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ABSTRACT

AlScN is attractive as a lattice-matched epitaxial barrier layer for incorporation in GaN high electron mobility transistors due to its large
dielectric constant and polarization. The transport properties of polarization-induced two-dimensional (2D) electron gas of densities of
�2� 1013/cm2 formed at the AlScN–GaN interface is studied by Hall-effect measurements down to cryogenic temperatures. The 2D electron
gas densities exhibit mobilities limited to �300 cm2/V s down to 10K at AlScN/GaN heterojunctions. The insertion of a �2 nm AlN inter-
layer boosts the room temperature mobility by more than five times from �300 cm2/V s to �1573 cm2/V s, and the 10K mobility by more
than 20 times to �6980 cm2/V s at 10K. These measurements provide guidelines to the limits of electron conductivities of these highly polar
heterostructures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0108475

AlGaN/GaN-based nitride semiconductors have attracted signifi-
cant research interest due to their application as high-electron mobility
transistors (HEMTs) in high-frequency, high-power microwave, and
millimeter-wave technologies.1 The polarization discontinuity in
nitride heterostructures enables the formation of two-dimensional
electron gases2 (2DEGs) and 2D hole gases (2DHGs)3 with high car-
rier densities. The mobility of 2DEGs at AlGaN–GaN interfaces is
high and can be engineered by varying the alloy composition and bar-
rier thickness; AlGaN/GaN HEMTs with carrier densities on the order
of�1013 cm�2 are routinely achieved.4

The epitaxial strain in the barrier AlGaN layers grown on relaxed
GaN substrates limits the composition, thickness, scaling capability,
and 3D stacking for multiple channels, in addition to limiting the reli-
ability when the devices are stressed.5,6 Therefore, the advent of epitax-
ial AlInN layers that are lattice matched to GaN enabled the growth of
thick barriers and even their use in Bragg reflectors photonic devices
without the constraint of strain.7 A similar advance in the last few
years is of epitaxial AlScN barriers that also possess the potential for
lattice-matching to GaN,8–10 with the additional advantage of high

dielectric constant11 and potentially also ferroelectricity.12–14 To date,
the transport properties of 2DEGs formed at AlScN/GaN heterojunc-
tions has not been investigated in detail. In this work, the transport
properties of polarization-induced 2DEGs at AlScN/GaN junctions
are found to be closer to that observed in AlInN/GaN junctions and
both differ fundamentally from that in Al(Ga)N/GaN junctions.

AlScN/GaN HEMTs are in many ways analogous to AlInN/GaN
HEMTs, which have been widely studied over the past decade. Having
strong spontaneous polarization and lattice matching to GaN, AlInN
enables high carrier density.15,16 However, growing alloys of AlGaN,
InGaN, AlInN, and AlScN on GaN directly leads to strong alloy scat-
tering and, subsequently, a lower mobility.17,18 By adding a thin
AlN interlayer between the GaN channel and the AlInN barrier,
AlInN/AlN/GaN HEMTs with high room-temperature electron
mobility and low sheet resistance have been demonstrated.15,19,20

Similarly, AlScN/GaN HEMTs are found to need an AlN interlayer to
improve electron mobility and reduce sheet resistance.21–23 However,
low temperature electron mobility values and the physics behind elec-
tron transport in AlScN/GaN heterostructures have not been reported.
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Through temperature-dependent Hall-effect measurements and
modeling of electron scattering mechanisms in semiconductors, this
work discusses the mobility limits in AlScN/GaN heterostructures.

AlScN/GaN and AlScN/AlN/GaN heterostructures for this study
were epitaxially grown in a reactive nitrogen environment using a
Veeco GenXplor MBE system. Metals (Al, Sc, and Ga) were provided
from Knudsen effusion cells. Sc specifically was provided from a high
temperature effusion cell. Reactive nitrogen was supplied using 200W
RF nitrogen plasma power and 1.95 sccm flow rate. Metal fluxes were
characterized by measuring beam equivalent pressures (BEPs) from a
beam flux monitor (BFM). Sc and Al atomic compositions were
adjusted by changing the ratio of Sc and Al fluxes from effusion cells.
The AlScN layers were grown under nitrogen-rich conditions with III/
V ratio of 0.85 at a substrate temperature of 600 �C, measured by a
thermocouple.

