electron temperature can be
estimatedbymeasuring the electromagnetic radiation
results of fluctuations in the electron velocities under
high electric field.14,15 Fourth, with the pump–probe
Raman spectroscopy technique, the energy relaxation
time can be directly determined from the decay of the
anti-Stokes line intensity.16

Electron energy relaxation rates in GaN-based
samples have been investigated using the different
techniques described above.12–20 In GaN-based
heterostructures, a two-dimensional electron gas
(2DEG) is formed at the GaN side of the interface
between the barrier and GaN layers. Insertion of a
thin AlN spacer layer between the barrier and GaN
layers helps to increase electron mobility.21–23

In-depth understanding of the fundamental opti-
cal and electronic properties is yet to be established
for the design and development of functional devices.
Determination of the temperature of electrons, un-
der electric field heating conditions in the steady
state, provides useful information about the elec-
tron–phonon interactions involved in the energy
relaxation process.2,5 Furthermore, electron–pho-
non scattering processes determine the high-field
transport phenomena in semiconductors and thus
form the basis for many ultrafast electronic and
optoelectronic devices. The field of hot carriers in
semiconductors thus provides a link between fun-
damental semiconductor physics and high-speed
devices.24 Despite the fact that the energy relaxation
time is a scientifically, technologically, and funda-
mentally important parameter for designing opto-
electronic devices, it is not yet well known. In this
work, the temperature of hot electrons (Te) of the
sample and the corresponding power loss (P) have
been determined as a function of the applied electric
field using the SdH effect method in Al0.83In0.17

N/AlN/GaN heterostructures. The experimental
results determined from SdH measurements are
also compared with a two-dimensional model in the
acoustic phonon regime. The results are discussed in
the framework of current theoretical models
concerning carrier energy loss rates in dilute
semiconductors.

THEORETICAL BACKGROUND

Magnetotransport measurements have been
extensively used in investigations of the electronic
transport properties of 2D structures at low temper-
ature. SdH oscillations in the magnetoresistance
provide an accurate and sensitive technique that has
been employed successfully in investigations of elec-
tron energy relaxation in the acoustic phonon
regime.3,25,26 In heavily modulation-doped struc-
tures, where a highly degenerate electron gas exists,

variations of the amplitude of the SdH oscillations
with applied electric field and lattice temperature can
be used in the determination of the power loss–elec-
tron temperature characteristics. The sample used in
the present study is highly degenerate, so that the
reduced Fermi energy g = (EF � E1)/kBT � 1
(Table I), even at electron temperatures of approxi-
mately 30 K, which is well above the range of tem-
peratures considered here. Therefore, we employed
the SdH oscillations technique in our investigations.
The method is based on the assumption that ionized
impurity scattering, alloy scattering, and interface
roughness scattering, which determine the low-tem-
perature transport mobility of electrons, are elastic in
nature. Consequently, the energy that is gained by
electrons in an applied electric field is dissipated via
emission of acoustic phonons.2,5–7,23,27–32

The SdH oscillations in the magnetoresistance of
a 2D electron gas of single-subband occupancy are
well described by the analytical function33,34

Dqxx

q0

/ DðvÞ exp
�p
xcsq

� �
cos

2pðEF � E1Þ
�hxc

� p

� �
; (1)

where Dqxx; q0;EF;E1;xcð¼ eB=m�Þ; sq; and �h are the
oscillatory magnetoresistivity, zero-magnetic-field
resistivity, Fermi energy, first subband energy,
cyclotron frequency, quantum lifetime, and Planck’s
constant, respectively. The exponential term,
expð�p=xcsq), describes the damping due to the col-
lision broadening of the Landau levels. The temper-
ature dependence of the envelope function of the SdH
oscillations is totally contained in the term

DðvÞ ¼ v
sinh v

(2)

with

v ¼ 2p2kBT

�hxc
;

Table I. Electronic transport properties of the AlIn
N/AlN/GaN heterojunction determined at 1.8 K

Parameter Value

2D carrier density, N2D (1016 m�2) 7.25
Sheet carrier density, NH (1016 m�2) 11.88
Effective mass, m* (m0) 0.188
Fermi energy, EF � E1 (meV) 92.26
Hall mobility, lH (cm2 V�1 s�1) 6858
Transport mobility, lt (cm2 V�1 s�1) 7820
Parallel channel mobility, lB (cm2 V�1 s�1) 3800
Transport lifetime, str (10�12 s) 0.836
Quantum lifetime, sq (10�12 s) 0.264
Lifetime ratio, str/sq 3.2
c 3.55
A (eV s�1 K�c) 2.9
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where kB is the Boltzmann constant. The 2D carrier
density (N2D) can be calculated25 using the argu-
ments of Eq. (1)

4 1

B

� �
¼ e

p�hN2D
¼ e�h

m�ðEF � E1Þ
: (3)

The thermal damping of the amplitude of the SdH
oscillations is, therefore, determined by the tem-
perature, magnetic field, and effective mass via

