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ABSTRACT

Polarization-induced carriers play an important role in achieving high electrical conductivity in ultrawide bandgap semiconductor AlGaN,
which is essential for various applications ranging from radio frequency and power electronics to deep UV photonics. Despite significant
scientific and technological interest, studies on polarization-induced carriers in N-polar AlGaN are rare. We report the observation and prop-
erties of polarization-induced two-dimensional electron gases (2DEGs) in N-polar AlGaN/AlN heterostructures on single-crystal AlN sub-
strates by systematically varying the Al content in the 8 nm top layers from x¼ 0 to x¼ 0.6, spanning energy bandgaps from 3.56 to 4.77 eV.
The 2DEG density drops monotonically with increasing Al content, from 3.8� 1013/cm2 in the GaN channel, down to no measurable con-
ductivity for x¼ 0.6. Alloy scattering limits the 2DEG mobility to below 50 cm2/V s for x¼ 0.49. These results provide valuable insights for
designing N-polar AlGaN channel high electron mobility transistors on AlN for extreme electronics at high voltages and high temperatures,
and for UV photonic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0145826

Highlighted by many figure-of-merits of device performance
which scale non-linearly with energy bandgap, ultrawide bandgap
(UWBG) semiconductors, such as Ga2O3, AlGaN, and diamond, rep-
resent an emerging area of research in materials, physics, device, and
applications ranging from radio frequency (RF) and power electronics,
deep-UV photonics as well as quantum computing and applications
under harsh environments.1,2 AlGaN, possessing a bandgap that can
be tuned from 3.4 to over 6 eV by controlling the Al composition in
the alloy, has garnered significant research and technological interest
as a building block for various electronic and photonic applications.3–6

In addition to the wide range of energy bandgaps it can cover, AlGaN
is the only UWBG material where conductive channels (both p-type
and n-type) can be induced by polarization engineering without chem-
ical doping.7,8

Unlike in metal-polar AlGaN,3,4,8–10 reports on polarization-
induced electrons in N-polar AlGaN, however, have been lim-
ited.11,12 Analogous to the polarization-induced two-dimensional
electron gases (2DEGs) observed at metal-polar AlyGa1�yN/
AlxGa1�xN heterointerfaces (y> x),3,4,9 the positive polarization
charge and conduction bandoffset at the heterointerface should also
generate a 2DEG in a N-polar AlGaN/AlN heterostructure. Such
2DEGs, despite being largely unstudied, can be used as the channels
for N-polar AlGaN channel high electron mobility transistors
(HEMTs) on AlN where the absence of top barriers can potentially
mitigate the issue of poor electrical contacts faced by their metal-
polar counterparts while simultaneously taking advantage of the
large breakdown fields of the wide bandgap AlGaN channel and AlN
barrier.11,12
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In addition to the energy bandgap of the channel, the properties
of 2DEGs in N-polar AlGaN/AlN heterostructures are also expected
to be tunable by varying the Al composition in AlGaN.9 Besides a sig-
nificant scientific interest in understanding carrier transport in N-
polar AlGaN, a systematic study of the compositional dependence of
the structural, electrical, and optical properties of N-polar AlGaN/AlN
heterostructures is of technological importance as these properties
translate directly to the device performance. Moreover, since structural
defects are known to affect the properties of a material and degrade
device performance,13–16 it is desirable to explore how N-polar
AlGaN/AlN structures on lattice-matched, structurally pure single-
crystal AlN substrates with dislocation densities <104/cm2 compare
with the commonly used foreign substrates such as SiC or sapphire
where the large lattice mismatch between AlN and the substrates leads
to high density of dislocations (�109/cm2).11,12,17

In this work, we investigated the formation and properties of
polarization-induced 2DEGs in N-polar AlxGa1�xN/Al0.85Ga0.15N het-
erostructures (x¼ 0 to x¼ 0.6) on single-crystal AlN. The thicknesses
of the top AlxGa1�xN and bottom Al0.85Ga0.15N layers are �8 and
40 nm, respectively. Optical bandgaps of the top AlGaN layers
extracted from photoluminescence (PL) spectra span from 3.56 to
4.77 eV. In addition to a charge control from ns ¼ 3.8� 1013/cm2 at
x¼ 0 to ns ¼ 7.6� 1012/cm2 at x¼ 0.49 and eventually not measur-
able when x¼ 0.6, a decrease in electron mobility is observed
upon increasing Al content x, from �650 (x¼ 0) to �40 cm2/V s
(x¼ 0.49) at 300K, as expected from alloy scattering.

