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ABSTRACT

AlYN and AlScN have recently emerged as promising nitride materials that can be integrated with GaN to form two-dimensional electron
gases (2DEGs) at heterojunctions. Electron transport properties in these heterostructures have been enhanced through careful design and
optimization of epitaxial growth conditions. In this work, we report for the first time Shubnikov-de Haas (SdH) oscillations of 2DEGs in
AlYN/GaN and AlScN/GaN heterostructures, grown by metalorganic chemical vapor deposition. SdH oscillations provide direct access to
key 2DEG parameters at the Fermi level: (1) carrier density, (2) electron effective mass (m! " 0:24me for AlYN/GaN and m! " 0:25me for
AlScN/GaN), and (3) quantum scattering time (sq " 68 fs for AlYN/GaN and sq " 70 fs for AlScN/GaN). These measurements of fundamen-
tal transport properties provide critical insights for advancing emerging nitride semiconductors for future high-frequency and power
electronics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0302121

The formation of two-dimensional electron gases (2DEGs) in
polar nitride heterostructures has enabled the development of high-
electron mobility transistors (HEMTs),1,2 which are now widely used
as commercial high-frequency RF amplifiers3,4 and fast high-voltage
switching applications.5,6 These devices are typically based on
Al(Ga)N/GaN heterostructures.

More recently, 2DEGs have been realized in AlYN/GaN and
AlScN/GaN heterostructures. Compared with conventional Al(Ga)N
barriers, AlYN and AlScN barriers provide stronger spontaneous
polarization,7,8 resulting in higher electron densities, and their larger
conduction band offset further enhances 2DEG confinement.9,10 In
addition, AlYN and AlScN can be lattice-matched to GaN, minimizing
strain-induced degradation. Both AlYN and AlScN can be ferroelec-
tric, making them attractive for non-volatile memory11,12 and reconfig-
urable RF devices.13–15 These properties make AlScN/GaN and AlYN/
GaN 2DEGs promising for next-generation high-speed, high-power

GaN RF transistors.16–19 Notably, metalorganic chemical vapor deposi-
tion (MOCVD)-grown AlScN/GaN HEMTs have achieved a record
output power of 8.4W/mm with 42.0% power added efficiency under
class-AB continuous wave operation at 30GHz (Ka-band).20 Likewise,
MOCVD-grown AlYN/GaN HEMTs have achieved a near-Boltzmann
limit sub-threshold swing of 66.5mV/dec.21

A high-quality 2DEG is evidenced by the occurrence of
Shubnikov–de Haas (SdH) oscillations in longitudinal magnetoresis-
tance Rxx. The condition for SdH oscillation is that the cyclotron
energy !hxc exceeds 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. To put it simply, B$ lq > 1 is required,
where lq is quantum mobility. Consequently, the observation of SdH
oscillations typically requires high magnetic fields, cryogenic tempera-
tures, and high-quality 2DEGs with minimal scattering. SdH
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oscillations have been reported in GaN 2DEGs with AlGaN,23–25

AlN,26,27 AlInN,28,29 and AlInGaN30 barriers. In contrast, SdH oscilla-
tions have not yet been reported for AlScN/GaN and AlYN/GaN
2DEGs.

Formerly, the electron transport properties of MOCVD-grown
AlScN/GaN and AlYN/GaN 2DEGs were limited by the unintentional
graded AlScGaN or AlYGaN layer at the barrier/GaN channel inter-
face, caused by the low growth rate and high growth temperature. This
issue was mitigated by inserting a nominal AlN interlayer to limit Al
and Sc back-diffusion into the GaN channel, providing a sharper inter-
face.31,32 Further improvement in AlScN/GaN interface abruptness
was achieved by using new Sc precursors with higher vapor pressures,
which enabled faster AlScN growth rates. The resulting reduction in
growth temperature suppressed atomic diffusion across the GaN inter-
face and minimized impurity incorporation by shortening the growth
time.33 Transport properties are also strongly impacted by alloy com-
position, with the high electron mobilities achieved for near-lattice-
matched AlScN barriers containing< 12% Sc.34 These growth innova-
tions have ultimately yielded room-temperature (RT) electron mobili-
ties exceeding 1100 cm2=V s in both AlScN/GaN35 and AlYN/GaN32

2DEGs with electron densities greater than 1:2$ 1013 cm%2, making
them suitable for quantum transport studies.

In this work, we report for the first time well-resolved SdH oscilla-
tions in Rxx for both AlYN/GaN and AlScN/GaN 2DEGs observed at
cryogenic temperatures and inmagnetic fields up to 14T. Analysis of these
quantum oscillations yields (1) the carrier density, (2) the electron effective

mass, and (3) the quantum scattering time, providing a direct evaluation
of the transport properties in AlYN/GaN and AlScN/GaN 2DEGs.