AðT;BnÞ
AðT0;BnÞ

¼ T sinhð2p2kBT0m�=�heBnÞ
T0 sinhð2p2kBTm�=�heBnÞ

; (4)

where A(T, Bn) and A(T0, Bn) are the amplitudes of
the oscillation peaks observed at magnetic field Bn

and temperatures T and T0. In the derivation of
Eq. (4) from Eq. (1) it has been assumed that the
quantum lifetime (sq) is independent of both the
temperature and the magnetic field. The quantum
lifetime can be determined from the magnetic field
dependence of the amplitude of the SdH oscillations
(i.e., Dingle plots) at constant temperature provided
that the electron effective mass is known25,26,35

ln
AðT;BnÞ � B�1=2

n : sinhðvÞ
v

" #
¼ C� pm�

esq

1

Bn
; (5)

where C is a constant.
At low temperatures, the contribution to the

energy relaxation rates by elastic scattering mech-
anisms, such as ionized impurity scattering, alloy
disorder scattering, and interface roughness scat-
tering, can be neglected.2 Therefore, inelastic scat-
tering mechanisms should be considered in order to
explain the rise of temperature of the 2D electron
gas where the applied electric field causes the
heating of electrons. Typically, at temperatures
below 30 K, longitudinal optical phonon scattering
becomes negligible and the main source of energy
relaxation is acoustic phonon scattering. Scattering
from acoustic phonons includes two independent
processes: deformation potential (nonpolar acoustic)
scattering and piezoelectric (polar acoustic) scatter-
ing. At low temperatures, the carrier distribution is
often degenerate, and Pauli exclusion is important
in limiting the scattering that is allowed.2,5–7,28–30 In
the 2D calculations, the scattering by the absorption
of acoustic phonons was neglected and only sponta-
neous emission was considered to be important, the
infinite-well approximation was used in the extreme
quantum limit, and the phonons were assumed to be
bulk phonons.2,3

The power loss from a degenerate electron gas
due to scattering by acoustic phonons has been
calculated in two temperature regimes2,6,7,29: (i) the
low-temperature regime, where the electron tem-
perature Te > Te

c, and (ii) the high-temperature
regime, where Te � Te

c, hence the critical electron
temperature is given29 by

Tc
e ¼

8m�V2
SðEF � E1Þ

� �1=2
kB

; (6)

where VS is the sound velocity. The regime between
these two temperature limits is called the interme-
diate regime.2,3

In the low-temperature (Bloch–Grüneisen)
regime ð�hxq=kBTe � 1Þ) the phonon distribution is
given3 by

nðxqÞ ¼
1

exp ð�hxq=kBTLÞ � 1
ffi exp � �hxq

kBTL

� �
; (7)

where �hxq is the acoustic phonon energy at wave-
vector q. At low temperatures, the Fermi gas has a
sharp boundary curve, and consequently momentum
changes that involve the emission of an acoustic
phonon of energy much greater than kBTe are hin-
dered greatly by Pauli exclusion, and hence only
small-angle scattering is allowed at very low tem-
peratures.28,36 Then, in the case under discussion,
low-angle scattering should occur in the first sub-
band, which is characterized by the dependencies
Pnp � (Te

5 � TL
5) for deformation potential scattering

and Pnp � (Te
3 � TL

3) for piezoelectric scattering.28,29

Therefore, the total energy loss rate of a 2D electron
gas, P = Pnp + Pp, in the low-temperature regime,
can be represented2,3 by

P¼Cnp ðkBTeÞ5�ðkBTLÞ5
h i

þCp ðkBTeÞ3�ðkBTLÞ3
h i

;

(8)

where

Cnp ¼
6N2m�2Lz

p3q�h7V4
SN2D

(9)

and

Cp ¼
e2K2

avm�2

2p2�s�h
5kFN2D

; (10)

are the magnitudes of the deformation potential and
piezoelectric interactions, respectively. Here, N is
the acoustic deformation potential, q is the mass
density, �s is the static permittivity, and kF ¼
2pN2D½ �1=2 is the Fermi wavevector of 2D electrons
in which N2D is the 2D carrier density. The average
electromechanical coupling constant Kav

2 for cubic
crystal is given3 by

K2
av ¼

e2
14

�s

12

35CL
þ 16

35CT

� �
: (11)

Here, e14 is the piezoelectric stress constant, and CL

and CT are the average longitudinal and transverse
elastic constants, given37 in terms of the compo-
nents of the elastic stiffness constants Cij by

CL ¼ C11 þ
2

5
C12 þ C44 � C11ð Þ (12)
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and

CT ¼ C44 �
1

5
C12 þ 2C44 � C11ð Þ: (13)

The screening of the electron–phonon interaction in
the 2D case, which is not included in the above
calculations, is predicted to increase the exponent of
the kBTe and kBTL terms in Eq. (8) by two.2,5

We assumed that the effective well width (Lz) of
the potential well at the Al0.83In0.17N/AlN interface
approximately equals the average distance of the
electrons from the interface derived for only
the lowest subband occupied structures using the
Fang–Howard variational wave function34

Lz � z0 ¼
9�s�h

2

4m�e2ðNdepl þ 11N2D=32Þ

" #1=3

; (14)

where Ndepl ¼ ð2�sVbðND �NAÞ=eÞ1=2 is the depletion
layer charges per unit area, Vb is the conduction-
band energy offset, ND is the donor concentration,
and NA is the acceptor concentration.