For each sample, a 300-nm-thick MBE GaN buffer layer was epi-
taxially grown under Ga-rich conditions on a semi-insulating
GaN–SiC template. Two series of samples were grown to study the
effect of an interlayer in the HEMT structure. The first series includes
AlScN/GaN samples grown without an AlN interlayer in which the
AlScN barrier was grown directly on top of GaN [Fig. 1(b)]. Excess Ga

was thermally desorbed before AlScN growth to prevent Ga incorpora-
tion into AlScN. The second series consists of AlScN/AlN/GaN sam-
ples in which a thin (2 nm) interlayer of AlN was introduced between
the GaN channel and the AlScN barrier [Fig. 1(a)]. The excess Ga was
not thermally desorbed before the growth of the AlN interlayer growth
to enhance the surface adatom mobility. The excess Ga was thermally
desorbed prior to the growth of the AlScN. Finally, a 2.5nm GaN cap
layer was grown on top of the AlScN barrier [Fig. 1(a)].

Structural and morphological information were obtained from
high-resolution x-ray diffraction (HR-XRD) and atomic force micros-
copy (AFM), respectively. The surface root mean squared (rms)
roughness of AlScN/GaN samples were�1nm, with features originat-
ing from threading dislocations from the GaN–SiC substrate. Room
temperature and cryogenic electrical properties of the samples were
investigated by a Nanometrics Hall system. Temperature-dependent
characterization of electrical properties was conducted using a
Lakeshore Hall system with magnetic field varied between�1 and 1 T.
All Hall measurements employed the van der Pauw configuration.

Temperature-dependent Hall effect measurements were per-
formed from 10 to 300K using a van der Pauw geometry. Figure 1
shows the heterostructure schematics, along with their corresponding

FIG. 1. (a) Schematic sample structure of AlScN/AlN/GaN series with an AlN interlayer and a thin nucleation layer. (b) Schematic sample structure of AlScN/GaN series without
an AlN interlayer. (c) Representative 10� 10 lm2 AFM micrograph of the AlScN/GaN sample reported in this work; the rms roughness of this sample is 1.08 nm.
Temperature-dependent (d) Hall mobility, (e) sheet carrier density, and (f) sheet resistance of AlScN/AlN/GaN and AlScN/GaN heterostructures. Using an AlN interlayer, a high
electron mobility of 1573 cm2/V s is obtained. Without the AlN interlayer, a lower mobility of �300 cm2/V s is obtained. In the AlScN/AlN/GaN structure, electron mobility
increases as a function of decreasing temperature, and the sheet carrier density is roughly constant, which is indicative of expected 2DEG electronic transport. Accordingly,
the sheet resistance decreases as the temperature is lowered. In the AlScN/GaN structure, sheet carrier density, mobility and sheet resistance remain relatively constant with
respect to temperature.
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temperature-dependent electron mobility, sheet carrier density, and
sheet resistance. Without the AlN interlayer, the Hall mobility is lim-
ited to below 300 cm2/V s at room temperature. The carrier density
and mobility in AlScN/GaN are comparable to those of Si MOSFETs.
Lowering temperature does not significantly impact the Hall mobility,
with the highest mobility le ¼ 367 cm2/V s observed at 150K.
Similarly, sheet carrier density ns showed a weak temperature depen-
dence, decreasing from 2.20� 1013 cm�2 (300K) to 1.87� 1013 cm�2

(150K) then slightly increasing to 2.05� 1013 cm�2 (10K). The sheet
resistance Rs varies between 906 and 1076 X=�. A typical 2DEG
behavior would correspond to a small decrease in sheet carrier density
due to minimal carrier freeze out as temperature decreases.

However, the carrier density in the AlScN/GaN sample exhibits a
non-monotonic change with temperature, reaching a minimum at
150K. This behavior could potentially be due to parallel conduction.
By inserting an AlN interlayer, a small monotonic decrease in ns from
1.93� 1013 cm�2 (300K) to 1.58� 1013 cm�2 (10K) corresponding to
2DEG behavior with slight carrier freeze out was observed. Drastic
changes in Hall mobility and sheet resistance further corroborate the
presence of a well-confined 2DEG at the AlN–GaN interface, with le
monotonically increasing from 1573 cm2/V s (300K) to 6980 cm2/V s
(10K) and Rs decreases from 206X=� (300K) to 57X=� (10K). The
strong temperature dependence of these transport characteristics in
the sample with an AlN interlayer suggests that the electron transport
is regulated by different scattering mechanisms in different tempera-
ture regimes.