Figures 1(a) and 1(c) show the schematic cross sections of the
AlYN/GaN and AlScN/GaN heterostructures used in this work. Both
AlScN/GaN and AlYN/GaN samples were grown on 4H SiC substrates
by MOCVD. Fe-doped semi-insulating GaN buffer was grown on a
high-temperature AlN nucleation layer on SiC, followed by an unin-
tentionally doped (UID) GaN buffer and GaN channel. The barrier
consists of a thin 0.5 nm AlN interlayer, followed by an AlYN (10nm,
6% Y) or AlScN (8 nm, 9% Sc) barrier and an in situ SiNx passivation
layer of 9 nm to prevent oxidation of the barrier layers.36–39 The Sc
and Y compositions were chosen for a near-lattice matched condition
to GaN. The AlN interlayer is included in both structures to effectively
boost the 2DEG mobility by providing a sharper interface, as previ-
ously reported.31,40 SIMS measurements reveal the presence of oxygen
and carbon in the AlYN and AlScN barriers. The calculated energy
band diagrams and electron density profiles for both AlYN/GaN and
AlScN/GaN samples with these impurities are provided in Fig. S1 in
the supplementary material. More details on the MOCVD growth con-
ditions, the structural and transport characteristics of these samples,
can be found in previous publications.31–33

Low magnetic field Hall-effect measurements of the 1 cm2 sam-
ples used for SdH measurements show that the AlYN/GaN sample
hosts a 2DEG density of 1:19$ 1013 cm%2 with a mobility of
1318 cm2=V s at RT, and increasing to 3730 cm2=V s at 10K. The
1 cm2 AlScN/GaN sample for SdH measurements shows a 2DEG

FIG. 1. Schematic diagrams of the epitax-
ial (a) AlYN/GaN and (c) AlScN/GaN
heterostructures grown by MOCVD.
Longitudinal magnetoresistance Rxx of (b)
the AlYN/GaN 2DEG and (d) the AlScN/
GaN 2DEG, measured over temperatures
from 2 to 11 K and magnetic field B from
10 to 14 T. The faint lines show the raw
Rxx data, while the solid lines represent
the data obtained using a Savitzky–Golay
filter, which reduces noise while preserv-
ing the peak positions and amplitudes.
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density of 1:77$ 1013 cm%2 with a mobility of 1050 cm2=V s at 300K.
This AlScN/GaN sample used for SdH measurements accidentally
broke into small pieces after the SdH measurements were performed.
Therefore, low-temperature Hall measurements could not be per-
formed on the same sample. Instead, the 10K Hall measurement was
carried out on another 1 cm2 sample taken from the same wafer, which
yields a 2DEG density of 1:89$ 1013 cm%2 and a mobility of
1083 cm2=V s at 300K, increasing to 2032 cm2=V s at 10K. To more
accurately represent the electron transport characteristics of the
100mm wafers from which these 1 cm2 samples were taken, the statis-
tical transport mapping results measured by contactless Leighton
instruments at 34 points across the wafer are presented in Table S1 in
the supplementary material.

Magnetotransport measurements were carried out on both heter-
ostructures using 1$ 1 cm2 coupons, with indium-soldered ohmic
contacts formed in a van der Pauw configuration. The samples were
measured in a Physical Property Measurement System (PPMS) from
Quantum Design under a DC excitation current of 100 lA and a mag-
netic field B up to 14T. Figures 1(b) and 1(d) show the measured lon-
gitudinal magnetoresistance Rxx as a function of the magnetic field B
for the AlYN/GaN 2DEG and AlScN/GaN 2DEG, respectively. The
faint lines show the raw Rxx data, while the solid lines represent the
data obtained using a Savitzky–Golay filter, which reduces noise while

preserving the peak positions and amplitudes. All subsequent analyses
were performed on the filtered data. Magnetic fields between 10 and
14T were applied perpendicular to the sample surface, and the mea-
surements were repeated at temperatures ranging from 2 to 14K. The
Rxx oscillation amplitude increases with magnetic field as the Landau
level separation increases and each level accommodates more states. In
contrast, the oscillation amplitude is dampened at higher temperatures
due to increased Fermi–Dirac distribution smearing near the Fermi
level. The onsets of the SdH oscillations were recorded at around 8–
9T for both samples, with the most pronounced oscillations observed
at higher magnetic fields and lower temperatures.

