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ABSTRACT

We report the observation of Shubnikov–de Haas (SdH) oscillations of two-dimensional electron gases (2DEGs) in coherently strained, low-
dislocation undoped and d-doped AlN/GaN/AlN heterostructures on bulk AlN. The oscillations reveal a single subband occupation in the
undoped and two subband occupation in the d-doped sample. More importantly, SdH oscillations enable direct measurement of critical
2DEG parameters at the Fermi level: carrier density and ground state energy level, electron effective mass (m! " 0:289me for undoped and
m! " 0:298me for d-doped sample), and quantum scattering time (sq " 83:4 fs for undoped and sq " 130:6 fs for d-doped sample). These
findings provide important insights into the fundamental properties of 2DEGs that are quantum confined in the thin GaN layers, essential
for designing nitride heterostructures for high-performance electronic applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0264000

The discovery of polarization-induced two-dimensional electron
gases (2DEGs) in AlGaN/GaN heterojunctions in the 1990s revolu-
tionized the development of high-electron mobility transistors
(HEMTs).1,2 These GaN-based devices, characterized by their wide
bandgaps, high electron velocities, and ability to form heterojunctions
with high carrier concentration and mobility, have since become essen-
tial for high-frequency RF amplifiers3,4 and fast high-voltage switching
applications.5,6

More recently, 2DEGs have been demonstrated in a thin, coher-
ently strained GaN well sandwiched between AlN buffer and AlN top
barrier.7–10 These AlN/GaN/AlN heterostructures, epitaxially grown
on single-crystal AlN substrates, achieve a five-order reduction in dis-
location density (DD) down to " 104 cm#2.11 While the AlN layers
are strain-free due to lattice-matching with the AlN substrate, the thin
GaN channel is under a large compressive strain of #2:4%, which
alters its electronic band structure. The large discontinuity in sponta-
neous and piezoelectric polarization between GaN and AlN induces a
high-density 2DEG, and the large energy band offset confines the

2DEG within the GaN channel. As a result, AlN/GaN/AlN hetero-
structures can achieve 2DEG densities of ns $ 2–3% 1013 cm#2,
enabling access to a larger k-space in the GaN conduction band. In
comparison, AlGaN/GaN heterostructures—where Shubnikov–de
Haas (SdH) oscillations have been reported—exhibit lower 2DEG
densities, ranging from $1% 1012 cm#2 for low Al content to
$ 1% 1013 cm#2 for Al compositions between 20% and 30%.12–18

Only a few studies demonstrated SdH oscillations in AlN/GaN hetero-
structures at higher 2DEG densities approaching$3% 1013 cm#2.19

The electron mobility of 2DEGs in AlN/GaN/AlN heterostruc-
tures on bulk AlN substrates has been limited to lower values com-
pared to AlGaN/GaN heterostructures on GaN substrates or
templates, primarily due to two reasons: (1) a strong internal electric
field that enhances roughness scattering,20,21 and (2) parallel conduc-
tion due to the formation of a parallel two-dimensional hole gas
(2DHG) at the opposite interface from the 2DEG. Recently, using
d-doping, the 2DHG was suppressed, and the internal electric field
was reduced, resulting in improved electron mobility.10 Here, we
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present a magnetotransport study of 2DEGs in such undoped and
d-doped AlN/GaN/AlN heterostructures.

A key characteristic of high-quality 2DEGs is the occurrence of
quantum oscillations in longitudinal magnetoresistance Rxx, known as
SdH oscillations. For these quantization effects to manifest in a mag-
netic field, the cyclotron energy !hxc must exceed both the thermal
energy kbT and the Landau level broadening !h=sq,

22 where xc

¼ eB =m! is the cyclotron frequency, kb is the Boltzmann constant, sq
is the quantum scattering time, and m! is the electron effective mass.
This condition indicates that observing quantum oscillations necessi-
tates the application of a strong magnetic field, and the use of high-
quality samples with minimal scattering. In our study, we observed
well-resolved SdH oscillations in Rxx for both structures. These quan-
tum oscillations allow us to extract critical parameters for 2D carrier
transport, including (1) the carrier density and ground state energy lev-
els, (2) the electron effective mass, and (3) the quantum scattering
time.