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

P ¼ A Tc
e � Tc

L0

� 	
; (15)

where TL0 is the lowest lattice temperature and A is
a proportionality constant that depends on the
elastic moduli of the matrix, the coupling constants,
and the 2D carrier density. Theoretical calculations
of the acoustic phonon-assisted energy loss rates of
hot electrons in a 2D electron gas of single subband
occupancy predict c = 1 at high temperatures (when
Maxwell–Boltzmann statistics is applicable and
equipartition is assumed) and c = 3 (unscreened
piezoelectric scattering), c = 5 (unscreened defor-
mation potential and heavily screened piezoelectric
scatterings), and c = 7 (heavily screened deforma-
tion potential scattering) at low temperatures (see,
for instance, Refs. 2,28–30,38).

EXPERIMENTAL PROCEDURES

Al1�xInxN/AlN/GaN (x = 0.17) heterostructures
were grown on double-polished 2-inch-diameter
sapphire (Al2O3) substrates in a low-pressure met-
alorganic chemical vapor deposition (MOCVD)
reactor (Aixtron 200/4 HT-S) by using trimethyl-
gallium (TMGa), trimethylaluminum (TMAl), and
ammonia as Ga, Al, and N precursors, respectively.
Prior to the epitaxial growth, Al2O3 substrate was
annealed at 1100�C for 10 min in order to remove
surface contamination. The buffer structures con-
sisted of a 15-nm-thick, low-temperature (770�C)
AlN nucleation layer, and high-temperature
(1120�C) 270-nm AlN templates. A 1.16-lm, nomi-
nally undoped GaN layer was grown on an AlN
template layer at 1060�C, followed by a 1.5-nm-
thick high-temperature (1075�C) AlN spike layer.

The AlN barrier layer was used to reduce the alloy
disorder scattering by minimizing the wave function
penetration from the two-dimensional electron gas
(2DEG) channel into the AlInN layer. After deposi-
tion of these layers, we used 1-nm AlN (1075�C) and
3-nm GaN (1075�C) between the Al0.83In0.17N bar-
rier layer and the AlN spike layer. The thickness of
the Al0.83In0.17N barrier layer was 13 nm, and it
was grown at 830�C. Finally, a 2-nm-thick GaN cap
layer growth was carried out at temperature of
830�C. After the growth, these parameters were
measured for each wafer, using standard charac-
terization techniques, such as transmission electron
microscopy (TEM), capacitance–voltage profiling,
and high-resolution x-ray analysis.

Measurements of longitudinal resistance along
the direction of applied current (Rxx) were carried
out as functions of: (i) the applied electric field F at
fixed lattice temperature TL0, and (ii) lattice tem-
perature TL at a fixed electric field F0 that was low
enough to ensure ohmic conditions and hence to
avoid carrier heating. In the experiments, a con-
ventional direct-current (DC) technique in combi-
nation with a constant-current source (Keithley
2400) and a nanovoltmeter (Keithley 2182A) in a
cryogen-free superconducting magnet system
(model J2414; Cryogenics Ltd.) were used. The
current (I) flow was in the plane of the electron gas.
Steady magnetic fields up to 11 T were applied
perpendicular to the plane of the samples and,
therefore, to the plane of the 2D electron gas. All
measurements were taken in the dark. To check the
2D nature of the electron gas giving rise to the
quantum oscillations in magnetoresistance, mea-
surements were also performed as a function of the
angle h between the normal to the plane of the 2D
electron gas and the applied magnetic field. It was
found that the peak position shifted with a factor of
cos h and the oscillations disappeared at h = 90�.
This observation is a characteristic of a 2D electron
gas.25

For the classical low-magnetic-field temperature-
dependent Hall-effect measurements, Rxx and the
Hall resistance (Rxy) were measured as a function of
temperature from 1.8 K to 275 K. A static magnetic
field (B = 1 T) was applied to the sample perpen-
dicular to the current plane. The Hall mobility (lH)
and the sheet carrier density (NH) were obtained
using the following equations:

Rxy ¼
B

NHe
; (16)

lH ¼
L

NHeRxxb
; (17)

where b (=0.6 mm) and L (=1 mm) are the width
and length of the Hall bar. The applied electric field
was also obtained using the longitudinal resistance
measured at B = 0 T ðRxxðB ¼ 0Þ ¼ 118XÞ in the
following equation:
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F ¼ RxxðB ¼ 0ÞI
L

: (18)

In the applied electric field-dependent magnetore-
sistance measurements, current was applied along
the length of the sample in the range of I = 100 lA
to 2000 lA.