The oscillatory component DRxx was obtained by subtracting the
background resistance from the measured Rxx. For both samples, the
background was determined by averaging two separate fourth-order
polynomial fits—one to the peaks and another to the valleys of the
SdH oscillations,41 as shown in Fig. S2. DRxx is expressed as

42–45

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

the 2DEG. DRxx is periodic in inverse magnetic field 1=B, which is
determined by the cosine term in Eq. (1). DRxx provides a direct

FIG. 2. The oscillatory component DRxx as a function of 1=B for (a) AlYN/GaN and (b) AlScN/GaN heterostructures. For AlYN/GaN, the oscillation period Dð1=BÞ ¼
0:0039 T%1 corresponds to a 2DEG density of ns " 1:23$ 1013 cm%2. In contrast, the smaller oscillation period of Dð1=BÞ ¼ 0:0027 T%1 in AlScN/GaN reflects a higher
2DEG density of ns " 1:81$ 1013 cm%2. Fast Fourier transform (FFT) analysis of DRxx vs 1=B shows a single dominant frequency for both samples. The 2DEG densities
extracted from both real-space oscillation period and reciprocal-space FFT analyses are consistent with low-field Hall effect measurements.
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measurement of the 2DEG density via the Onsager relation
ns ¼ ð2q=hÞ $ 1=Dð1=BÞ. Figures 2(a) and 2(b) show DRxx vs 1=B for
both the AlYN/GaN and AlScN/GaN 2DEGs. The oscillation period is
extracted as Dð1=BÞ ¼ 0:0039 T%1 for the AlYN/GaN 2DEG, corre-
sponding to a 2DEG density of ns " 1:23$ 1013 cm%2. For the AlScN/
GaN 2DEG, the smaller oscillation period, Dð1=BÞ ¼ 0:0027 T%1, cor-
responds to a higher 2DEG density of ns " 1:81$ 1013 cm%2.

Figures 2(c) and 2(d) present the fast Fourier transform (FFT)
analysis of DRxx vs 1=B for both samples. Prominent frequency peaks
of f ¼ 2576 1 T and f ¼ 380:765:5 T were obtained for the AlYN/
GaN and AlScN/GaN 2DEGs, respectively. The FFT frequency can be
used to calculate the 2DEG density via the relation, ns ¼ ð2q=hÞ $ f ,
yielding ns " 1:24$ 1013 cm%2 for AlYN/GaN and ns " 1:84
$1013 cm%2 for AlScN/GaN. The 2DEG densities extracted from both
real-space Dð1=BÞ and reciprocal-space FFT analyses are consistent
with the low-field Hall-effect measurements.

The effective mass of the 2DEG at the Fermi level can be deter-
mined from temperature-dependent SdH oscillations measured at a
fixed B field. Figures 3(a) and 3(b) show the damping of the peak
DRxx with increasing cryogenic temperature at various B fields for
both samples. For each B field, the data were fitted to the thermal
damping factor v=sinhðvÞ in Eq. (1), yielding an electron effective
mass of m! ¼ ð0:2460:01Þme for AlYN/GaN 2DEG and m! ¼
ð0:2560:01Þme for AlScN/GaN 2DEG, where me is the free electron
mass. The increasedm! compared to bulk GaN is likely due to a com-
bination of band nonparabolicity46 and electron–phonon (polaron)
coupling.47 Since the electron wavefunction in AlScN/GaN and
AlYN/GaN heterostructures is primarily confined within the GaN
channel with slight penetration into the AlN interlayer (see Fig. S2),
the polaron effect is expected to be similar to that in AlGaN/GaN.
Given that the 2DEG density at AlScN/GaN and AlYN/GaN interfa-
ces typically exceeds ns¼1013 cm%2, electron–phonon screening is

strong, suggesting that band nonparabolicity is likely the dominant
contributor to the enhanced electron effective masses.

The values extracted from SdH oscillations in this work are in
good agreement with recently published data obtained using terahertz
optical Hall effect measurements at 40K, which show m! ¼
0:2% 0:23me for AlYN/GaN with ns ( 1$ 1013 cm%2 andm! ¼
0:25% 0:27me for AlScN/GaN with ns ¼ 2% 2:7$ 1013 cm%2.48

Figure S3(a) in the supplementary material shows a comparison of
experimentally reported values of m! extracted from SdH oscillations
as a function of ns in AlYN and AlScN barriers of this work with those
reported for AlGaN, AlN, and AlIn(Ga)N barrier heterostructures in
prior reports.

