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Experimental Evidence for Drude-Boltzmann-Like Transport in a
Two-Dimensional Electron Gas in an AlGaN/GaN Heterostructure
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AlGaN/GaN heterostructures have been attracting a great deal of interest because of their great
potential applications as light-emitting-diodes, high-electron-mobility transistors (HEMTs), and de-
tectors operating in the visible-to-ultraviolet range. The performances of these devices are governed
by the electronic properties of the two-dimensional electron gas (2DEG) formed at the interface of
AlGaN/GaN heterostructure. In this work, we report transport measurements for an AlGaN/GaN
2DEG as functions of the magnetic field B over a wide range of temperature (4.682 K ≤ T ≤ 80
K). At the highest measurement temperature of 80 K, the longitudinal resistance is nominally B-
independent, compelling experimental evidence for Drude-Boltzmann-like transport in a 2D system.

PACS numbers: 73.20.Fz, 73.40.-c
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I. INTRODUCTION

Recently, efforts in developing III-V nitride family
have led to significant progress in improving the ma-
terial quality. Heterostructures based on these nitride
materials are, therefore, being studied intensively [1–
12]. In particular, AlGaN/GaN heterostructures have
been attracting a great deal of both theoretical and
experimental interest because of their applications in
high-power microwave devices, in high-frequency field-
effect transistors, in blue light-emitting-diodes, and in
high-electron-mobility transistors (HEMTs) [13–19]. It
is worth mentioning that in addition to proving semi-
conductors can have large band gaps, the nitride ma-
terials have two very interesting features. The first is
a spontaneous polarization present in the nitride struc-
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tures as a result of the anion and cation positions in
the lattice. In heterostructures, the difference between
the spontaneous polarizations of the two layers can be
used to create a high electron density. The second is
the piezoelectric polarization for a nitride heterostruc-
ture with strain. Effective built-in internal fields can be
produced near the AlGaN/GaN interface. These two ef-
fects have been exploited to design nominally undoped
AlGaN/GaN HEMTs with extremely high sheet elec-
tron concentrations. The performances of GaN-based
optoelectronic devices, such as light-emitting diodes and
HEMTs, are governed by the electronic properties of the
two-dimensional electron gas (2DEG) formed in the Al-
GaN/GaN quantum well. Therefore, it is highly desir-
able to obtain a thorough understanding of the under-
lying physics of transport in an AlGaN/GaN 2DEG in
order to optimize GaN-based device’s performance.

At low temperatures, the conductivity of a degener-
ate two-dimensional electron gas is governed by quan-
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tum corrections to the Drude conductivity, σD. Except
for Shubnikov-de Haas oscillations in a high magnetic
field, there are still two principal corrections: the weak
localization (WL) in a very weak magnetic field and the
electron-electron (e-e) interaction in an intermediate field
[20]. A general formula for the longitudinal conductivity
in a magnetic field can be written as follows:

σxx = σD + ∆σee
xx(T ) + ∆σWL

xx (B), (1)

where σD is a constant term due to Drude-Boltzmann
transport, ∆σee

xx(T ) is a function of the temperature (T ),
∆σWL

xx is a function of the magnetic field (B).
Weak localization is the quantum interference of the

conducting electrons with the defects of the system, and
this theory predicts a correction to the magnetoconduc-
tivity, ∆σWL

xx (B), given by [21,22]
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where τe and τi are the elastic and the inelastic scattering
times, respectively, ψ is the digamma function, and D is
the electronic diffusion constant given by D = v2

F τe/2.
The application of a magnetic field influences this in-
terference due to the Aharonov-Bohm effect [23]. The
theory of the weak localization effect deals with non-
interacting electrons and such phenomena arise from the
single-particle quantum interference effect. In a very
weak magnetic field, it causes a rapid increment of the
magnetoconductivity as we increase the magnetic field.

The Coulomb interactions between conduction elec-
trons also give rise to a quantum correction term to
the classical Drude conductivity. The term ∆σee

xx(T ),
which is B-independent, should only result in a verti-
cal shift of this contribution. Until recently, our under-
standing of the e-e interaction corrections to the conduc-
tivity of a 2DEG was based on the seemingly unrelated
theories developed for two opposite regions: the diffu-
sive region [24] kBTτ/~ << 1, and the ballistic region
kBTτ/~ >> 1. Physically, the diffusive condition im-
plies that the effective interaction time, ~/kBT , is larger
than the momentum relaxation time τ , therefore, two
interacting electrons experience are scattered by many
impurities whereas in the ballistic region, electrons inter-
act when scattered by a single impurity. In 2001, Zala,
Narozhny, and Aleiner (ZNA) developed a new theory
of a electron-electron interaction correction to the con-
ductivity [25,26] that bridged the gap between the two
theories known previously [24,27] One of the important
conclusions of this theory is that the interaction correc-
tions to the conductivity in both regions have a common
origin: the coherent scattering of electrons by Friedel
oscillations. This can also be reformulated in terms of
returns, diffusive and ballistic, of an electron to a spatial
region that it has already visited.