The Raman spectra were obtained at room tem-
perature using a Bruker Optics FT-Raman
Scope III system. As an excitation source, a wave-
length of 785 nm (1.58 eV) was applied in the sam-
ple growth direction (c-axis).

RESULTS AND DISCUSSION

The temperature dependence of the sheet carrier
density and Hall mobility in the Al0.83In0.17N/AlN/
GaN heterostructure is plotted in Fig. 1. At low
temperatures, the sheet carrier density remains
practically constant up to temperature of 30 K. At
higher temperatures, the sheet carrier density
increases monotonically with increasing tempera-
ture, possibly due to thermally generated carriers
located outside the channel. We note that a decrease
in the sheet carrier density has been observed in the
temperature range from 30 K to 90 K (Fig. 1). A
similar behavior of carrier density with tempera-
ture, although less pronounced, was reported pre-
viously for modulation-doped GaAs/Ga1-xAlxAs
heterojunctions.39�41

The Hall mobility of electrons in the Al0.83In0.17N/
AlN/GaN heterostructure increases monotonically
with decreasing temperature from room tempera-
ture, begins to level off at about 100 K, and satu-
rates at about 30 K (Fig. 1). This behavior reflects
the 2D character of the electrons in the channel.25

In the temperature range below 30 K, the mobilities
measured for the sample are essentially indepen-
dent of temperature. A similar behavior for the
variation of Hall mobility with temperature was
reported14 for a lattice-matched AlInN/AlN/GaN
sample with a 1-nm spacer layer that helps to

reduce remote alloy scattering and achieve high
electron mobility (see, for instance, Refs. 21–23,42).

Figure 2 shows typical examples of the magneto-
resistance Rxx(B) measured at different tempera-
tures and applied electric fields for Al0.83In0.17N/AlN/
GaN heterostructures. SdH oscillations are clearly
visible over the magnetic field range between B = 7 T
and 11 T. No higher harmonics are apparent in the
oscillations. It is also evident that the oscillatory
effect is superimposed on a monotonically increasing
component, which occurs as a result of positive
magnetoresistance in the barriers.3 This may affect
the accuracy of the determination of the oscillation
amplitude, particularly at elevated temperatures.
Stradling and Wood43 adopted the following method
to detect the oscillatory component of the magneto-
resistance by removing the monotonic component
(Rb). Therefore, we used the negative second deriv-
ative of the raw magnetoresistance data with respect
to the magnetic field, i.e. (�¶2Rxx/¶B2).3,25,26,43,44 The
SdH oscillations have also been obtained by sub-
tracting the background magnetoresistance (in the
form of a polynomial of second degree) from the raw
experimental data (DR ¼ Rxx � Rb).45 The values
obtained for effective mass and quantum lifetime
from the temperature and magnetic field dependence
of the normalized amplitude of the oscillations in

Fig. 1. Temperature dependence of the sheet carrier density (NH)
and Hall mobility (lH) of electrons in the Al0.83In0.17N/AlN/GaN
heterostructure.

(a)

(b)

Fig. 2. Experimental results showing the effects of (a) temperature
and (b) applied electric field on the magnetoresistance Rxx(B)
measured for an Al0.83In0.17N/AlN/GaN heterostructure sample.
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�¶2Rxx/¶B2 agree to within 1% with those found from
that of the oscillations in DRxx ¼ Rxx � Rb: The
oscillations in the second derivative of magnetore-
sistance have well-defined envelopes and are sym-
metrical about the horizontal line as shown in Fig. 3.
The double-differentiation technique does not
change the peak position or the period of the
oscillations.25

The period of the SdH oscillations has been
obtained from plots of the reciprocal magnetic field
(1/Bn), at which the nth peak occurs, against the
peak number n. If electrons in only one subband
participate in the SdH oscillations, the graph of 1/Bn

versus n gives a straight line (Fig. 4), the slope of
which yields the oscillation period, D(1/B). The
Fourier analysis of the SdH oscillations (see the
insert in Fig. 4) confirms that only the first subband
is populated and that the contribution of higher
harmonics is insignificant. The 2D carrier density
(N2D) can be calculated using25 Eq. (3). The oscilla-
tion period (and hence the carrier density) that is
determined from the SDH oscillation measurements
is found to be essentially independent of tempera-
ture in the range from 1.8 K to 14 K. The Fermi
energies with respect to the subband energy

(EF � E1) have been obtained from the oscillation
period using Eq. (3) together with the in-plane
effective mass m* of 2D electrons as obtained from
the temperature dependence of SdH oscillations (see
below). The results found for EF � E1 are given in
Table I.

The 2D carrier density in the Al0.83In0.17N/AlN/
GaN sample determined from the SdH oscillations
and the sheet carrier density (NH) obtained from the
low-field Hall-effect measurements at 1.8 K are also
included in Table I. It can be seen that, within the
experimental error owing to the SdH oscillations,
the sheet carrier density determined is larger than
the carrier density of 2D electrons. This indicates
that parallel conduction due to carriers outside
the 2D channel is effective for this sample at low
temperatures.

