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ABSTRACT

We present a compositional dependence study of electrical characteristics of AlxGa1!xN quantum well channel-based AlN/AlGaN/AlN high
electron mobility transistors (HEMTs) with x ¼ 0:25; 0:44, and 0.58. This ultra-wide bandgap heterostructure is a candidate for next-
generation radio frequency and power electronics. The use of selectively regrown n-type GaN Ohmic contacts results in contact resistance
that increases as the Al content of the channel increases. The DC HEMT device characteristics reveal that the maximum drain current densi-
ties progressively reduce from 280 to 30 to 1.7mA/mm for x ¼ 0:25; 0:44, and 0.58, respectively. This is accompanied by a simultaneous
decrease (in magnitude) in threshold voltage from !5.2 to !4.9 to !2.4 V for the three HEMTs. This systematic experimental study of the
effects of Al composition x on the transistor characteristics provides valuable insights for engineering AlGaN channel HEMTs on AlN for
extreme electronics at high voltages and high temperatures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0145582

Semiconductors with a significantly larger energy bandgap than
silicon are needed for efficient, ultra-high-voltage (>20 kV) power-
conversion electronics. While the wide bandgap semiconductors such
as SiC and GaN have had commercial success in power electronics,1,2

ultra-wide bandgap (UWBG) (bandgaps> 3.4 eV) semiconductor
materials offer the possibility of electronics with even higher operating
voltages.3 Moreover, these UWBG semiconductors can also enable
high-power RF electronics, thanks to their high breakdown fields and
capability to operate at high temperatures. UWBG semiconductor
candidates include diamond,4 Ga2O3,

5 and AlGaN.6

Because AlGaN has the distinguishing feature of polarization-
induced doping to form two-dimensional electron gases (2DEGs),
work on AlGaN channel high electron mobility transistors
(HEMTs) has blossomed in recent years, with several results
appearing in the literature.7–10 Past studies have primarily focused
on the growth and device performance of HEMTs with specific Al
composition in the AlGaN channel. While using higher Al content
AlGaN to achieve a wider bandgap channel to enhance the break-
down voltage is desirable, several device engineering tradeoffs
must be taken into account when designing AlGaN channel
HEMT heterostructures for various applications. Making Ohmic

contacts to the AlGaN channel becomes increasingly challenging
as the Al concentration of AlGaN grows. Furthermore, for a fixed
AlGaN barrier composition, the polarization difference between
the barrier and the channel diminishes as the channel’s Al compo-
sition increases, resulting in decreased polarization-induced 2DEG
densities. This reduced polarization contrast leads to low on-
currents, high access resistances, and a positive shift in threshold
voltage for HEMT devices. Moreover, alloying reduces the thermal
conductivity and electron mobility in the channel compared to the
binary constituents GaN and AlN. Therefore, it is crucial to experi-
mentally understand how the AlGaN channel composition x
affects the characteristics of HEMT devices.

For this purpose, a series of three AlGaN channel compositions
(x ¼ 0:25; 0:44, and 0.58) of AlN/AlGaN/AlN quantum well (QW)
channel HEMTs were fabricated, and their DC device characteristics
are compared in this work. Epitaxial regrowth formation of heavily Si-
doped n-GaN contacts to the strained AlGaN channel is studied, and
the resulting compositional dependence of the contact resistance is
presented. Following that, the long channel devices demonstrated
maximum drain currents Imax

D ¼ 280; 30; and 1.7mA/mm for the
three HEMTs with increasing Al mole fractions in the channel from
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0.25, 0.44, and 0.58, respectively. A positive threshold voltage shift is
also observed when the Al mole percentage in the channel increases.

