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Abstract
We report the experimental studies of hot-electron energy and momentum
relaxation in the steady state in GaN/AlGaN HEMT structures with a high
two-dimensional electron density of n = 1.5 × 1013 cm−2. From the
LO-phonon-scattering-limited component of the mobility we obtain for the
LO phonon the energy of h̄ω ∼ 90 meV and the momentum relaxation time of
τm ∼ 4 fs. Drift velocity versus electric field characteristics obtained from the
pulsed I–V measurements show that, at TL = 77 K, the drift velocity saturates
at vd = 1.0 × 107 cm s−1 at electric fields in excess of E ∼ 7.5 kV cm−1,
and at TL = 300 K it saturates at vd ∼ 5 × 106 cm s−1, at an electric field
of around E ∼ 10 kV cm−1. Electron temperature as a function of applied
electric field is obtained by comparing the measured electric field dependence
of the mobility µE at a fixed lattice temperature, with the lattice temperature
dependence of the mobility at a fixed low electric field. The electron energy loss
rate is then determined from the electron temperature dependence of the power
loss using the power balance equations. The effect of hot-phonon production
on the observed momentum and energy relaxation of hot electrons is discussed
within the framework of a theoretical model, which was originally developed
for III–V material systems and has been adapted for a two-dimensional electron
gas in GaN, and in which phonon drift is neglected.

1. Introduction

The wide-bandgap III nitride semiconductors have found many applications in optoelectronic
and electronic device technologies. They are ideal structures for LEDs and lasers, for
5 Author to whom any correspondence should be addressed.
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applications in displays and high-density data storage respectively, as well as high-power
FETs operating at high temperatures [1–3]. Compared with their technological applications,
fundamental research in nitrides appears to be still in its infancy. Until recently, the poor
material quality was partly responsible for the slow progress in experimental research.
For example measurements of electron effective mass, electron acoustic and optic phonon
scattering rates and determination of quantum mobility have been reported only very
recently [4–6]. Very little experimental work has been done at high electric fields. In bulk GaN,
for example, there have been only a few reports concerning energy relaxation of hot electrons
using electrical [7] and optical techniques [9], and very limited results concerning high-field
momentum relaxation [10]. Theoretical and Monte Carlo calculations predict very high drift
velocities [11, 12]. High-speed measurements appear to support these predictions [13]. In
GaN/AlGaN, however, to our knowledge there is no reported work concerning the energy
and momentum relaxation measurements in the steady state. The interest in the high-field
applications on GaN/AlGaN HEMT structures makes it vital to obtain a detailed understanding
of the transport properties at high fields. The determination of the dominant scattering
mechanisms and the limitations these might impose on device performance are very important.
The current work aims to measure, in the steady state, the energy and momentum relaxation of
a high density of two-dimensional electrons formed as a result of spontaneous and piezoelectric
polarization at the GaN/AlGaN interface, and compare the results with existing theories.

2. Experimental results and discussions

2.1. Hall measurements

The samples investigated in this work were grown using MBE on tungsten-backed sapphire
substrates. Tungsten is evaporated onto the sapphire to act as a heat sink to dissipate excess
thermal energy at high electric fields. The thickness of the GaN buffer layer is 3 µm,
and the Al concentration of the 250 Å thick GaAlN layer is 30% as determined from PL
measurements. Hall measurements were carried out using a Van der Pauw geometry. For
pulsed I–V measurements a simple bar sample with length l and widthw (l = w = 1 mm) was
used. Indium was annealed onto both samples to provide ohmic contacts. Hall measurements
were performed at temperatures between TL = 4.2 and 300 K using a variable temperature
cryostat and an electromagnet assembly. A stable constant current supply was used in the
measurements. Current supply through the sample was deliberately kept low to ensure ohmic
conditions, hence the two-dimensional electrons were in thermal equilibrium with the lattice.
Both the carrier density and Hall mobility were independent of current and magnetic field
at all temperatures for injected currents between I = 1.0 µA and 30 mA and for magnetic
fields between B = 0.35 and 3 T. Figure 1 shows the two-dimensional carrier density and Hall
mobility between TL = 4.2 and 300 K. The two-dimensional electron density at TL = 4.2 K
is n = 1.5 × 1013 cm−2. It remains constant up to TL = 150 K then increases rapidly to
n = 2.1×1013 cm−2 at TL = 300 K. The high density of electrons is due to large spontaneous
and strain-induced polarization in the GaN/AlGaN interface as commonly predicted and
observed [14]. The increase in the carrier density at high temperature is due to parallel
conduction in the AlGaN layer. At T = 4.2 K the Hall mobility is µ = 2830 cm2 V−1 s−1. It
decreases very little (by 3%) with temperature up to TL = 80 K, then decreases rapidly down
to µ = 743 cm2 V−1 s−1 at T = 300 K. At high temperatures the measured Hall mobility
will contribute due to the finite parallel conductivity in the GaAlN layer according to [15]
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Figure 1. Two-dimensional electron density and Hall mobility versus temperature.