The in-plane effective mass of 2D electrons in the
Al0.83In0.17N/AlN/GaN heterostructure can be deter-
mined from the temperature dependence of the SdH
amplitude at constant magnetic field using Eq. (4). A
typical example for the variation of SdH oscillation
amplitude with temperature is shown in Fig. 5. The
relative amplitude A(T, Bn)/A(T0, Bn) decreases with
increasing temperature in accordance with the usual
thermal damping factor [see Eq. (2)]. The in-plane
effective mass of 2D electrons determined by fitting
the experimental data for the temperature depen-
denceofA(T, Bn)/A(T0, Bn) toEq. (4) isalso included in
Table I. Similar analysis for all the oscillation peaks
observed in the magnetic field range from 7 T to 11 T
has established that the in-plane effective mass of the
2D electrons is essentially independent of the
magnetic field.

Experimentally evaluated electron effective mass
in AlGaN/GaN as a function of the two-dimensional
electron gas density formed at the interface of an
AlGaN/GaN heterostructure with a different alloy

(a)

(b)

Fig. 3. Effects of temperature (a) and applied electric field (b) on the
SdH oscillations arising from the electrons in the subband, as
extracted from the Rxx(B) data for an Al0.83In0.17N/AlN/GaN hetero-
structure sample (shown in Fig. 1). The solid curves through the
experimental data points are intended as a guide for the eye. The
double differentiation removes the background magnetoresis-
tance without affecting the position or amplitude of the oscillatory
component.

Fig. 4. The reciprocal magnetic field (1/Bn) plotted as a function of
the oscillation peak number (n) of Al0.83In0.17N/AlN/GaN hetero-
structures measured at 1.8 K. Filled squares correspond to the data
given in Fig. 3. The straight line is the least-squares fit to the
experimental data. The insert shows the fast Fourier spectrum of the
oscillations (N = 28 and DT ¼ 4:9	 10�2 T�1 is the sampling inter-
val). There is no evidence for population of higher subbands or for
any contribution from higher harmonics.
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composition was summarized by Kurakin et al.46

They found the electron effective mass in AlGaN/
GaN to be independent of the electron concentra-
tion. This result for the effective mass of 2D elec-
trons was in good agreement with the bulk effective
mass in GaN, which was reported46,47 to be
0.2 ± 0.02m0 (where m0 is the free electron mass).
The effective mass of 2D electrons in the
Al0.83In0.17N/AlN/GaN heterostructure is in good
agreement with the bulk effective mass in GaN.46,47

This indicates that both the nonparabolicity of the
conduction band of GaN and the wave function
penetration into the AlN barrier/spacer layer have
no significant effects on the effective mass of 2D
electrons in our samples.

The SdH oscillations and classical Hall-effect
measurements allow for determination of both the
quantum and transport lifetimes of the electrons in
the Al0.83In0.17N/ AlN/GaN heterostructure and
hence to investigate the relative importance of
various scattering mechanisms including ionized
impurity scattering, alloy scattering, and interface
roughness scattering. The quantum lifetime (sq) can
be determined from the magnetic field dependence

of the amplitude of the SdH oscillations using
Eq. (5) together with the measured values of m*

(Table I). Figure 6 shows typical examples of the
Dingle plots for the samples investigated. There is
good agreement between the experimental data and
the straight line described by Eq. (5). The quantum
lifetime obtained from the slope of the Dingle plot is
also included in Table I. These values remain con-
stant within 2% in the whole temperature and
magnetic field ranges of the measurements. The
quantum lifetime (sq) and quantum mobility (lq) are
also tabulated together with the transport lifetime
(str) and Hall mobility (lH) determined using the
results of zero-field resistivity and low-field Hall-
effect measurements in Table I.

The transport mobilities (lt) of the 2D electrons in
the quantum well have been calculated using the
values (Table I) determined experimentally for the
sheet carrier density (NH), 2D carrier density (N2D),
and Hall mobility (lH) by following the analysis for
parallel conduction by Kane et al.48 The expressions
for the effective Hall mobility and carrier density
due to the two conducting channels (quantum well
and bulk carriers outside the 2D channel) may be
written as

NH ¼
ðN2Dlt þNBlBÞ2

N2Dl2
t þNBl2

B

; (19)

lH ¼
N2Dl2

t þNBl2
B

N2Dlt þNBlB

; (20)

where NB and lB are the electron density and the
mobility of the bulk carriers outside the 2D channel.
Here, NB is calculated from the difference between
NH and N2D. The transport mobility (or transport
lifetime) of 2D electrons in the Al0.83In0.17N/AlN/
GaN heterostructure sample has been found to be
essentially independent of both the lattice temper-
ature in the range from 1.8 K to 14 K and the
applied electric field in the range from 11.87 V m�1

to 230 V m�1.