The epitaxial heterostructures shown in Fig. 1(a) were grown
using plasma-assisted molecular beam epitaxy (MBE) in a Veeco
GEN10 system equipped with standard effusion cells for Ga and Al
and a radio frequency plasma source for active N species. Two Al cells
were used for the growth of abrupt heterojunctions. KSA Instruments
reflection high-energy electron diffraction (RHEED) apparatus with a
Staib electron gun operating at 15 kV and 1.5A was used to in situ
monitor the growth front. Free-standing N-polar single-crystal AlN
substrates from Asahi-Kasei Corporation were used.5,18,19 After ex-situ
cleaning in acetone, isopropyl alcohol and de-ionized water (each for
10min), diced 7� 7mm2 AlN substrates were mounted in indium-
free holders, loaded into the MBE system and outgassed at 200 �C

overnight for 7 h. Before the growth of epi-layers, 100 cycles of in situ
Al-assisted surface cleaning were performed in the MBE growth cham-
ber to remove the native oxides and other chemical impurities from
the N-polar AlN substrate surface and to ensure that the overgrown
layers by MBE maintain N-polarity and not flip to metal-polarity.17

Details about the Al-assisted cleaning process can be found in our pre-
vious work.17,19,20

After the Al-assisted cleaning, a 500nm homoepitaxial AlN layer
was grown under optimized Al-rich growth condition.19,20 The excess
Al droplets were in situ desorbed at an elevated temperature of
�1200 �C before cooling down the substrate to �900 �C for the depo-
sition of a 40 nm undoped Al0.85Ga0.15N layer. After that, for the GaN
channel sample (x¼ 0), a 8 nm GaN layer was deposited at a lower
substrate temperature of �810 �C. A similar growth condition has
been used in our previous report.19 In contrast, for all the AlGaN
channel samples (x> 0), the 8 nm AlxGa1�xN channel layers were
grown at the same growth temperature as the Al0.85Ga0.15N layers
without growth interruption at the heterojunctions. The Al composi-
tions in the AlxGa1�xN layers were controlled via Al cell temperature.
All the AlGaN (and GaN) layers were grown under metal-rich growth
conditions and the substrates were held at the growth temperatures for
long enough after growth to in situ desorb excess Ga droplets before
cooling down to room temperature.

The purpose of inserting an Al0.85Ga0.85N “impurity blocking”
layer between AlN and the top AlxGa1�xN layers is to boost 2DEG
mobility by blocking unwanted impurities such as silicon “floating” on
the growth front of the AlN under the Al-rich growth condition from
reaching the top heterojunction where the 2DEG is desired.18,19,21,22

Figure 1(b) shows the symmetric 2h/x x-ray diffraction (XRD)
scans of the five samples shown in Fig. 1(a) measured using a
PANalytical Empyrean setup at 45 kV and 40mA with Cu Ka1 radia-
tion (1.5406 Å). The observation of thickness fringes indicates abrupt
hetero-interfaces. As x increases, the satellites/fringes are resolved
more clearly due to the better lattice match to the substrate. Moreover,
good agreement between the measured XRD spectra and the simula-
tions (not shown) based on the layer structures in Fig. 1(a) confirm
the realization of the targeted structures. Reciprocal space maps
(RSMs) around the asymmetric (105) diffraction peaks of GaN,

FIG. 1. (a) Schematic of the epitaxial layer structures in this study. (b) Symmetric 2h/x XRD scans across the (002) diffractions with various Al contents. [(c) and (d)] RSMs
across the asymmetric (105) diffractions taken from the samples with (c) x¼ 0 and (d) x¼ 0.6. (e) 10� 10 and (f) 2� 2 lm2 AFM micrographs of the as-grown surface with
x¼ 0.49, showing a smooth surface with parallel atomic steps.
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AlGaN and AlN were performed to quantify the strain of the AlGaN
(and GaN) layers. All the AlGaN and GaN layers in this study are
found to be fully strained to the underlying AlN. Figures 1(c) and 1(d)
show the representative RSM scans from the samples with x¼ 0 and
x¼ 0.6, respectively. Quantification of strain in the GaN and AlGaN
layers is important for understanding the transport properties since
strain affects the piezoelectric polarization and hence the 2DEG
density.