Figures 1(a) and 1(c) present schematic cross sections of the
undoped and d-doped AlN/GaN/AlN heterostructures used in this
study. Both samples were grown epitaxially on single-crystal AlN sub-
strates using molecular beam epitaxy. Each sample consists of a 20 nm
GaN well sandwiched between a 6 nm AlN barrier and a 500 nm AlN
buffer layer, with a 1 nm GaN cap deposited on the top to prevent oxi-
dation of the underlying AlN. In the d-doped sample, a sheet of silicon
donors with a doping density of rd ¼ 5% 1013 cm#2 is introduced at
the bottom GaN/AlN interface. The coherently strained GaN on AlN
in both samples was confirmed by x-ray reciprocal space mapping, as
presented in our recent publication, which also describes the growth
procedure and the structural and transport characteristics of the same
samples used in this magnetotransport study.10 Low-field Hall-effect
measurements show that the undoped sample exhibits a 2DEG density
of 2:04% 1013 cm#2 with electron mobility of 611:1 cm2=V s at room
temperature (RT) and 1210:4 cm2=V s at 2K. In contrast, the d-doped
sample shows a higher 2DEG density of 3:24% 1013 cm#2 with
enhanced mobilities of 854:6 cm2=V s at RT and 2234:6 cm2=V s at
2K. Both samples exhibit a temperature-independent 2DEG density
down to cryogenic temperatures, confirming their polarization-
induced nature. Through capacitance–voltage measurements, we

confirmed the presence of a 2DHG at the bottom GaN/AlN interface
in the undoped sample. In contrast, we observed no evidence of paral-
lel conduction in the d-doped sample, demonstrating the effectiveness
of d-doping in suppressing unintended channels.

Magnetotransport measurements were performed on both heter-
ostructures using indium-soldered ohmic contacts formed in a Van
der Pauw configuration. The samples were placed in a physical prop-
erty measurement system (PPMS) from Quantum Design with a DC
excitation current of 100 lA. Although the indium contacts accessed
both the 2DEG and 2DHG, SdH oscillations were not observed for
2DHG in the undoped sample—up to a magnetic field of 14T—due to
its lower mobility. Figures 1(b) and 1(d) show the Rxx of 2DEG as a
function of the magnetic field B applied perpendicular to the sample
surface, measured over the range of 9–14T and at temperatures from
2 to 11K. As the magnetic field increases, the amplitude of the oscilla-
tions grows due to the larger separation between Landau levels and the
increased number of states within each level, causing greater fluctua-
tions in the density of states. In contrast, the weakening of the oscilla-
tion amplitude with increasing temperature is attributed to the
smearing of the Fermi–Dirac distribution near the Fermi level.23 The
onsets of the SdH oscillations were recorded at around 8T for both
samples, as shown in Fig. S1 in the supplementary material, signifi-
cantly lower than similar AlN/GaN/AlN heterostructures grown on
SiC substrates, where over 25T is required to resolve quantum
oscillations.8

To isolate the oscillatory component DRxx, the background resis-
tance was subtracted from the measured Rxx. This background is deter-
mined by averaging polynomial fits applied separately to the peaks and
valleys of the SdH oscillations,24 as shown in Fig. S2 of the supplemen-
tary material. Figures 2(a) and 2(b) show the resulting DRxx as a func-
tion of 1=B for both samples, highlighting the periodic nature of the
SdH oscillations in 1=B. The oscillatory component DRxx is given
by25–28

DRxx /
v

sinhðvÞ e
# p

xcsq cos
2pEF
!hxc

! "
; (1)

