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Energy relaxation and electron-phonon �e-p� interaction are investigated in wurtzite
Al0.15Ga0.85N /AlN /GaN and Al0.83In0.17N /AlN /GaN heterostructures with polarization induced
two-dimensional electron gases in the Bloch–Grüneisen regime. Weak antilocalization �WAL� and
Shubnikov–de Haas measurements were performed on gated Hall bar structures at temperatures
down to 0.3 K. We used WAL as a thermometer to measure the electron temperature Te as a function
of the dc bias current. We found that the power dissipated per electron, Pe, was proportional to Te

4

due to piezoelectric acoustic phonon emission by hot electrons. We calculated Pe as a function of Te

without any adjustable parameters for both the static and the dynamic screening cases of
piezoelectric e-p coupling. In the temperature range of this experiment, the static screening case was
expected to be applicable; however, our data was in better agreement with the dynamic screening
case. © 2009 American Institute of Physics. �doi:10.1063/1.3253746�

GaN based semiconductor systems have emerged as po-
tential candidates for a broad range of applications in high
power electronics, optoelectronics, and spintronics.1–3 Im-
proving the GaN systems’ material properties, as well as un-
derstanding the fundamental electron transport properties in
GaN semiconductor systems, is crucially important in
achieving high level device performance. Many of the de-
vices were operated at high bias voltages such that the elec-
trons would equilibrate at a much higher temperature than
the lattice temperature. The temperature of those hot elec-
trons was determined by the emission rate of phonons. The
study of electron-phonon �e-p� interaction processes is par-
ticularly important in this context.

Recent experiments have used noise measurement,
Shubnikov–de Hass �SdH� effect, or sample resistivity as
thermometers in GaN two-dimensional electron gas �2DEG�
systems to probe the e-p interactions.4–8 However, those
thermometers have their own limitations. As a complemen-
tary method, in this experiment, we utilized the weak antilo-
calization �WAL� effect as a thermometer at very low tem-
peratures to study e-p interactions in GaN heterostructures.

It is well known that the WAL arises from quantum in-
terference of spin-dephased electrons and that the spin
dephasing process is temperature sensitive. In our previous
work, we have used WAL measurements to extract the spin-
orbit splitting parameter in the GaN systems.9,10 From the
experiment, we found the size of the WAL feature showed
strong temperature dependence and could be utilized as a
thermometer to study energy relaxation processes of the
2DEG system.

In this work, we measured two GaN heterostructures
with different barriers.11 Both heterostructures were grown

by metalorganic vapor phase epitaxy on c-plane sapphire
substrates. Sample A has a 25 nm Al0.15Ga0.85N barrier layer
and sample B has a 20 nm Al0.83In0.17N barrier, and both
were grown with a �3–4 �m GaN buffer layer and capped
with �2 nm GaN. To enhance the electron mobility at low
temperature, a thin AlN spacer ��1 nm� was included be-
tween GaN channel and the barrier in both samples. In both
heterostructures, all layers were undoped and each 2DEG
was formed just below the AlN spacer by spontaneous and
piezoelectric polarization effects. To study the magnetotrans-
port properties, 600�100 �m2 Hall bar structures were fab-
ricated by photolithography followed by dry etching. Ti/Al/
Ti/Au contacts annealed at 900 °C were then used to form
Ohmic contacts to the 2DEG. In addition, a Ni/Au gate was
deposited on top of sample A to modulate the electron den-
sity of the 2DEG.

The samples were characterized by longitudinal magne-
toresistance and Hall measurements in two low-temperature
cryostats with base temperatures of 0.28 and 1.5 K, respec-
tively. In Fig. 1�a�, we plot low temperature magnetoresis-
tance traces for sample A at different gate voltages. This
sample exhibited clear SdH oscillations at 0.28 K. The car-
rier density extracted from the SdH oscillations, as well as
Hall slopes �not shown here�, is found to vary with gate
voltages, consistent with a simple capacitance model. For
gate voltages of �4 and 4 V, the carrier densities were
3.41�1012 cm−2 and 4.92�1012 cm−2 and the correspond-
ing mobilities were 8.5�103 cm2 /V s and 10.7
�103 cm2 /V s, respectively. Magnetoresistance and Hall
traces for sample B are shown in Fig. 1�b�. Unlike sample A,
the SdH oscillations were not well pronounced for sample B.
However, after we plot differential resistance in the SdH data
of sample B, clear SdH oscillations were seen, as shown in
the inset of Fig. 1�b�. These relatively small SdH oscillations
were most likely due to the small spread of nonuniformity of
carrier density in sample B. The onset of SdH oscillations for
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samples A and B were 3 and 3.5 T, respectively. For sample
B, the carrier density was 10.26�1012 cm−2 with mobility
17.8�103 cm2 /V s at 1.5 K.