The surface morphologies of the samples were examined using
atomic force microscopy (AFM) in an Asylum Research Cypher ES
setup. Figures 1(e) and 1(f) show the as-grown surface morphology
with x¼ 0.49 as an example. Smooth surface free of spiral hillocks
with a low root mean square (rms) roughness of 0.5 nm was measured
in a 10� 10 lm2 area [Fig. 1(e)]. The zoomed in 2� 2 lm2 scan
shown in Fig. 1(f) reveals parallel atomic steps, suggesting a step-flow
growth mode. Similar surface morphologies with sub-nanometer rms
roughness in a 10� 10 lm2 scan and parallel atomic steps were also
observed from the other samples. No clear correlation between the
surface roughness and Al composition was observed.

Figure 2 shows the 300K photoluminescence (PL) spectra of the
five samples. All the samples were excited by a 193nm ArF excimer
laser from the top. Near band edge PL emission from the top AlGaN
channel layer is observed for all five samples. The top AlGaN layer PL
peaks at 348 nm (3.56 eV), 312 nm (3.96 eV), 300 nm (4.14 eV),
274 nm (4.52 eV), and 260nm (4.77 eV) for the GaN, Al0.2Ga0.8N,
Al0.33Ga0.67N, Al0.49Ga0.51N, and Al0.6Ga0.4N channel samples, respec-
tively. The PL peak blue-shifts when the Al composition x of the chan-
nel increases, providing a direct signature of the increasing bandgap of
the channel. It is noted that the apparent optical bandgap of the
AlGaN channel measured by PL could differ from the bulk bandgap
due to energy quantization, quantum-confined Stark effect (QCSE), and
strain. It is interesting to note that photon emission is also observed
from the wider bandgap Al0.85Ga0.15N back-barrier at�234 nm (5.3 eV)
from all the samples. A detailed analysis of the PL spectra is not
attempted here and is proposed for future work.

Hall-effect measurements were performed on the samples using
soldered corner indium contacts to the N-polar AlGaN channel
2DEGs. The results are summarized in Table I, together with the
energy bandgap obtained from PL. All samples, with the exception of
the one with Al0.6Ga0.4N channel, displayed measurable 2DEGs down
to cryogenic temperatures as expected due to their polarization-
induced origin. Figure 3(a) shows the simulated energy band diagrams
using a self-consistent Schr€odinger–Poisson solver for the channel Al
content x ¼ 0; 0:33; 0:6 with a surface barrier height q/B of 0.3 eV (as
has been reported for N-polar GaN19,23) and a zero electric field deep
inside the bulk AlN as boundary conditions. As shown in Fig. 3(b),
high-density 2DEGs are induced at the top AlxGa1�xN/Al0.85Ga0.15N
interfaces. The secondary channel at the bottom interface has been
found to show no measurable conductivity.19 The reason behind the
high resistivity of the secondary channel is still under investigation at
this point. One possible explanation is the localization in deep levels.

FIG. 2. Photoluminescence spectra of N-polar AlxGa1�xN/Al0.85Ga0.15N hetero-
structures with varying Al composition x of the top AlGaN channel layer at
T¼ 300 K, showing photon emission from all the samples.

TABLE I. Structural details of the N-polar AlxGa1�xN/Al0.85Ga0.15N HEMT heterostructures studied in this work, with the corresponding bandgap of the AlGaN channel measured
via PL and their 2DEG densities ns, mobilities l measured via Hall-effect at 300 and 77 K. Sheet resistance Rs of >103 kX/sq. indicates resistive samples in which the transport
could not be extracted using Hall effect measurements. The surface barrier heights q/b are extracted by fitting the simulation with the measured 2DEG densities.