where v ¼ 2p2kBT=ð!hxcÞ and EF ¼ nsp!h
2=m! is the Fermi level of

2DEG for a particular subband. The period of the oscillation Dð1=BÞ is

FIG. 1. (a) Schematic of the epitaxial undoped AlN/GaN/AlN heterostructure. (b) Measured longitudinal magnetoresistance Rxx of 2DEG in the undoped sample as a function of
magnetic field B from 9 to 14 T, at various temperatures ranging from 2 to 11 K. (c) Schematic of the d-doped AlN/GaN/AlN, which includes a sheet of silicon donors with a dop-
ing density of rd ¼ 5% 1013 cm#2 at the bottom GaN/AlN interface, approximately 26 nm below the surface. (d) Measured Rxx of 2DEG in the d-doped sample within the
same magnetic field and temperature range, showing more frequent oscillations.
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determined by the cosine term in Eq. (1) and directly measures the
2DEG density ns via the relation ns ¼ q=ðDð1=BÞp!hÞ. For the
undoped sample shown in Fig. 2(a), the oscillation periodicity is
extracted as Dð1=BÞ ¼ 0:002 72T#1, corresponding to a 2DEG den-
sity of ns ¼ 1:78% 1013 cm#2. For the d-doped sample presented in
Fig. 2(b), one can observe that a higher frequency oscillation is super-
imposed on a lower frequency oscillation. The high-frequency oscilla-
tion, with Dð1=BÞ ¼ 0:001 56 T#1, is associated with electrons
occupying the first subband with ns ¼ 3:11% 1013 cm#2. The low-
frequency oscillation is attributed to electrons in the second subband,
which requires further analysis using fast Fourier transform (FFT) to
extract its 2DEG density. The 2DEG densities extracted from Dð1=BÞ
exhibit an error margin of 5%.

Figures 2(c) and 2(d) present the FFT analysis of DRxx vs 1=B for
both samples, considering the field interval from 9 to 14T. The insets
in Fig. 2 show the calculated conduction band energy profiles and the
squared-amplitude of the electron wavefunctions for both structures,
obtained using a self-consistent Schr€odinger–Poisson solver. These cal-
culations indicate that the undoped sample hosts electrons in a single
subband, whereas the d-doped sample has two populated subbands.
The occupation of the second subband is attributed to d-doping, which
in addition to providing more 2DEG electrons, compensates the
2DHG at the bottom interface and reduces the internal electric field in
the GaN channel. This reduction in electric field lowers the

confinement potential, causing the energy separation between sub-
bands to decrease. As a result, the second subband falls below the
Fermi level and becomes occupied, leading to the population of both
the first and second subbands in the d-doped sample.

From the FFT spectrum in Fig. 2(c), a single oscillation frequency
at f0 ¼ 367T is identified for the undoped sample, confirming single
subband occupation. The FFT frequency directly measures the 2DEG
density, which is given by the Onsager relation: ns ¼ ð2q=hÞ % f ,
yielding ns ¼ 1:77% 1013 cm#2. This result agrees well with the elec-
tron density obtained both from the real space analysis and low-field
Hall-effect measurement. In contrast to the undoped structure, the
d-doped sample shows two distinct frequency peaks in the FFT spec-
trum, indicating the presence of two occupied subbands [see Fig. 2(d)].
The peak at f1 ¼ 644T corresponds to the first subband with
ns1 ¼ 3:11% 1013 cm#2, matching the density extracted from Dð1=BÞ.
The second peak at f2 ¼ 46T corresponds to electrons in the second
subband with ns2 ¼ 2:22% 1012 cm#2. The total 2DEG density ns ¼
ns1 þ ns2 ¼ 3:33% 1013 cm#2 agrees well with both the low-field
Hall-effect measurement and self-consistent Schr€odinger–Poisson
calculations.

The Landau quantization of a 2D electron system is only due to
the component of the magnetic field perpendicular to the 2D plane,
B?. By rotating the angle h between the B field vector and the 2D
plane, the period of oscillation changes according to B? ¼ jBj cos h.

FIG. 2. (a) The oscillatory component DRxx of the undoped sample plotted against 1=B. The oscillations are periodic in Dð1=BÞ ¼ 0:002 72 T#1, corresponding to a 2DEG
density of ns ¼ 1:78% 1013 cm#2. (b) DRxx of the d-doped sample is periodic in Dð1=BÞ ¼ 0:001 56 T#1, corresponding to a 2DEG density of ns ¼ 3:11% 1013 cm#2.
(c) The fast Fourier transform (FFT) spectrum of the oscillating DRxx vs 1/B in the undoped sample shows a single frequency at f0 ¼ 367 T, indicating single subband occupa-
tion. (d) The FFT spectrum for the d-doped sample reveals two distinct frequency peaks at f1 ¼ 644 T and f2 ¼ 46 T, indicating two subband occupation. The insets in (c) and
(d) are the calculated conduction band energy profiles and the squared-amplitude of the electron wavefunctions for both structures, respectively.
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Figure 3(a) presents the angular dependence of the SdH oscillations
measured in the d-doped sample at 2.4K. This measurement involved
rotating the normal of the 2D plane by an angle h away from the direc-
tion of the applied B field, as depicted in the inset of Fig. 3(b). Figure 3(b)
shows that the oscillation period Dð1=BÞ exhibits a cosine dependence
on the rotation angle h, indicating that the oscillations solely arise from
the perpendicular component of the applied magnetic field B?. This

characteristic behavior confirms, experimentally, the two-dimensional
nature of the electron gas in the d-doped AlN/GaN/AlN.