Figure 2. Logarithm of the inverse of the LO-phonon-limited mobility versus inverse lattice
temperature. Open circles: experimental results, obtained from the measured Hall mobility versus
temperature data using Matthiessen’s rule. Line: theoretical calculation using equation (4).

nH = n1µ1 + n2µ2

µH
(1)

µH = n1µ
2
1 + n2µ

2
2

n1µ1 + n2µ2
(2)

where nH and µH are the measured Hall carrier density and Hall mobility and n1, n2, µ1

and µ2 are the two-dimensional carrier density in GaN, sheet density in AlGaN and elec-
tron mobilities in GaN and AlGaN, respectively. If we take n1 = nH (T = 4.2 K) and
µ1 = 1000 cm2 V−1 s−1 (LO-phonon-limited mobility, see figure 2) using the nH and µH
values measured at TL = 300 K in equation (1) we find n2µ2 ≈ 0.05n1µ1. Furthermore, the



3460 N Balkan et al

mobility of three-dimensional electrons in the GaAlN is expected to be low compared with
that of the two-dimensional electron gas in GaN [16]. We can assume, therefore, that in equa-
tion (2), µH ≈ µ1 with an accuracy of around ±10%, and the measured µH is representative
of the two-dimensional electrons at the interface. At high temperatures µ1 is primarily deter-
mined by e–LO phonon scattering [17]. We can, therefore, use Matthiessen’s rule to separate
the LO-phonon-scattering-limited component of the mobility via

1

µLO
= 1

µtot
− 1

µ0
(3)

where µ0 is the low-temperature mobility and µtot is the measured temperature-dependent
mobility (µtot = µH ). In figure 2 the logarithm of (1/µLO) determined from the experimental
results is plotted against 1/TL. We have also plotted a theoretical LO-phonon-limited mobility
in the form

1

µLO
= m∗

eτm
exp

(−h̄ω
kTL

)
(4)

where m∗ = 0.22 m0, h̄ω = 92 meV. In the plot we took momentum relaxation time, τm
as the electron phonon scattering time constant, τ0 = 8 × 10−15 s. In the high-temperature
region (T > 180 K) experimental data develop an exponential dependence, as in equation (4).
In this region, from the slope of log

(
1
µtot

− 1
µsat

)
we obtain h̄ω = 90 meV. This is in good

agreement with the theoretical value. However, at 300 K the magnitude of the experimental
data is about a factor of two higher than that in equation (4). This suggests a momentum
relaxation time of τm = τ0/2 = 4 × 10−15 s, a value much smaller than the theoretically ex-
pected electron momentum relaxation time [17] but in accord with other observations [18–20].
The reason for the reduced momentum relaxation time and hence mobility compared with
the theory is not clear to us. Interface roughness scattering is often invoked as the cause of
reduced mobility in GaN/GaAlN [16]. For example for a two-dimensional electron density of
n = 1.0 × 1013 cm−2, an interface roughness of thickness 5 Å and width 50 Å is shown to
reduce the room-temperature mobility by about a factor of two, compared with the LO-limited
mobility [16]. However our observation in figure 2, which excludes all scattering mechanisms,
that are either temperature independent or slowly varying functions of temperature, cannot be
explained in terms of interface roughness scattering.