(a)

(b)

Fig. 5. (a) Temperature and (b) electric field dependencies of the
normalized amplitude of the oscillation peak at Bn measured in an
Al0.83In0.17N/AlN/GaN heterostructure. The data points represented
by the filled circles correspond to the SdH oscillations arising from
the electrons in the first subband. The solid curve in (a) is the best fit
of Eq. (4) to the experimental data. The solid curve in (b) is intended
as a guide for the eye.

Fig. 6. Determination of the quantum lifetime in the Al0.83In0.17

N/AlN/GaN heterostructure sample. The data points are represented
by solid squares, and the straight line is the least-squares fit of
Eq. (5) to the experimental data.
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The ratio of the quantum to transport lifetime,
str/sq, in our samples is larger than unity (Table I).
Theoretical calculations relating the 2D single-par-
ticle scattering time (quantum lifetime) to the
momentum relaxation time (transport lifetime)
predict a str/sq ratio equal to or less than unity for
wide-angle scattering and greater than unity for
small-angle scattering in the extreme quantum
limit for single subband occupancy.25 This implies
that, in our sample, electron scattering with small-
angle scattering, such as remote ionized impurity
scattering and ionized surface states, is on aver-
age forward displaced in momentum space. A simi-
lar result is also attributed to AlGaN/GaN
heterostructures.19

Assuming that the change in the SdH amplitude
with applied electric field can be described in terms
of electric field-induced electron heating, the tem-
perature T in Eqs. (1–5) can be replaced by the
electron temperature Te.

3,8,9,25 Therefore, Te can be
determined by comparing the relative amplitudes of
the SdH oscillations measured as functions of the
lattice temperature (T = TL) and the applied electric
field (F) using3,8,9

AðTL;BnÞ
AðTL0;BnÞ

� �
F¼F0

¼ AðF;BnÞ
AðF0;BnÞ

� �
TL¼TL0

: (21)

Here, A(F, Bn) and A(F0,Bn) are the amplitudes of
the oscillation peaks observed at a magnetic field Bn

and at electric fields F and F0, respectively. In order
to obtain the electron temperature from the lattice
temperature and electric field dependencies of the
amplitude of the SdH oscillations, the quantum
lifetime has to be independent of both the lattice
temperature and the applied electric field. Figure 5b
shows the amplitudes of the SdH oscillations, nor-
malized as described by Eq. (18), as functions of F for
the Al0.83In0.17N/AlN/GaN heterostructure sample.
In Fig. 5, only the relative amplitudes at a given
magnetic field Bn are shown for clarity. A similar
analysis conducted for all the SdH peaks that were
observed in the magnetic field range from 7 T to

11 T has established that the relative amplitudes of
SdH oscillations (and hence the electron tempera-
tures) in our samples are essentially independent of
magnetic field. This indicates that the magnetic
field used in our experiments does not significantly
alter the energy relaxation processes of hot
electrons.

Electron temperatures (Te) for the Al0.83In0.17

N/AlN/GaN heterostructure sample as obtained by
directly comparing the curves similar to those in
Fig. 5a, b are plotted as a function of the applied
electric field in Fig. 7. The SdH oscillations mea-
sured for the Al0.83In0.17N/AlN/GaN heterostructure
sample decrease rapidly with increasing applied
electric field and become vanishingly small for
F > 230 V m�1 (Figs. 3b, 5b). The electron temper-
ature determined for this sample rises quickly with
increasing F.

In the steady state, the power loss from hot elec-
trons by the emission of acoustic phonons is equal to
the power supplied by the applied electric field,
which can be calculated using the energy balance
equation8,9

P ¼ eltF
2; (22)

where P, lt, and F are the energy loss (or energy
supply) rate per electron/hole, transport mobility,
and applied electric field, respectively. In the cal-
culations of power loss, we used the calculated
transport mobilities as given in Table I. The power
loss versus electron temperature is plotted in Fig. 8.

Comparing our results determined from SdH
measurements with previous reports on energy
relaxation of hot electrons in GaN/AlGaN hetero-
junctions, we find that the magnitude of the power
loss determined in this study varies significantly
from the power loss given in literature.17–20 The
observed variations in power loss may be associated
with the differences in the mobility of the samples,

Fig. 7. Electron temperature (Te) versus applied electric field (F)
for Al0.83In0.17N/AlN/GaN heterostructures.

Fig. 8. Electron temperature dependence of power loss per electron
determined from SdH measurements. Solid circles correspond to
experimental data. Dashed, dotted, dash-dotted, and solid curves
correspond to the power loss calculated using Eq. (8), nonpolar
component of Eq. (8) (Pnp), polar component of Eq. (8) (Pp), and
Eq. (15), respectively.
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due to its primary role in the calculation of the
power loss [see Eq. (21)]. If experimentally deter-
mined electron temperature-dependent power loss
data are normalized to the mobility, it can be shown
that the power loss determined from SdH mea-
surements in literature17–20 and our results (Fig. 8)
match each other rather well.