Using the one-dimensional (1D) Poisson solver,24 one-
dimensional Schr€odinger and Poisson equations were solved self-
consistently for the energy band diagrams and electron distribution
function of Al0.82Sc0.18N/GaN heterostructures with and without
the AlN interlayer (Fig. 2). Using a surface Schottky barrier of 2 eV,
a theoretical calculation suggests ns ¼ 0.63� 1013 cm�2 and ns ¼ 2.23
� 1013 cm�2 for 5 nm AlScN/GaN and 5nm AlScN/2nm AlN/GaN
heterostructures, respectively. Increasing the AlScN thickness enhan-
ces the polarization-induced 2DEG density (Fig. S1). As electron
mobility is dependent on sheet density in polar nitride heterostruc-
tures, thicker AlScN barriers (10 and 20nm) were grown without an
AlN interlayer to achieve similar sheet densities between AlScN/GaN
and AlScN/AlN/GaN heterostructures (Fig. S2). The 10nm AlScN/
GaN sample showed slightly lower ns ¼ 1.84� 1013 cm�2 but higher
Rs ¼ 1572 X=� and lower le ¼ 215 cm2/V s (300K). Thus, the 20 nm
AlScN/GaN sample was compared with the AlScN/AlN/GaN sample
to best illustrate the effect of the AlN interlayer (Fig. 1). The experi-
mental sheet densities are lower than predicted values, likely due to
the fewer surface states being ionized at the GaN cap.25 Owing to the
high conduction band offset between GaN and Al0.82Sc0.18N,

26 elec-
tron wavefunction penetration into the AlScN barrier is not signifi-
cant. However, this penetration can be nearly eliminated by
introducing a thin AlN interlayer. Although electrons in AlN have a
higher effective mass than GaN, less than one percent of electrons pen-
etrate into the AlN interlayer. The AlN interlayer helps minimize
effects of alloy scattering between the Al0.82Sc0.18N barrier and the
GaN channel. Another effect of the AlN interlayer is the enhanced car-
rier confinement. Due to a shallower potential well at the AlScN–GaN
interface, the electron wavefunction is more loosely confined when an
AlN interlayer is not used (Fig. 2). Thus, the positive impact of AlN
observed experimentally is corroborated by simulations.

Figure 3 summarizes transport properties of AlScN/AlN/GaN
heterostructures. At 206 X=�, the AlScN/AlN/GaN structure dis-
cussed in this work achieves one of the lowest room temperature sheet
resistances reported to date. Although higher mobility and high carrier
density AlN/GaN structures have been reported in the past,27–30 AlN
suffers from a low critical thickness (e.g., 6–7 nm) due to the lattice
mismatch and accompanying tensile strain between AlN and GaN
when grown on relaxed GaN layers.9,27 On the other hand, AlScN can
be lattice-matched to relaxed GaN, which allows for enhanced tunabil-
ity in both the sheet carrier density and barrier layer thickness. In addi-
tion, the enhanced relative dielectric permittivity of AlScN is attractive
for device scaling.11 The electron mobility of 6094 cm2/V s at 77K and
6980 cm2/V s at 10K for the AlScN/AlN/GaN heterostructure are the
highest values reported to date for scandium containing nitride epitax-
ial heterostructures.

The temperature-dependent Hall mobilities are compared to a
theoretical model to explore the dominant scattering mechanisms.33

The model includes intrinsic scattering mechanisms from polar optical

FIG. 2. 1D Poisson equilibrium band diagram of (a) AlScN/GaN and (b) AlScN/AlN/
GaN heterostructures. The square of the highest occupied energy level of the elec-
tron wavefunction in the 2DEG is shown in both heterostructures. AlN serves an
interlayer to enhance electron wavefunction confinement and block electron wave-
function penetration into the AlScN barrier. Electric field profile changes across the
AlScN–AlN interface because AlScN is a high-j dielectric material.11
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phonons (POP), acoustic phonons due to deformation potential, and
piezoelectric (PZ) scattering. The model also includes extrinsic scatter-
ing mechanisms such as ionized impurity, dislocation, alloy disorder,
and interface roughness (IR). The parameters used in these calcula-
tions are shown in Table I. The theoretical mobility obtained from this
model is compared with the experimental Hall mobility of the AlScN/
AlN/GaN sample (Fig. 4).

The intrinsic scattering mechanism due to polar optical phonons
dominates the transport characteristics at temperatures above 200K.
The experimental mobility measured near room temperature is higher
than the theoretically estimated mobility for the polar optical phonon
limit (Fig. 4). A similar effect is observed in high quality AlN/GaN
HEMT heterostructures, where experimental mobility slightly exceeds
the phonon-limited mobility predicted by theoretical models.30 If
extrinsic scattering mechanisms are not dominant, Hall mobility
should drastically increase at low temperature to follow the phonon-
limited mobility values.