2.2. High-field drift velocity

For the high-speed I–V measurements we used a simple bar of length l = 1 mm and width
w = 1 mm, fabricated using the section of the wafer where the Van der Pauw measurements
were made. I–V characteristics were measured at lattice temperatures TL = 77 and 300 K.
In these measurements, voltage pulses of 300 ns duration (or less at higher fields), with a
duty cycle of better than 3 × 10−4, were applied along the length of the sample up to a
maximum electric field of E = 104 V cm−1. Both the applied voltage and current through
the sample were measured using a 1 GHz real time oscilloscope. Drift velocity (vd) versus
electric (E) field is obtained, directly, from the pulsed I–V characteristics assuming that the
free carrier density is not a function of applied electric field [21]. Figure 3 shows the pulsed
I–V plot measured at TL = 77 K. The resistance is ohmic at applied voltages V < 120 V
(E < 1200 V cm−1). At higher voltages the I–V characteristic becomes non-linear, as would
be expected from increased momentum scattering of hot electrons with LO phonons. At high
voltages (V > 750 V), the current saturates at I ≈ 620 mA. In the vd–E plot in figure 4 this
saturation corresponds to a drift velocity of around vd = 1.0×107 cm s−1 at an electric field of
E = 7500 V cm−1. To our knowledge, this is the first reported drift velocity-field measurement
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Figure 3. Pulsed current–voltage measurements at lattice temperature, TL = 77 K.

Figure 4. Logarithm of electron drift velocity versus applied electric field measured at lattice
temperature, TL = 77 K.

in the steady state in GaN/AlGaN. It is clear that the highest attainable drift velocity in the steady
state is much smaller than the peak velocities predicted by theory, Monte Carlo simulation and
those measured in the transient mode in the picosecond time domain [11–13, 22]. The reason
for the reduced drift velocity might be associated with the production of non-equilibrium
(hot) phonons at high fields. If hot phonons share the drift of electrons, re-absorption of
these by electrons does not affect the momentum relaxation. However, the phonon scattering
by imperfections (interface roughness, dislocations etc) during the lifetime of hot phonons
(τ = 5 ps) [6] reduces the phonon drift significantly. Thus electron momentum relaxation rate
is expected to increase, similar to our earlier observations in GaAs/GaAlAs MQWs, where
the non-equilibrium phonon drift was demonstrated to decrease due to their elastic scattering
from interface roughness [23–25].
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Figure 5. Field-dependent electron mobility at lattice temperature, TL = 77 K normalized with
respect to the ohmic mobility, and the temperature-dependent mobility normalized with respect to
the ohmic mobility.

Figure 6. Electron temperature versus applied electric field at lattice temperature of TL = 77 K
obtained by comparing the normalized mobility curves in figure 5.

2.3. Hot-electron energy loss rates

The technique used in this work to obtain the temperature of the non-equilibrium electrons
is known as the ‘mobility comparison’ method. The method has been used successfully in
two-dimensional GaAs [23, 24] and bulk GaN [7, 10] and involves the measurement of both
the electric field dependence of the mobility (µE) at a fixed lattice temperature, and the lattice
temperature dependence of the mobility at a fixed low electric field. The two sets of results are
then normalized with respect to low-field mobility and low-temperature mobility respectively.
Plots of the normalized mobility values against lattice temperature and electric field are shown
in figure 5, where the base lattice temperature is TL = 77 K. Electron temperature as a function
of electric field obtained by comparing the two plots is shown in figure 6. Electron temperature
rises above the lattice temperature at electric fields of aroundE ≈ 1200 V cm−1. The maximum
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electron temperature reached in the experiments at E = 8 kV cm−1 is Te = 260 K. It should
be noted that the accuracy of the mobility comparison method strictly assumes that

(1) the carrier density does not change with field;
(2) e–e scattering rate thermalizes the hot electrons amongst themselves, hence the non-

equilibrium electron distribution can be represented by an electron temperature which is
greater than the lattice temperature;

(3) the dependence of momentum relaxation on electron temperature (electric field) is identical
to its dependence on lattice temperature. The variation of the low-field mobility with
lattice temperature, in the LO phonon regime, involves the emission and absorption of
LO phonons randomly distributed in the k space, with both the electrons and phonons in
thermal equilibrium with the lattice, i.e. Te = Tp = TL (Tp is the ‘phonon’ temperature).
Therefore the following conditions must hold:

(i) at high fields non-equilibrium phonons must exist;
(ii) the characteristic temperature of the hot phonons must be close to the electron

temperature and
(iii) the hot-phonon distribution at high fields should be randomized in k space, as it is at

low fields.

If any of these conditions are not satisfied electron temperatures and hence energy relaxation
rates obtained from the mobility comparison experiment will be wrong.