Landau levels exhibit a finite broadening due to their coupling
with scattering potentials arising from structural disorder. This broad-
ening is quantified by the quantum scattering lifetime sq, which gov-
erns the exponential decay of the DRxx amplitude with increasing 1/B
at a fixed temperature. For a given temperature, sq is extracted by fit-
ting the disorder-related damping term e%p=ðxcsqÞ from Eq. (1) to the
Dingle plot, where ln ðA!sinhðvÞ = vÞ is plotted vs 1=B, and A! denotes
the absolute value at the valley of DRxx. The slope from the linear fit of
a Dingle plot is equal to %pm!=ðqsqÞ, from which one can calculate
sq. For both samples, the low-frequency components were filtered out,
leaving only the main FFT peak. An inverse FFT was then applied to
this FFT peak to reconstruct the oscillations, which were subsequently
used for the Dingle analysis. As shown in Fig. 4, sq is determined to be
sq ¼ 6862 fs for the AlYN/GaN 2DEG and sq ¼ 7068 fs for AlScN/
GaN 2DEG.

While the quantum scattering lifetime sq has no dependence on
the scattering angle, the momentum scattering time sm is weighted by
the factor of 1=ð1% cos hÞ, with h denoting the scattering angle.49 For
isotropic scattering, the ratio sm=sq goes to unity, and values much
larger than unity indicate anisotropic scattering mechanisms. The

FIG. 3. Temperature dependence of peak DRxx at various B fields for (a) AlYN/GaN and (b) AlScN/GaN samples. The solid curves represent the fits to v=sinhðvÞ in Eq. (1) to
extract the electron effective mass, yielding m! ¼ ð0:2460:01Þme for the AlYN/GaN 2DEG and m! ¼ ð0:2560:01Þme for the AlScN/GaN 2DEG.
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momentum scattering time sm is extracted from the low-field Hall
mobility using the Drude relation l ¼ esm=m!: At 10K, Hall-effect
measurement yields sm ¼ 496 fs for the AlYN/GaN 2DEG and the
Dingle ratio is sm=sq ( 7:3. For AlScN/GaN, the 10K Hall-effect
result obtained from the second 1 cm2 sample yields sm ¼ 289 fs and a
Dingle ratio of sm=sq ( 4:1. The Dingle ratio > 1 indicates the pres-
ence of long-range scattering potentials.

The Dingle value indicates the presence of long-range scattering
potentials. A potential candidate is Coulomb scattering,50 possibly aris-
ing from charged dislocations,51 charge centers like impurities in the
barriers,24,25 or microscopic strain-induced defects from the barrier
layers, whose long range strain fields reach the channels.52 Due to a
3.4% lattice mismatch, heteroepitaxial growth of wurtzite GaN on
hexagonal 4H-SiC results in a high threading dislocation density of
108–1010 cm%2. In addition, high oxygen and carbon levels have been
detected in the MOCVD-grown AlScN and AlYN barrier layers,35,38

and the influence is reflected in the measured capacitance–voltage
characteristics.34 Jena et al. reported that among Coulombic scattering
mechanisms, the Dingle ratio is substantially larger for dislocation
scattering than for impurity scattering.50 Figure S3(b) in the supple-
mentary material compares the sq reported here with 2DEGs in bar-
riers other than AlYN and AlScN. Reduction of Coulomb scattering
(e.g., by dislocations and barrier impurities) can improve the quantum
scattering time in future AlYN/GaN and AlScN/GaN structures.

In summary, we report the observation of SdH oscillations in
GaN 2DEGs with novel AlYN and AlScN barriers grown by MOCVD.
The oscillation periodicity provides a direct measurement of the 2DEG
density, in agreement with low-field Hall-effect measurements.
Analysis of the thermal damping yields the electron effective mass,
with m! ¼ ð0:2460:01Þme for the AlYN/GaN 2DEG and m!

¼ ð0:2560:01Þme for the AlScN/GaN 2DEG. Furthermore, analysis
of the Dingle plot reveals quantum scattering time of sq ¼ 6862 fs for
the AlYN/GaN 2DEG and sq ¼ 7063 fs for the AlScN/GaN 2DEG.
These results demonstrate quantum transport in AlScN/GaN and
AlYN/GaN heterostructures and lay the foundation for future

investigations into the materials science, fundamental physics, and
device applications of these emerging nitride semiconductors.

See the supplementary material for (1) the calculated energy band
diagrams and electron density profiles for both AlYN/GaN and AlScN/
GaN samples, (2) the background resistance of SdH oscillations, and (3)
comparisons of experimentally reported electron effective mass m! and
quantum scattering time sq extracted from SdH oscillations in AlYN
and AlScN barriers in this work with those reported for AlGaN, AlN,
and AlIn(Ga)N barrier heterostructures in prior reports.
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