From the theoretical model, electron mobility at low tempera-
tures is regulated by a combination of acoustic phonon scattering and
a temperature-independent extrinsic mechanism. By adding an AlN
interlayer, alloy disorder scattering is suppressed and is not the limit-
ing factor of low-temperature Hall mobility. Dislocation scattering and
ionized impurity scattering also do not have noticeable effects on the

FIG. 3. Comparison of electron mobilities for various AlScN–AlN–GaN 2DEGs as a
function of sheet carrier density at (a) 300 and (b) 77 K. Constant sheet resistance
contour plots are shown.8,10,22,23,31,32

TABLE I. Summary of constants used and results extracted from the calculation of
scattering mechanisms in AlScN/AlN/GaN.

Quantitya Value (unit)

Lattice constant (GaN), a0 3.189 (Å)
Lattice constant (GaN), c0 5.185 (Å)
Relative dielectric constant (GaN), er 8.9 (e0)
LO phonon energy 92 (meV)
Effective mass in GaN, m� 0.22 (m0)
Effective mass in Al0.82Sc0.18N,

b m�
b 0.46 (m0)

Alloy scattering potential, V0 1.8 (eV)
Acoustic deformation potential 8.3 (eV)
Conduction band offset,c DEc 2.0 (eV)
Thickness variation, d 5.185 (Å)
Correlation length, k 41.457 (Å)

aParameters affecting theoretical modeling of scattering mechanisms.33
bCalculated electron effective mass in Al0.82Sc0.18N.

37

cConduction band offset between Al0.82Sc0.18N and GaN.26

FIG. 4. Overlaid electron mobility limiting mechanisms with temperature-dependent
Hall effect data (red circles). Matthiessen’s rule was utilized to calculate a total
mobility (dashed line) from contributing scattering mechanisms. Acoustic deforma-
tion (ADP) and piezoelectric (PZ) phonon scatterings weakly limit mobility near
room temperature. At room temperature, the electron mobility is limited by an intrin-
sic scattering mechanism: polar optical phonons (POP). Accordingly, changes in
growth conditions will not improve the electron mobility. At low temperatures, the
electron mobility is limited by an extrinsic scattering mechanism: interface rough-
ness scattering (IR). Here, changes in growth conditions can improve the electron
mobility. The effects of ionized impurity, dislocation and alloy disorder scatterings
are negligible given the parameters used in the model.
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Hall mobility for dislocation density up to 5� 1010 cm�2 and ionized
impurity density up to 1018 cm�3. Instead, interface roughness scatter-
ing limits the electron mobility at low temperature, as shown in Fig. 4.
Interface roughness scattering can be characterized by two parameters:
thickness variation (d) and correlation length (k). A rougher interface
corresponds to a higher d and a shorter k. It is important to note that
d and k are dependent on each other and a more general indicator of
interface quality is the k/d ratio. Studies on transport characteristics of
AlGaN/GaN HEMT heterostructures have reported k/d ratio between
5 and 10.19,34–36 For a high quality growth, the vertical thickness varia-
tion d varies between one and three monolayers and can be correlated
with rms roughness. In this work, d was chosen to be the length along
c-axis of a GaN unit cell (d ¼ 5.185 Å), or two monolayers. This value
is close to the measured rms roughness obtained from atomic force
microscopy images. By fitting the theoretical model to experimental
data, d¼ 5.185 Å and k¼ 41.457 Å were estimated (Table I). The ratio
k/d � 8 agrees well with reported values in high quality AlGaN/GaN
heterostructures.19,34,36

Experimentally, there is a stark difference between electron mobi-
lities of samples with and without the AlN interlayer at low tempera-
ture [Fig. 1(d)]. Electron mobility of the AlScN/GaN sample remains
relatively constant with respect to temperature, suggesting a combina-
tion of temperature-independent, extrinsic scattering mechanisms at
play. Based on similar rms roughness values obtained from AFM anal-
ysis, interface roughness scattering does not change significantly
between samples. As previously discussed, extrinsic scattering mecha-
nisms such as ionized impurity scattering and dislocation scattering
do not have a significant impact on carrier mobility at the levels of
impurity and dislocation density expected in these samples. Therefore,
the drop in mobility in AlScN/GaN sample could be due to alloy scat-
tering. The effect of alloy scattering at the AlScN–GaN interface on 2D
electron mobility is given by

l2dalloy ¼
q�h3

ðm�Þ2X0V2
0xð1� xÞ

2
jbP2

b

; (1)

where q is the electron charge, �h is the reduced Planck constant, m�

¼ 0.22m0 is the effective mass of electron in the GaN channel, X0

¼
ffiffiffi
3

p
=8

� �
a20c0 is the scattering volume, V0 is the alloy scattering

potential, x is the Sc composition, and jb ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2m�

bDEcÞ=�h
2

q
is the

inverse penetration depth of electrons into the alloy barrier and is
dependent on the conduction band offset DEc and the effective mass
of electron in the alloy barrier m�

b . The penetration probability Pb of
electrons into the alloy barrier is given by