By analyzing the temperature-dependent SdH oscillation at a
fixed B field, the effective mass of the 2DEG at the Fermi level can be
determined. To achieve this, Rxx was measured at four different tem-
peratures ranging from 2 to 11K. Figure 4(a) shows the temperature
dependent DRxx for the undoped sample at various B fields. For each B
field, the measured DRxx peak values are overlaid with the best fit to
the thermal damping term v=sinhðvÞ from Eq. (1). Numerical fitting
yields an electron effective mass of m! ¼ ð0:28960:003Þme for the
undoped sample, where me is the free electron mass. The reported
electron effective mass and its error represent the mean and standard
deviation of the numerically fitted values obtained across different
magnetic fields. A similar analysis was done for the d-doped sample.
However, owing to its double subband occupation, a clear beating pat-
tern is discernible in DRxx [see Fig. 2(b)]. This beating arises from the
superposition of two oscillatory components corresponding to each
electronic subband. To deconvolve each oscillatory component, an
inverse FFT algorithm was applied to the individual peak of the FFT
spectrum. This procedure is illustrated in detail in Fig. S3 of the sup-
plementary material. After isolatingDRxx for the first subband, its tem-
perature dependence was analyzed to extract the electron effective
mass. Numerical fitting yields m! ¼ ð0:29860:001Þme for the first
subband of the d-doped sample, as shown in Fig. 4(b). In contrast, the
oscillatory component corresponding to the second subband is too
weak for reliable mass extraction. The slightly higher effective mass
(3.1% increase) in the d-doped sample, compared to the undoped sam-
ple, is attributed to its higher 2DEG density. The higher 2DEG density
shifts the Fermi level further away from the conduction band edge,
enhancing the non-parabolicity of the conduction band and resulting
in a larger effective mass. To improve the precision of electron effective
mass extraction in AlN/GaN/AlN, future work will prioritize measure-
ments at higher magnetic fields and across a broader temperature
range.

The extracted electron effective masses in AlN/GaN/AlN are
slightly higher than the typical value of m! " 0:2# 0:23me measured
in conventional AlGaN/GaN heterostructures,12,15–18 where the GaN
layer is relaxed and the 2DEG densities are lower. Several factors could
contribute to these higher effective masses, including (1) the compres-
sive strain experienced by GaN on AlN, which increases the in-plane

FIG. 3. (a) SdH oscillations measured at various tilt angles for the d-doped sample
at 2.4 K. The angle h represents the tilt of the sample surface normal relative to the
applied magnetic field direction, as shown in the inset of Fig. 2(b). (b) The depen-
dence of the oscillation period Dð1=BÞ on cos h confirms the two-dimensional con-
finement of electrons in the d-doped sample.

FIG. 4. Temperature dependence of DRxx
at various B fields for (a) undoped sample
and (b) the first subband of d-doped sam-
ple. Each solid curve represents the fits to
v=sinhðvÞ in Eq. (1) at a certain B field to
extract the electron effective mass. Curve
fittings of the thermal damping DRxx yield
an electron effective mass of m!

¼ ð0:28960:003Þme for the undoped
sample and m! ¼ ð0:29860:001Þme for
the first subband of d-doped sample. The
reported electron effective mass and its
error represent the mean and standard
deviation of the numerically fitted values
obtained across different magnetic fields.
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effective mass;29 (2) the high 2DEG densities, which push the Fermi
energy further away from the subband minimum, thereby amplifying
non-parabolicity effect;30 and (3) quantum confinement, which could
also play a role in enhancing the effective mass.13 A detailed theoretical
study to fully understand the effective mass of 2DEG in AlN/GaN/AlN
remains an important area for future work.