In the diffusive limit, one finds [24,28,29] for the loga-
rithmically divergent correction to the diagonal conduc-
tivity, ∆σee

xx,
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where Fσ
0 is the interaction constant in the triplet chan-

nel and depends on the interaction length. The theory
predicts a logarithmic temperature dependence of the
longitudinal conductivity. It is clear, that the sign of
this logarithmically divergent correction may be posi-
tive (metallic) or negative (insulating), depending on the
value of Fσ

0 . The interaction correction gives rise to a
parabolic negative magnetoresistance (NMR) that can
be expressed by the following relation at ωcτ > 1 [30]:

ρxx =
1
σ0

+
1
σ2

0

(
µ2B2

)
∆σee

xx (T ) , (4)

where µ is the electron mobility. This relation is derived
by converting the conductivity tensor into the resistiv-
ity tensor and by using the facts that in the diffusive
region, the Hall conductivity is not affected by interac-
tions, ∆σee

xy = 0, and that ∆σee
xx(T ) and ∆σee

xx(T ) do not
change when a strong magnetic field is applied [31]. In
our experiment, we also observe the parabolic negative
behavior for our ρxx(B) at the lowest temperature (4.682
K). On the other hand, in the ballistic region [27,32] the
interaction correction is given by:

∆σee
xx = − e2

π~

(
kBTτ

~

)
f (rs) , (5)

where f(rs) is a positive function of the gas parameter of
the system, rs. Therefore, in this region, the temperature
dependence of these parameters becomes linear.

It is well-known that the Drude-Boltzmann model is
equivalent to a stochastic redistribution of all scatter-
ing centers after each collision predicts zero magnetore-
sistance (MR). That is, the longitudinal resistance of a
sample is magnetic-field (B) independent. Therefore, the
Shubnikov-de Haas oscillations periodic in 1/B can be
regarded as deviations from Drude-Boltzmann transport
because the applied magnetic field is so large and cannot
be considered as a perturbation to the 2D Fermi circle.
It is known that a two-dimensional GaN electron gas can
exhibit negative MR [7] due to electron-electron interac-
tions [33]. Classical percolation of electrons in a random
array of strong scatterers on the background of a smooth
impurity potential can also give rise to a negative MR in
a 2D system. The simplest case of Drude-Boltzmann-like
transport appears to be elusive in a real 2D system as
there are so many mechanisms that can give rise to a non-
trivial MR [34]. In this article, we report magnetotrans-
port measurements on an AlGaN/GaN two-dimensional
electron gas over a wide range of temperature (4.682 K
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Fig. 1. Longitudinal magnetoresistivity as a function of
the magnetic field, ρxx(B), over a wide range of temperatures
(4.682 K ≤ T ≤ 80 K).

≤ T ≤ 80 K). In the low-temperature region, the magne-
toresistivity oscillate as the magnetic field increases. At
the highest measurement temperature of T = 80 K, i.e.,
in the quasiclassical region, the longitudinal resistance is
nominally magnetic-field independent, which is evidence
for Drude-Boltzmann-like transport in a 2D electron sys-
tem.

II. EXPERIMENT

The sample that we studied is an Metal-organic-che
mical-vapor-deposition(MOCVD)-grown AlGaN/GaN
heterostructure. On a sapphire substrate, the following
layer sequence was grown: a buffer layer, 2.8 µm
undoped-GaN, 67-nm Si-doped GaN, 4.5-nm undoped
GaN, 3.5-nm undoped AlGaN, 21-nm Si-doped AlGaN,
3.5-nm undoped AlGaN and finally a 3-nm GaN cap
layer. Four-terminal longitudinal and Hall resistivities
were measured using standard phase-sensitive ac lock-in
techniques. The experiments were performed in a
top-loading cryostat equipped with a superconducting
magnet at a maximum field of 15 T. At T = 4 K,
the electron density was n = 1.12 × 1013 cm−2 with a
mobility of µ = 3400 cm2/Vs.