Pb ¼
2b3

bþ jb
m�

mb

� �2

þ 2b bþ jb m�

mb

� �
þ 2b2 1þ b

jb

� � ; (2)

where b ¼ ½ð33m�q2n2dÞ=ð8es�h2Þ�1=3 is the variational Fang–Howard
wavefunction parameter that quantifies the spatial spread of the
2DEG, and es ¼ 8:9e0 is the static permittivity of GaN.33

Using DEc ¼ 2.0 eV and m�
b ¼ 0.46m0 for Al0.82Sc0.18N,

26,37 an
unreasonably high scattering potential of V0 � 50 eV would be neces-
sary explain le � 300 cm2/V s observed in AlScN/GaN sample.
Because the alloy scattering potential is limited by band offsets of semi-
conductors, it should be much smaller. For comparison, scattering

potentials reported in AlGaN and InGaN are between 1.3 and
2.3 eV.17,38,39 The extreme alloy scattering potential needed to match
the current experimental results suggests a limitation of the theoretical
model.

Fermi’s Golden Rule is used to derive the alloy scattering rate
results mentioned earlier. Different than AlN and GaN, and their
alloys where the conduction band is dominated by s-orbital character,
the localized nature of the d-orbitals of Sc atoms in AlScN could gen-
erate a strong conduction band perturbation, resulting in stronger
alloy scattering effect that would violate the Fermi Golden Rule and
Born approximation. In addition, the bandgap mismatch in AlScN
between the constituent binaries AlN and ScN is much larger than
AlN/GaN or even GaN/InN. They are similar to the bandgap differ-
ence between AlN and InN, and it is interesting to observe that the
mobilities of AlScN/GaN 2DEGs are similar to those in InAlN/GaN
2DEGs without the AlN interlayers. The effect of higher order scatter-
ing events beyond the Born approximation has been observed in and
discussed for dilute nitride semiconductors. In such mismatched
alloys, the conduction band perturbation was incorporated to help
explain why experimental mobilities are substantially lower than pre-
dicted by Born approximation and weak alloy scattering.40 A future
study adapting alloy scattering models for the scattering of electrons
due to conduction band perturbation is needed to elucidate the 2DEG
mobility limit observed in AlScN/GaN 2DEGs in this work.

In conclusion, temperature-dependent transport properties of
MBE AlScN/GaN HEMT heterostructures were performed down to
10K, revealing the underlying scattering mechanisms that affect the
electron mobility in AlScN/GaN heterostructures. At high tempera-
tures, transport properties of AlScN/GaN HEMT heterostructures are
intrinsically limited by polar and acoustic phonon scattering. In the
absence of an AlN interlayer, AlScN/GaN heterostructures suffer from
strong alloy and interface roughness scattering. By introducing an AlN
interlayer, alloy scattering is minimized, as demonstrated by theoreti-
cal simulation and experimental data. In AlScN/AlN/GaN samples,
transport properties are dominated by interface roughness scattering
at low temperature. The use of Ga droplets as a wetting method allevi-
ates effects of interface roughness scattering, yielding a room tempera-
ture mobility of 1573 cm2/V s and sheet resistance of 206 X=� at a
sheet carrier density of 1.93� 1013 cm�2. A record high electron
mobility of 6980 and 6094 cm2/V s and a record low sheet resistance
of 57 and 63 X=� were also measured at 10 and 77K, respectively.
AlScN/AlN/GaN heterostructures grown by MBE demonstrate similar
transport properties to some of the best reported AlN/GaN heterostruc-
tures. More importantly, the strong piezoelectric and spontaneous polar-
ization provided by AlScN enables tunable carrier density in GaN-based
2DEGs, especially in the high carrier density regime (>3� 1013 cm�2).
The ability to achieve high mobility and high carrier density in AlScN/
GaN HEMT heterostructures and to understand the mechanisms that
limit electron mobility allows for the merging of the promising physical
properties of epitaxial AlScN with nitride semiconductors.

See the supplementary material for a comparison of predicted
and measured sheet carrier densities and for further electrical trans-
port data on AlScN/GaN HEMT heterostructures.
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