We measured the temperature dependence of the quan-
tum corrections to conductance at low magnetic fields using
standard four-terminal ac lock-in techniques. Representative
traces of magnetoconductivity after subtraction of the zero
field background, ��=��B�−��0�, obtained from sample A
with gate voltage Vg=0 V at different temperatures are
shown in Fig. 2�a�. There was a clear WAL behavior at mag-
netic fields below 2 mT from 0.28 to 10 K. This feature
arises from the quantum interference of spin-dephased paths

and can be used to quantify spin-orbit coupling in semicon-
ductors. It is obvious in our data that the size of the WAL
feature is strongly temperature dependent and decreases with
increasing temperature whereas the width of the peak does
not vary with temperature.9

For ac excitation currents in the range of 10–100 nA,
there is no noticeable change in the size of WAL feature. It
means that when the system is at such small excitation cur-
rents, there is no significant heating for electrons; the elec-
tron temperature, Te, is close to the lattice temperature Tl.
However, if we pass larger dc bias currents, the electron
system would be hotter and the WAL feature would be sup-
pressed. In order to study this heating effect, we kept the
sample at the base temperature of the cryostat and passed a
dc bias current and a small ac modulation current through the
Hall bar structures. The magnetoresistance traces were again
measured using the ac lock-in technique. In Fig. 2�b�, we
plot typical magnetoconductance traces for the sample A at
different dc bias currents. We find that the WAL feature de-
creases with increasing dc bias current.

There is a striking similarity between the traces obtained
at higher temperatures and those obtained with higher dc bias
currents �Fig. 2�. By comparing such sets of WAL traces, we
could extract the electron temperature, Te, for different bias
currents. Instead of plotting electron temperature as a func-
tion of bias current, we calculated the power dissipated per
electron, Pe, in the active region of the Hall bar by using
equation Pe= I2R / �wLn�, where I is the device current, R is
the four terminal resistance of the Hall bar, n is the two
dimensional carrier density, and w and L are the width and
length of the Hall bar structure. We plotted the power dissi-
pated per electron versus Te for both sample A at gate volt-
ages �4, 0, and 4 V and sample B in Fig. 3. Plotted in this
manner, the heating curves do not depend strongly on the
carrier density or the mobility of 2DEG. We note that sample
A was measured at a base temperature of 0.28 K and sample
B was measured at a base temperature of 1.5 K, thus the data
obtained from sample A covered a wider temperature range.

In the low-temperature region, the samples are in the
Bloch–Grüneisen �B-G� regime, where the average phonon
wave vector, q ��kBT /�vs�, is much smaller than Fermi
wave vector, kF �q�kF�. In the B-G regime, the electron
energy is not high enough to excite optical phonons; there-

FIG. 1. �Color online� �a� Sample A: Longitudinal resistance measurements
at gate voltages from �4 to 4 V at 0.28 K, with clear SdH oscillations
shown. �b� Sample B: Longitudinal and Hall measurements at 1.5 K. The
inset is the differential resistance with clear SdH oscillations shown.

FIG. 2. �Color online� Experimental magnetoconductivity ��=��B�−��0�
of sample A with Vg=0 V �a� at different temperatures and �b� at different
bias dc currents at 0.28 K.

FIG. 3. �Color online� Power dissipated per electron vs electron temperature
for samples A and B. The solid line is the calculation for the dirty limit and
the dash line is the calculation for the clean limit.
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fore, the dominating power dissipation in the 2DEG system
is through the emission of acoustic phonons via the piezo-
electric and deformation potential coupling processes. In the
B-G regime, the e-p interaction is expected to have various
power-law dependences on temperature.5–8,12–14 For ex-
ample, the phonon emission via piezoelectric coupling leads
to Te

5 and Te
3 dependence for energy relaxation with and with-

out static screening, and the phonon emission via deforma-
tion potential leads to Te

7 and Te
5 dependence with and with-

out static screening.15

At low temperature, it is believed that the piezoelectric
coupling is the dominating energy relaxation mechanism in
the GaN system.5–8 The electron screening effect of local
potential must be included in the calculations of energy re-
laxation rates. At very low temperature, when the wave-
length of the emitted phonons becomes comparable to the
mean free path of the electrons, the static screening is no
longer suitable to describe the system. Instead, dynamic
screening should be applied to calculate the piezoelectric
coupling case, and as a result the energy relaxation scales as
Pe–Te

4. This regime, qle	1, is known as the hydrostatic re-
gime, where q is the average phonon wave vector, vs is the
sound velocity, and le is the elastic mean free path in the
material.13 This regime is also called the “dirty limit,” which
is the case of relatively lower mobility systems and has been
studied in GaAs 2DEGs12–14 before.