Channel layer
Energy bandgap
from PL (eV)

n300Ks
(1013=cm2)

l300K

[cm2/(V s)]
R300K
s

(kX/sq.)
n77Ks

(1013=cm2Þ
l77K

[cm2/(V s)]
R77K
s

(kX/sq.)
q/b
(eV)

GaN 3.56 3.8 653 0.25 3.3 1430 0.13 0.4
Al0.2Ga0.8N 3.96 3.0 156 1.33 2.8 192 1.16 0.5
Al0.33Ga0.67N 4.14 2.0 101 3.09 1.7 105 3.5 1.0
Al0.49Ga0.51N 4.52 0.76 43 19.12 0.69 39 23.22 1.7
Al0.6Ga0.4N 4.77 � � � � � � >103 � � � � � � >103 � � �
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The following discussion will focus only on the 2DEGs at the top
heterointerface.

With increasing Al content in the channel, the conduction band
edge Ec at the top heterointerface moves up toward the Fermi level
[Fig. 3(a)] and the 2DEG density decreases [Fig. 3(b)]. While the
energy band diagram simulation with a fixed surface barrier height of
0.3 eV qualitatively explains the diminishing trend of 2DEG density
with increasing Al content in the channel, it predicts a high density
(ns > 1� 1013/cm2) 2DEG at Al0.6Ga0.4N/Al0.85Ga0.15N, which con-
trasts the absence of any measurable conductivity in that sample.
Meanwhile, it also predicts a 2DEG density of ns > 1:7� 1013/cm2 for
x¼ 0.49, which is more than a factor of 2 overestimate of the mea-
sured 2DEG density of 0.76� 1013/cm2. This is further illustrated in
Fig. 4(a): although the measured 300K 2DEG density for x � 0:2
agrees reasonably well with the simulation with q/B ¼ 0:3 eV, the
measured 2DEG density drops much faster than is predicted for
x � 0:33, which indicates a substantial deviation from fixed surface
barrier height q/B ¼ 0.3 eV for high Al content AlGaN channel. For
example, a surface barrier height of �2 eV is expected for x¼ 0.49
from Fig. 4(a). The surface barrier height q/B that matches the simu-
lated 2DEG density at AlxGa1�xN/Al0.85Ga0.15N interface with the
measured value at 300K for each sample is listed in the last column of
Table I. The increase in surface barrier height with increasing Al com-
position has been reported for metal-polar AlGaN using x-ray photo-
electron spectroscopy (XPS) technique.24 It is interesting that a similar
trend is also observed for N-polar AlGaN.

Figure 4(b) shows the measured 77 (filled symbols) and 300K
(hollow symbols) Hall effect mobilities as a function of Al composition
x. The 2DEG mobility degrades monotonically with increasing Al

FIG. 3. (a) Simulated energy band diagrams for three different Al compositions
x ¼ 0 (green), 0.33 (brown), and 0.6 (blue) with a surface barrier height
q/B � 0.3 eV. (b) Simulated electron densities confirm the presence of high-
density 2DEGs at AlxGa1�xN/Al0.85Ga0.15N interfaces. The secondary channel at
the bottom interface does not show measurable conductivity.19