We found the exponent 3.55 (Table I) by fitting
Eq. (15) to the experimental data determined from
SdH measurements (Fig. 8). In all cases, a constant
value for the exponent c is obtained over the whole
temperature range. This indicates that the experi-
ments were carried out in the low-temperature
regime and that the energy relaxation is due to
acoustic phonon emission via mixed unscreened pie-
zoelectric and deformation potential interactions.2,49

We, therefore, fitted the experimental P(Te) data,
obtained from the measurements at TL0 � 1.8 K, to
the analytical expressions for power loss in the low-
temperature regime (Fig. 8). The power loss, as
given by Eq. (8), was calculated using the values
(Table I) determined experimentally for the effec-
tive mass, carrier density, and Fermi energy of 2D
electrons in the Al0.83In0.17N/AlN/GaN heterostruc-
ture sample; other parameters were taken from the
literature (Table II).20,50–52

We attempted to fit the 2D theoretical power loss
in the low-temperature regime (Eq. 8) to the
experimental P(Te) results determined from SdH
measurements. However, the low-temperature
regime model does not offer a satisfactory fit to the
experimental data for the Al0.83In0.17N/AlN/GaN
heterostructure sample. It is also instructive to
study the relative magnitude of the deformation
potential (nonpolar acoustic) Pnp and piezoelectric
(polar acoustic) Pp components of the electron
energy loss rates. In the low-temperature regime,
the piezoelectric coupling dominates: Pnp/Pp > 1 for
the Al0.83In0.17N/AlN/GaN heterostructure sample.
These trends remain at all electron temperatures
in the range from 1.8 K to 14 K. The polar and
nonpolar components of the power loss in the

low-temperature regime are also plotted as a func-
tion of electron temperature in Fig. 8. It is evident
from Fig. 8 that Pp is in agreement with the
experimental power loss data determined above 8 K
for the Al0.83In0.17N/AlN/GaN heterostructure sam-
ple. This result is also in accord with the outcome of
fitting Eq. (15) and other researchers’ results in
AlGaN/GaN heterojunctions.17–20 To our knowl-
edge, there is no study to date concerning acoustic
phonon-assisted energy relaxation of hot electrons
in AlInN/AlN/GaN or AlInN/GaN heterostructure
samples. Therefore, we have no possibility to com-
pare our experimental results with experimental
results from literature.

The dominant process for relaxing the hot elec-
tron energy is via the interaction with acoustic
phonons below about 100 K and polar optical pho-
nons at 300 K in GaN-based heterostructures.53,54

The acoustic phonon scattering includes deforma-
tion potential scattering and piezoelectric scatter-
ing. In view of our experimental observations, we
conclude that, in the low-temperature regime, the
piezoelectric scattering rates in the 2D case are
somewhat overestimated for the Al0.83In0.17N/AlN/
GaN heterostructure and, hence, the theoretical
calculations of the 2D polar interactions need to be
reconsidered. From the theoretical calculation, it
was shown that in the energy relaxation rates for
acoustic phonons the lattice temperature deter-
mines the number of excited phonons and the elec-
tron temperature affects the screening.2,53 If
screening were to be included in the 2D theoretical
calculations for the GaN-based structure, the non-
polar component of the interaction would be reduced
significantly for

kffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m�xLO=�h

p < 1; (23)

where k is the electron wavevector and xLO is the
optical phonon frequency,53 whereas, if screening
were to be included in the 2D theoretical calcula-
tions for the GaAs-based structure, the polar com-
ponent of the interaction would be reduced
significantly.2,5,7 Therefore, in order to compare our
experimental results with the theoretical results
and the calculation using Eq. 23, we used our
experimental data to determine the optical phonon
energy.

The techniques that are often used to find the
optical phonon (LO) energy are Raman or infrared
measurements, temperature-dependent Hall mobil-
ity measurements, and hot electron power loss
measurements. While the first technique gives the
LO energy directly from the spectra, the two latter
techniques yield this value via use of appropriate
energy and momentum relaxation expressions.

In the temperature range above approximately
90 K, where the electron mobility is expected to be
limited primarily by polar optical phonon scattering,
the temperature dependence of the differential

Table II. Material parameters of the Al0.83In0.17

N/AlN/GaN heterostructure used in the calculation
(Refs. 20,50–52)

Parameter Value

N (eV) �7.7
eSðe0Þ 10
C11 (GPa) 296
C12 (GPa) 141
C44 (GPa) 94
e14 (C m–2) 0.375
q (kg m�3) 6150
VS (m/s) 6560
Vb (eV) 1.923
ND (cm�3) 1018
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inverse mobility (1/lH � 1/l0) can be approximated
by55–57

1

lLO

¼ 1

lH

� 1

l0

¼ 2m�axLO

e
exp � �hxLO

kBT

� �
; (24)

where l0 is the low-temperature Hall mobility,
which is independent of temperature, lH is the
temperature-dependent Hall mobility measured at
temperatures above approximately 90 K, a is the
dimensionless polar constant, and xLO is the angu-
lar frequency of the optical phonon mode. Therefore,
the LO phonon energy can be determined from a
plot of the natural logarithm of (1/lH � 1/l0) versus
1/T. Figure 9 presents such a plot of the natural
logarithm of (1/lH � 1/l0) versus 1/T. The LO pho-
non energy determined from the slope of the
straight line, which is the best fit to the experi-
mental data above approximately 170 K, is
�hxLO ¼ 91:2 meV.