The theory for electron energy relaxation in GaAs
�zincblende� 2DEG systems both in the dirty limit and in the
clean limit has been given in Refs. 14 and 15. However, for
wurzite GaN 2DEG systems, the piezoelectric coupling is
different from the zincblende type. In wurzite crystals, the
e-p matrix elements for longitudinal acoustic �LA� and trans-
verse acoustic �TA� piezoelectric coupling are16

�MLA
PZ �q���2 =

�e2

2
vlq
� e33q�

3 + �e31 + 2e15�q�q�
2

q3�
	2

and

�MTA
PZ �q���2 =

�e2

2
vtq
�− �e33 − e31 − e15�q�

2 q� − e15q�
3

q3�
	2

,

respectively. In the above equations, e33, e31, and e15 are
piezoelectric coefficients, q is the magnitude of the three-
dimensional phonon wave vector, q� and q� are the compo-
nents of q perpendicular and parallel to the 2DEG plane,
respectively, e is the electron charge, 
 is the mass density of
GaN, � is the dielectric constant in GaN, and vl and vt are
LA and TA phonon sound velocities in GaN, respectively.

In the clean limit, we follow the procedures for GaAs
reported by Ma et al.15 and obtain the piezoelectric LA and
TA e-p interaction characteristic function in GaN as

FLA
C �T� =

3��5�m�2e2

32
�7kF
3
vl

4�2qs
2 �5e33

2 + 6e33�e31 + 2e15�

+ 5�e31 + 2e15�2��kBT�5

and

FTA
C �T� =

3��5�m�2e2

32
�7kF
3
vl

4�2qs
2 �35e15

2 + 10e15�e33 − e31 − e15�

+ 3�e33 − e31 − e15�2��kBT�5,

respectively, where ��5� is the Riemann zeta function, m� is
the effective mass, kF is Fermi wave vector and qs

=m�e2 / �2
��2� is the screening wave vector.
In the dirty limit, we follow the procedure given by

Chow et al.14 and obtain the piezoelectric LA and TA e-p
interaction characteristic function in GaN as

FLA
D �T� =


2

15n�3�xx
vl
3

2

105
�15e33

2 + 12e33�e31 + 2e15�

+ 8�e31 + 2e15�2��kBT�4

and

FLA
D �T� =


2

15n�3�xx
vt
3

4

105
�24e15

2 + 8e15�e33 − e31 − e15�

+ 3�e33 − e31 − e15�2��kBT�4,

respectively, where �xx is the longitudinal conductivity and n
is the carrier density.

The power relaxation rate is Pe=
�F��Te�−F��Tl� with
� summed over all phonon modes. In piezoelectric coupling,
only two phonon modes should be counted in.16 We per-
formed this calculation for all of our samples. When plotted
in a logarithmic scale, the calculated Pe for our samples did
not show obvious difference from each other. Therefore, for
the purpose of clarity, we only show a representative calcu-
lation for our lowest mobility sample in the clean and dirty
limit in Fig. 3. The following values were used in the calcu-
lations: n=3.41�1012 cm−2, m�=0.21 me, 
=6150 kg /m3,
�=10�0, vl=6560 m /s, vt=2680 /s, �xx=0.00468 /�, e15

=−0.3 C /m2, e31=−0.49 C /m2, and e33=0.73 C /m2.7,17 It
is important to emphasize that there are absolutely no fitting
parameters in our calculations.

When comparing our results with the previous reports of
energy relaxation by hot electrons,5–8 we find that our power
dissipation rate per electron is one or two orders of magni-
tude below those results obtained by using SdH as a ther-
mometer. When we compare our experimental data with
theory, a better agreement with the dirty limit calculation was
achieved; the power dissipation rate per electron scales as
Pe–Te

4. This dirty limit effect has also been observed in low
mobility GaN 2DEG samples.5,8 However, our electron mo-
bilities are sufficiently high such that according to qle crite-
ria, our samples should be in the clean limit where a Pe–Te

5

should be expected. This is contradictory to what we have
observed.

In addition to energy relaxation by e-p coupling, other
effects such as thermal boundary resistance can also play a
significant role in determining the temperature of hot elec-
trons. Based on noise measurements on GaN films grown on
sapphire substrates, we have previously observed a large de-
viation between the measured and calculated electron tem-
peratures from which we extracted a thermal boundary resis-
tance for such an interface.18 However, for the 2DEG
samples, the total power dissipation rate is small enough that
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we estimate at high bias conditions, when the electron tem-
perature is above 10 K, the contribution due to the thermal
boundary resistance is only about 0.01 K. Thus, the thermal
boundary cannot explain the observed discrepancy between
the measurement and theory.

In summary, we used WAL as a thermometer to measure
the electron temperature, Te, as a function of the bias current
in wurtzite Al0.15Ga0.85N /AlN /GaN and Al0.83In0.17N /AlN /
GaN heterostructures with polarization induced 2DEG in the
B-R regime. We find that the power dissipated rate per elec-
tron, Pe, is proportional to Te

4 due to piezoelectric acoustic
phonon emission by hot electrons. We calculated power dis-
sipated per electron, Pe, as a function of Te without using any
adjustable parameters for both static and dynamic screening
cases of piezoelectric e-p coupling. In the temperature range
of this experiment, the static screening mechanism is ex-
pected to be applicable; however, our data are in better
agreement with the dynamic screening mechanism.
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