The experimental measurement of both the electron effective
massm! and the 2DEG density nsi for each subband allows us to accu-
rately determine the electronic spectrum in each heterostructure. To
do so, the subband population can be expressed as nsi ¼ g2DðEF # EiÞ,
where EF is the Fermi energy, Ei is the subband energy, and g2D is the
two-dimensional density of states, given by g2D ¼ m!=p!h2. From this
analysis, we obtain that EF # E1 " 145meV for the undoped sample,
and EF # E1 " 248meV for the d-doped sample. The lower subband
energy in the d-doped sample results from a reduced internal electric
field in the well, achieved by incorporating d-doping. Additionally, the
intersubband transition energy in the d-doped sample is E2 # E1
" 230meV; indicating that the second subband is relatively shallow (only
18meV below EFÞ, with most electrons residing in the first subband.

Owing to the presence of disorder, Landau levels exhibit a finite
broadening due to their coupling with various scattering potentials.
This broadening can be experimentally quantified by the quantum
scattering lifetime sq, which represents the mean time that electrons
remain in one quantized orbit before scattering into another.
Experimentally, sq determines the exponential increase in the DRxx
amplitude, as the reciprocal of the magnetic field (1/B) decreases [see
Figs. 2(a) and 2(b)]. At a given temperature, sq is determined from the
Dingle plot, where ln ðA!sinhðvÞ = vÞ is plotted against 1=B and A!

represents the peak values of DRxx (see Fig. 5). sq is then obtained by

fitting the data points vs 1=B, using the disorder damping term
e#p=ðxcsqÞ from Eq. (1). As shown in Fig. 5, sq of the undoped sample
is determined to be sq ¼ 83:463:0 fs at 2K. For the d-doped sample,
precise determination of A! was attained by isolating DRxx of the first
subband, as previously described and shown in Fig. S3. Using this
approach, the quantum lifetime sq ¼ 130:667:5 fs was extracted for
the first subband of the d-doped sample.

The quantum scattering lifetime sq accounts for all the scattering
mechanisms equally, in contrast, the momentum scattering time sm
favors large-angle scattering over small angle scattering due to the
weighting factor of ð1# cos hÞ, where h is the scattering angle.31

Experimentally, sm is determined from the low-field Hall mobility via
the Drude relation l ¼ esm=m!: At 2K, Hall-effect mobility measure-
ments yield sm ¼ 198.9 fs for the undoped sample and sm ¼ 378.6 fs
for the d-doped sample. The Dingle ratios sm=sq $ 2# 3, being close
to unity for both samples, suggest the prevalence of short-range isotro-
pic scattering potentials, likely due to temperature-independent IR
scattering,31,32 which was previously identified as the primary scatter-
ing mechanism at cryogenic temperatures for both AlN/GaN/AlN
heterostructures.10

The electron effective mass and quantum lifetime can also be
extracted by directly calculating the SdH oscillations and identifying
the combination of m! and sq that minimizes the root mean square
(RMS) error relative to the measured DRxx oscillations. This method
was applied to the undoped sample, yielding the lowest RMS when
m! ¼ 0:292me and sq ¼ 84 fs, which closely matches the values
extracted from fitting the thermal damping DRxx and the Dingle plot.

In summary, 2DEGs in coherently strained undoped and
d-doped AlN/GaN/AlN heterostructures, grown on low-dislocation
density single-crystal AlN substrates, exhibit SdH oscillations. FFT
analysis of SdH oscillations confirms a single subband occupation in
the undoped sample and double subband occupation in the d-doped
sample. Analysis of their thermal damping allows us to directly mea-
sure electron effective mass, yielding m! " 0:289me for the undoped
sample and m! " 0:298me for the d-doped sample, highlighting a
fundamental distinction compared to AlGaN/GaN heterostructures
with m! " 0:2# 0:23me. Furthermore, analysis of the Dingle plot
reveals a longer quantum scattering time in the d-doped sample, attrib-
uted to the lowering of IR scattering, enabled by d-doping. The experi-
mental measurement of these fundamental transport properties is
essential not only for designing heterostructures with improved elec-
tronic transport but also for enhancing the accuracy of device model-
ing. These insights hold significant technological and scientific value
for advancing nitride-based electronic devices.

See the supplementary material for (1) Rxx measurements across
the full magnetic field range, including a focus on the SdH oscillation
onsets, (2) details on background resistance subtraction to obtain
DRxx, and (3) the procedure to deconvolve two oscillatory components
in DRxx of d-doped sample.
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