FIG. 4. (a) Measured 2DEG Hall densities at 77 K (filled circles) and 300 K (hollow circles) as a function of Al composition x in the AlGaN channel layer for different samples.
The simulated 2DEG densities (gray lines) are also plotted as a function of Al composition for different surface barrier heights q/B (inset) and show good agreement with the
experimental data. (b) 77 K (filled circles) and 300 K (hollow circles) electron mobilities as a function of Al composition x in the AlGaN 2DEG channel. The gray curves show
the calculated alloy scattering mobilities for different carrier densities ns for the same alloy scattering potential UAL¼ 2 eV which confirms that the major scattering mechanism
in high Al composition AlGaN channel 2DEGs is alloy scattering. (c) Sheet conductivity vs energy bandgap from PL for various Al compositions. High conductivity is desired
for high current, whereas large energy bandgap is preferred for high breakdown voltage.
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composition x, from l > 1400 cm2/V s for x¼ 0 to l < 50 cm2/V s
for x¼ 0.49 at 77K. It is apparent that the 77K mobility shows
>2� increase compared to its 300K value for the GaN channel
(x¼ 0) as expected due to freeze out of phonon scattering. A slight
increase in low-temperature mobility is also observed for Al0.2Ga0.8N
channel compared to its room-temperature value, whereas the change
is almost negligible for Al0.33Ga0.67N and Al0.49Ga0.51N channel
2DEGs. Both the decrease in 2DEG mobility with increasing Al con-
tent and the negligible temperature dependence in high Al content
AlGaN channels can be explained by alloy disorder scattering, which
is temperature independent.25 The alloy scattering limited mobility is
known to follow a U-shaped curve as a function of alloy composition
x due to the 1=fxð1� xÞg dependence.26 As a result, within the alloy
composition range studied in this work, an increase in Al content x
should lead to a decrease in 2DEG mobility. The lines in Fig. 4(b) plot
the alloy scattering limited 2DEG mobility as a function of Al content
for given 2DEG densities ranging from 1� 1013 to 4� 1013/cm2. An
alloy scattering potential UAL¼ 2 eV gives a good fit to the experimen-
tal data and falls in the typical range of UAL (between 1.3 and 2.2 eV)
reported for metal-polar AlGaN.9,27–29 The nearly temperature-
independent 2DEG mobilities in high Al content AlGaN channels are
attractive for applications that require stable operation at high and var-
iable temperatures.

As mentioned earlier, the N-polar AlGaN/AlN 2DEGs observed
here can be the enablers for N-polar AlGaN channel HEMTs on AlN.
These devices are expected to bring compelling advantages over their
GaN channel counterparts, which have been demonstrated recently
with promising DC and RF characteristics such as an on-current of
2.6A/mm and a maximum oscillation frequency (fmax) of
100GHz.30,31 In addition, thanks to the absence of top barriers,
exploiting AlGaN channel in a N-polar structure has the potential to
overcome the issue with poor electrical contacts, which has remained
one of the major challenges faced by metal-polar AlGaN transis-
tors.3,4,32 For RF HEMTs, sheet conductivity r and energy bandgap of
the channel Eg are key predictors of their performances. This is
because a high r is desired to achieve large on-currents and low access
resistances, whereas a large Eg is also desired for a high critical electric
field in the 2DEG channel.

To better illustrate the potential of these 2DEGs for RF and
power applications, the experimentally measured room temperature
Hall sheet conductivity r as a function of the experimentally measured
energy bandgap from PL for the five samples in the present study are
plotted in Fig. 4(c). r drops rapidly as the Eg of the channel increases.
This presents a trade-off between r and Eg for use in AlGaN channel
HEMTs. On the other hand, the absence of as-grown 2DEG in
Al0.6Ga0.4N/Al0.85Ga0.15N heterostructure can be advantageous for
applications where normally off operation is desired such as power
switching and energy conversion,33 although clever strategies such as
selective-area ion implantation of Si need to be employed to lower the
access resistance in such devices. Therefore, this study provides useful
experimental data for heterostructure design and device engineering
toward N-polar AlGaN channel HEMTs for next-generation RF and
power electronics.

In summary, a systematic study of the structural, optical, and elec-
tronic transport properties of N-polar AlxGa1�xN/Al0.85Ga0.15N hetero-
structures with AlGaN channel composition ranging from x¼ 0 to
x¼ 0.6, grown using MBE on bulk AlN, is reported in this work.

Photoluminescence spectra show that the bandgap of the AlxGa1�xN
channel increases with x, ranging from 3.56 to 4.77 eV. Polarization-
induced 2DEGs are observed with 2DEG densities varying from
�3:8� 1013/cm2 in the GaN channel to no measurable 2DEG in an
Al0.6Ga0.4N channel of thickness 8nm. Temperature-independent alloy
scattering is found to be the major scattering mechanism for high Al
content (x> 0.3) AlGaN channel 2DEGs. These results lay the ground-
work for the design of N-polar AlGaN channel HEMTs on AlN for the
high-frequency, high-power, and high-temperature performance.
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