In order to calculate the energy loss rates from the experimental results we used the power
balance equations. In the steady state the input power (p) is equal to the power loss (dE/dT )
to the lattice through scattering processes. Therefore, the energy loss rate per electron can be
obtained as a function of electric field via

p = eµEE
2 = dE/dT (5)

where µE is the mobility at electric field E. The power loss per electron can also be obtained
as a function of electron temperature using equation (5) together with figure 6. This is shown
in figure 7, where the logarithm of the power input (loss) per electron (p) is plotted versus
inverse electron temperature (1/TE) at a lattice temperature TL = 77 K. Also shown in the
figure is the power loss involving the emission and absorption of LO phonons at TL = 77 K
in the form

dE/dT = p = h̄ω

τ0

[
exp

(−h̄ω
kTE

)
− exp

(−h̄ω
kTL

)]

τ0 =
[
e2ω

2πh̄

(
m∗

2h̄ω

)1/2 (
1

ε∞
− 1

εs

)]−1 (6)

where ε∞, εs, τ0 are high-frequency and static permittivities and the time constant for e–LO
phonon scattering respectively. Taking for GaN m∗/m0 = 0.22, ε∞/ε0 = 5.35, εs/ε0 = 9.7
and the e–LO phonon energy h̄ω = 92 meV, we find the scattering time τ0 = 8 fs.

It is clear from figure 7 that the observed power loss has a slope which is much smaller
than the theoretical power loss, described by equation (6). The slope decreases with decreasing
temperature, indicating the prevalence of lower-energy (acoustic) phonons in the energy loss
with a non-exponential temperature [7, 8, 10]. It is evident from the lattice temperature
dependence of the electron mobility (figure 2) that there is a considerable momentum scattering
by LO phonons at lattice temperatures around TL ∼ 160 K. Therefore at electron temperatures
of TE > 160 K optic phonon scattering should also be the dominant energy loss mechanism.
Figure 7 indicates, however, that only in a very small range of electron temperature (160–190 K)
is the slope of the power loss close to the line representing the theoretical loss in equation (6).
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Figure 7. Circles: logarithm of experimental power loss per electron versus inverse electron
temperature. Line: theoretical power loss obtained from equation (6).

At temperatures TE > 190 K the experimental loss rate is gradually reduced compared with
the theory. This behaviour would be expected if the free carrier density were reduced by
increasing field [21], or if there were hot phonons present at high fields. One of the assumptions
made in the mobility comparison method is the presence of non-equilibrium phonons. If
this assumption is correct the magnitude of the experimental loss rate obtained from the
mobility comparison method should, indeed, deviate from the theoretical line represented
by equation (6), which does not include the hot-phonon effects. In order to calculate the effect
of hot-phonon production on the energy relaxation rates, we have adapted the non-equilibrium
phonon model, developed for two-dimensional and bulk GaAs by Ridley [25], to the case of
two-dimensional GaN. In the model the power loss is given by

dE/dT = p = h̄ω

τeff

[
exp

(−h̄ω
kTE

)
− exp

(−h̄ω
kTL

)]
. (7)

This equation is similar to equation (6). However, the e–LO phonon scattering time constant
τ0 is replaced by the effective energy relaxation time, τeff , which takes into account all the
hot-phonon effects. For intrasubband scattering in a deep quantum well via the interaction LO
phonons in the non-degenerate case the effective energy relaxation time [25]

τeff = τ02D(1 + γ ) (8)

where τ02D is the characteristic scattering time in the QW, namely,

τ02D = τ0

(
h̄ω

EL

)1/2

EL = h̄2π2

2m∗L2
(9)

and

γ = τp

2τ0

1

q0L

(
πkBTE

h̄ω

)1/2
n

Nc

[
1 − exp

(
− h̄ω

kBTE

)]
q0 =

(
2m∗ω
h̄

)1/2

Nc = m∗kBTE
πh̄2L

(10)

where q0, L, τp, n and Nc are the phase matching wave vector, well width, phonon lifetime,
three-dimensional electron density (n = n2D/L) and the effective density of states respectively.
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Figure 8. Effective energy relaxation time versus inverse electron temperature, calculated for
n2D = 1.5 × 1013 cm−2, at TL = 77 K, using equations (7)–(10) in the degenerate regime.

In the calculations of τeff we used the following parameters: m∗ = 0.22m0, τp = 5 ps,
n2D = 1.5 × 1013 cm−2, h̄ω = 92 meV, ε∞ = 9.7ε0, εs = 5.35ε0, τ0 = 8 fs,
q0 = 7.3 × 108 m−1.

We assumed that the effective well width of the potential well at the GaN/AlGaN interface
is

L ≈ λF = 65 Å

where λF is the Fermi wavelength corresponding to a Fermi level of

EF = nh2

4πm∗ = 163 meV.