III. RESULTS AND DISCUSSION

Figure 1 shows longitudinal magnetoresistivity mea-
surements, ρxx(B), over a wide range of temperatures
(4.682 K ≤ T ≤ 80 K). At the lowest temperature T
= 4.682 K, ρxx(B) decreases with increasing B, and
then show Shubnikov-de Haas (SdH) oscillations at even
higher magnetic fields. We can see that with increas-
ing temperature, the amplitudes of the SdH oscillations
decrease. This is expected as SdH oscillations can be

Fig. 2. Hall magnetoresistivity as a function of the mag-
netic field, ρxy(B), over a wide range of temperatures (4.682
K ≤ T ≤ 80 K).

strongly damped due to strong electron-phonon scatter-
ing at high temperatures. It is worth mentioning that in
our GaN electron system, the zero-field resistivity shows
very little temperature dependence over the whole mea-
surement range (4.682 K ≤ T ≤ 80 K), consistent with
our previous study [7]. This suggests that temperature-
independent mechanisms, such as imperfection and dis-
location scattering, dominates in our system. In compar-
ison, electron-phonon scattering appears to play a much
less important role in determining the transport proper-
ties of our GaN 2DEG at B = 0. We expect that with in-
creasing measurement temperature, we are approaching
the quasiclassical limit in which the Drude-Boltzmann
transport is valid. From our experimental results, we
can see that the low-field MR (B < 8 T) becomes weaker
with increasing temperature due to decreased electron-
electron interaction effects in this region.

We now turn to our main experimental findings. It
is clear that at T = 80 K, ρxx(B) becomes nominally
B-independent which, is evidence for Drude-Boltzmann-
like transport in the quasiclassical regime. As our mea-
surement temperature is high enough, we are able to sup-
press electron-electron interactions, together with SdH
oscillations, even at high magnetic fields. This allows
us to observe the simplest case of Boltzmann-Drude-
like electron transport, which appears to be elusive in
the conventional transport data in the literature. We
speculate that in the past, electron-electron interac-
tions and strong modulation of the 2D density of states
(DOS) in existing experiments might hinder the obser-
vation of Boltzmann-Drude-like transport, i.e., of a B-
independent longitudinal magnetoresistance. It is worth
mentioning that over the whole measurement range, the
carrier concentration determined from the Hall resistance
is temperature-independent, as shown in Fig. 2. This
suggests that we have a degenerate 2D electron system
in which the Fermi level lies well above the conduction
band bottom in GaN. This is consistent with the fact



-1542- Journal of the Korean Physical Society, Vol. 48, No. 6, June 2006

Fig. 3. Measured conductivity, σxx, over a wide range of
temperatures (4.682 K ≤ T ≤ 80 K).

Fig. 4. Measured resistivity, ρxx, at B = 0 for various
temperatures T .

that the carrier density of our GaN 2DEG is very high
(1.12× 1013 cm−2).

In Fig. 3, we transform the magnetoresistivity result
to the magnetoconductivity and the longitudinal conduc-
tivity as a magnetic field can be discussed by dividing it
into parts. At very weak magnetic fields(< 0.1 T), the
behavior of σxx presents a small decrease in the magne-
toconductivity as the magnetic field decreases, which is
attributed to weak localization.

From Eq. (3), we predict that σxx(T ) should have a
logarithmic temperature dependence. We analyzed the
magnetic field between 0.1 T and 0.3 T and calculated
the slope of the σxx-vs-lnT curve. We find that the val-
ues of the slope in this range are close to one another.
Therefore, we could predict that the contribution of the
e-e interaction dominates in the intermediate magnetic
field. At high magnetic fields, σxx begins to oscillate and
the amplitude of the oscillation begins to increase with
magnetic field due to Landau quantization. From Fig. 4
at zero magnetic field, the measured longitudinal resistiv-

ity, ρxx, decreases with increasing temperature over the
temperature range 4 K ≤ T ≤ 60 K, showing that our
GaN 2DES appears to be a weak insulator. For T > 60
K, ρxx shows a small increase with increasing tempera-
ture due to an increase in electron-phonon scattering in
this temperature range.

IV. CONCLUSIONS

In conclusion, we have performed transport measure-
ments on a GaN/AlGaN 2DEG as a function of the mag-
netic field over a wide range of temperature. At low
temperatures, the measured magnetoresistance decreases
with increasing magnetic field, then exhibits Shubnikov-
de Haas oscillations at higher magnetic fields. As the
measurement temperature is increased, the magnetore-
sistance becomes weaker, and the SdH oscillations are
heavily damped. At the highest temperature of 80 K,
the longitudinal magnetoresistance becomes almost B-
independent, which can be taken as evidence for Drude-
Boltzmann-like transport in our 2D GaN electron sys-
tem. We believe that it is the high measurement tem-
perature that suppresses electron-electron interactions,
together with the DOS modulation, and allows us to ob-
serve nominally zero MR.
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