The HEMT samples were grown using molecular beam epitaxy
(MBE) on Si-face of 6H-SiC substrates, as described in our recent
work.11 In that work, we reported a compositional dependence study
of polarization-induced 2DEG properties in AlN/AlGaN/AlN hetero-
structures with the strained QW AlxGa1!xN channel compositions
ranging from x¼ 0 to x¼ 0.74, spanning energy bandgaps of the con-
ducting HEMT channels from 3.49 to 4.9 eV measured by photolumi-
nescence. Three samples from this study with 15nm AlN barrier/
24 nm AlGaN channel/1lm AlN buffer layer structures having Al
mole fraction x ¼ 0:25; 0:44, and 0.58 were chosen for HEMT device
fabrication and comparison of their device characteristics. A summary
of the Hall-effect measurements at room temperature is listed in
Table I. The use of thin and compressively strained AlGaN QW chan-
nels surrounded by an AlN buffer layer below and an AlN barrier layer
on the top should leverage the advantages of the AlN material plat-
form.12–16 The AlN barrier layer maximizes the conduction band off-
set, thereby increasing the 2DEG density at the interface with AlGaN
and reducing gate leakage current. The high thermal conductivity of
AlN buffer layer provides an efficient heat conduction path away from
the active region of the device. Overall, this AlN/AlGaN/AlN material
stack has a very high bandgap, allowing access to higher breakdown
electric fields and operating temperatures than conventional GaN
HEMT stacks.17,18

Following a realigned gate-last process, all three samples were co-
processed to minimize user and tool variances, ensuring fair comparison.
First, the as-grown samples were patterned with SiO2/Cr hard mask and
etched by BCl3 inductively coupled plasma (ICP) to expose the 2DEG
sidewalls. Source/drain Ohmic contact regions were then formed by
regrowing a 100nm thick heavily Si-doped (#1020 cm!3) GaN layer
using plasma-assisted MBE. Following the regrowth, the SiO2/Cr hard
mask was stripped in buffered HF, and device isolation was achieved by

BCl3 ICP etch. Non-alloyed Ohmic contacts were formed by depositing
50/100nm of Ti/Au via electron-beam evaporation after a short dip in
buffered HF to remove native oxides and ensure clean metal–semicon-
ductor contact. Finally, rectangular gates were defined by photolithogra-
phy, aligned to the regrowth patterns, and metalized by Ni/Au (50/
100nm) evaporation on the AlN barrier surface to form Schottky con-
tacts. The cross section and scanning electron microscope images of a
fully processed HEMT are shown in Figs. 1(a) and 1(b), respectively. All
HEMTs presented in this study feature a source-to-drain distance LDS ¼
4 lm, WG ¼ 50 lm device width, and a rectangular gate placed in the
middle of the source-to-drain spacing with a gate length LG ¼ 1:5 lm.

Following the device fabrication, contact resistance RC from the
metal pad to the 2DEG and the 2DEG channel sheet resistance Rsh
were extracted by the transfer length method (TLM), as shown in
Fig. 2. The TLM measurements performed on a sample with the
Al0.25Ga0.75N channel revealed linear I–V characteristics and RC

¼ 0:23Xmm, which is the lowest value reported on AlGaN channel
HEMTs with Al composition equal to or higher than 25%. The TLM
analysis also revealed Rsh¼ 4.66 k Xmm, consistent with Hall-effect
measurements performed on the as-grown sample before device fabrica-
tion as shown in Table I. On the other hand, the same measurements
performed on the samples with a higher Al composition AlGaN
channel revealed non-linear I-V characteristics with significantly higher
RC ¼ 9:3 and 212.1X mm, for x¼ 0.44 and x¼ 0.58, respectively.

This increased RC and Schottky-like behavior is attributed mainly
to the decreasing electron affinity of AlxGa1!xN as a function of x.19

The low electron affinity leads to the formation of a higher Schottky
barrier height between nþ-GaN and AlGaN, which inhibits
electron transport across the interface as a result of a poor tunneling

probability (e!
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m%ðq/bÞ=!h2
p

(W , where q is the magnitude of the electron
charge,m% is the effective electron mass, !h is the reduced Planck’s con-
stant, /b is the Schottky barrier height, and W is the tunneling
width).20 Furthermore, due to a lower carrier concentration in the

TABLE I. Summary of the device characteristics of AlN/AlGaN/AlN quantum well channel HEMTs studied in this work with the 2DEG densities ns, mobilities l, and sheet resis-
tance Rs measured via Hall-effect at 300 K.