Figure 10 shows the room-temperature Raman
spectrum for the Al0.83In0.17N/AlN/GaN hetero-
structure sample recorded in the grown-axis back-
scattering configuration ðzðxxÞ�zÞ. In our sample,
GaN crystallizes in a wurtzite structure whose
z-axis is perpendicular to the sapphire substrate
plane. The space group is C6v

4 , and the A1(LO) and
E2 modes are allowed in this configuration.58 There
is a sharp and strong peak at 575 cm�1, known as
the nonpolar high-frequency E2 mode, which
implies a strong correlation between Ga and N
atoms on the c-plane.58–60 The polar vibrations
A1(LO) observed at 738.5 cm�1 also correspond to a
correlation between Ga and N atoms. Since the light
penetration depth of 785 nm is longer than the
thickness of the coated wafer on the sapphire sub-
strate, the sapphire origin A1g and Eg modes were
observed at approximately 644 cm�1 and 754 cm�1,
respectively. The energy of LO phonons in GaN
ð�hxLO ¼ 91:6 meVÞ is determined using �hxLO ¼ �hc�m;

where c is the speed of light and �m is the wave-
number of the A1(LO) mode. The value for �hxLO

determined by this method is in good agreement
with that ð�hxLO ¼ 91:2 meVÞ obtained from our
present mobility measurements and that ð�hxLO ¼
91:8 meVÞ reported in literature.61,62

We found that the ratio given in Eq. 23 is less
than and equal to 1 using k< kF and our experi-
mentally evaluated optical phonon energy. There-
fore, it can be stated that the energy loss rate per
electron for the Al0.83In0.17N/AlN/GaN heterostruc-
ture sample in the acoustic phonon regime is in
agreement with the theoretical results. In addition,
there is a small deviation between the experiment
and theory at low electron temperature. This is
probably because the ideal quantum-well approxi-
mation in the extreme quantum limit, which was
used in the 2D power loss calculations, predicts an
enhancement in the confined electron–acoustic
phonon interaction, compared with the case in a
real triangle quantum well with finite barriers in
our Al0.83In0.17N/AlN/GaN heterostructure.2,3,7,49

Furthermore, the existing 2D theories use the bulk
phonon approximation, which requires consider-
ation of the confinement and folding of the longitu-
dinal and transverse acoustic modes.

The energy relaxation time (sE) for intrasubband
processes can be obtained from the power loss
measurements using2

P ¼ < �hx >

sE

ðkBTe � kBTLÞ
kBTe

; (25)

where < �hx > ¼ 21=2�hVSkF and < �hx > is the acous-
tic phonon energy averaged over the Fermi surface.
Figure 11 shows the energy relaxation time as a
function of electron temperature for the Al0.83In0.17

N/AlN/GaN heterostructure sample studied. Such
large values of sE indicate that the energy loss
mechanism in this temperature range is not very
efficient and leads to rapid rise of the electron
temperature when the input power is increased
(Fig. 8). However, as can be seen in Fig. 11, the

Fig. 9. The natural logarithm of the differential inverse mobility
as a function of inverse temperature for an Al0.83In0.17N/AlN/GaN
heterostructure. For symbols, refer to Fig. 1. The straight line is a
least-squares fit to the experimental data.

Fig. 10. Room-temperature Raman spectrum for the Al0.83In0.17

N/AlN/GaN heterostructure sample.
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energy relaxation due to acoustic phonons becomes
faster at higher electron temperatures.

CONCLUSIONS

The carrier density (N2D), effective mass (m*),
and quantum lifetime (sq) for electrons in an
Al0.83In0.17N/AlN/GaN heterostructure have been
determined from the Shubnikov–de Haas (SdH)
oscillations. The two-dimensional (2D) carrier den-
sity and the Fermi energy with respect to the sub-
band energy (EF � E1) have been obtained from the
periods of the SdH oscillations. The m* and sq of
electrons have been extracted from the temperature
and magnetic field dependencies of the SdH ampli-
tude, respectively. The results obtained for the
transport-to-quantum lifetime ratios of the respec-
tive subbands indicate that the scattering of elec-
trons by remote ionized impurities is on average
forward displaced in momentum space.

The energy loss rates, in the acoustic phonon
regime, of 2D electrons in an Al0.83In0.17N/AlN/GaN
heterostructure have also been investigated using
SdH effect measurements. The experimental results
were compared with the predictions of current the-
oretical models for power loss in semiconductors.
The energy relaxation of electrons is due to acoustic
phonon emission via unscreened piezoelectric
interaction. In the low-temperature regime, the
piezoelectric component is significantly greater than
the deformation potential component of the 2D
power loss, for electron temperatures lower than
14 K.
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