For simplicity, we have also assumed that, at high fields, h̄ω/EL ≈ 1 and therefore, τ02D = τ0.
τeff versus 1/TE calculated using equations (7)–(10), is plotted in figure 8. As a result

of the high effective density of states the non-degenerate condition is expected to be reached
at very high electron temperatures where the effective energy relaxation time depends on the
electron temperature and, therefore, on the electric field. We have also calculated the effective
energy relaxation time constant τeff for the degenerate case, because the highest electron
temperatures reached experimentally did not exceed 260 K [23, 24]:

τeff = τ02D
EF

h̄ω
(1 + γ ′)

γ ′ = τp

2τ0

1

q0L

1(
EF/h̄ω − 1/2

)1/2 .
(11)

τeff in the degenerate case is calculated for a range of values of n2D between 5.0 × 1012 cm−2

and 1.0 × 1014 cm−2, and plotted in figure 9. At n2D = 1.5 × 1013 cm−2, which is the
two-dimensional electron density in our sample, we obtain τeff ∼ 0.7 ps. This value is about
two orders of magnitude higher than the electron–phonon scattering time constant τ0 and is
close to that calculated by Tsai et al [26]. In figure 10 we have plotted the energy relaxation
rates versus inverse electron temperature using τeff values, obtained for both degenerate and
non-degenerate statistics, in equation (7). We have also plotted the experimental power loss.
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Figure 9. Effective energy relaxation time versus inverse electron temperature in the degenerate
regime (equation (10)) at TL = 77 K.

Figure 10. Experimental energy relaxation rates (squares) and theoretical rates assuming the
production of hot phonons in the degenerate calculations (broken curve) and non-degenerate
calculations (continuous curve) at TL = 77 K.

It is clear from the figure that the experimental loss rates are significantly higher than either of
the theoretical lines, in the range of measurements (although at high temperatures they tend to
get closer). As we discussed above the reduced saturation drift velocity at high fields (plotted
in figure 4) suggests strongly the presence of non-equilibrium phonons randomly distributed
in the momentum space. Therefore, the reason for the observed disagreement between the
experimental and the theoretical loss rates in figure 10 might be the failure of one of the other
assumptions made in the mobility comparison method, or in the simplified theory. The theory,
which is developed for an infinite GaAs quantum well, does not take into account of population
of higher subbands at high fields, which is more likely to occur in a HEMT structure at the
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GaN/AlGaN interface. Therefore, the assumption of a strong two-dimensional confinement
of hot electrons made in the theory is questionable in the present case.

Furthermore, both the experimental and theoretical calculations for the steady state power
loss are also based on the fundamental assumption that the e–e scattering results in the
thermalization of the two-dimensional electrons, and hence the non-equilibrium electron gas
can be represented by a statistical electron temperature, TE . This assumption is true for an
electron gas in GaAs quantum wells where the e–e scattering is about two orders of magnitude
faster than the e–LO phonon scattering [27]. However, the accuracy of this assumption may
need checking for a high-density two-dimensional gas at the GaN/AlGaN interface where,
due to strong Frohlich coupling, the e–LO phonon scattering rates are comparable with the
e–e scattering rates. The probable failure of the electron temperature model will also have
implications in the accuracy of the hot-phonon model, where the non-equilibrium phonons are
assumed to be represented by a statistical temperature (Tp) in thermal equilibrium with the hot
electrons (Tp = TE) [25].

3. Conclusions

We have studied the energy and momentum relaxation of a two-dimensional electron gas,
which is formed at a GaN/AlGaN interface as a result of spontaneous and piezo-electric
polarization, in the e–LO phonon scattering regime. We have shown that in the steady state
drift velocity saturates at vd ∼ 1.0 × 107 cm s−1 at an electric field of E = 7500 V cm−1

at TL = 77 K, suggesting that the highest attainable drift velocity in the steady state is much
smaller than those predicted by the existing theories. We have explained the observation in
terms of the non-drifting hot-phonon model, which was developed and observed previously
by us in highly modulation-doped GaAs quantum wells. Electron energy relaxation rates in
GaN/AlGaN obtained from the mobility comparison method are compared with theoretical
calculations based the assumption of on hot-phonon production (or otherwise) at high fields.
We have not seen an agreement between the experimental results and the theory. Therefore,
we expressed our concern about the accuracy of the electron temperature model for the
non-equilibrium phonons and hence of the accuracy of the mobility comparison method.
Experiments concerning the direct measurements of hot-electron distribution in the steady
state (hot-electron photoluminescence) are underway and will be reported in the near future.
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