Channel n300Ks l300K R300K
s RC Imax

D (mA/mm) Ion/Ioff VT

Layer (1013=cm2) [cm2/(V s)] (kX per sq.) (X mm) @ VG¼ 2V — (V)

Al0.25Ga0.75N 3.05 45 4.55 0.23 280 >105 !5.2
Al0.44Ga0.56N 2.39 36 7.26 9.3 30 >105 !4.9
Al0.58Ga0.42N 1.52 24 17.13 212.1 1.7 #105 !2.4

FIG. 1. (a) Cross-sectional schematic
illustration of the device structure. (b) Top-
view SEM image of a portion of a typical
device.
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AlGaN channel, the tunneling width and barrier height would be
larger for a high Al composition AlGaN channel. Other possible
explanations of poor Ohmic contacts include increasing lattice mis-
match between nþþ-GaN and AlxGa1!xN as a function of x, thereby
degrading the crystal quality of regrown nþþ-GaN. The formation of
native oxides on the AlGaN sidewalls might also impede the electron
flow. Although piranha pretreatment was performed on all samples to
remove surface oxide before re-loading into the MBE chamber for the
regrowth, the AlGaN surface oxidizes rapidly in ambient conditions,
forming an effective metal-oxide-semiconductor structure. Al atoms
in AlGaN have been reported to be more reactive with O2 compared
to Ga atoms, and therefore, high Al composition AlGaN might suffer
from the accelerated oxidation rate.21

Figure 3 shows the 3-terminal output characteristics and the log-
scale transfer characteristics of AlxGa1!xN channel HEMTs with
x¼ 0.25, 0.44, and 0.58. All HEMTs, regardless of x, revealed good
gate control and relatively sharp pinch-off characteristics with an on/
off ratio exceeding 105. A higher gate leakage (IG) current was
observed for samples with lower Al composition in the channel
(IG # 2) 10!3; 7) 10!5; and 3) 10!5 mA/mm for x ¼ 0:25;
0:44; and 0.55, respectively). This larger gate leakage current may be
attributed to the increased electric field in the AlN barrier, resulting in
higher Frenkel-Poole emission and Fowler-Nordheim tunneling prob-
ability.22 It is possible that the device isolation process that causes the
gate metal to contact the 2DEG channel on the mesa sidewall can
form a parasitic gate leakage path. This mesa sidewall gate leakage can

FIG. 2. Two terminal current–voltage (I–V) characteristics using TLM patterns with MBE-regrown nþþ-GaN contact along with the linear TLM analysis for AlN/AlGaN/AlN quan-
tum well channel HEMTs with (a) Al0.25Ga0.75N, (b) Al0.44Ga0.56N, and (c) Al0.58Ga0.42N channels.

FIG. 3. ID-VDS output characteristics of (a)
Al0.25Ga0.75N, (b) Al0.44Ga0.56N, and (c)
Al0.58Ga0.42N QW channel HEMTs yield-
ing maximum drain currents Imax

D ¼ 280;
30; 1.7 mA/mm, respectively. Log-scale
transfer curves show five orders of on-off
modulation, limited by gate leakage for (d)
Al0.25Ga0.75N, (e) Al0.44Ga0.56N, and (f)
Al0.58Ga0.42N channel HEMTs. Device
geometries and bias conditions are stated
in figures (a) and (d).
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contribute to the increase in the total gate leakage for lower Al compo-
sition channels. To avoid the mesa sidewall leakage current, planar ion
implantation can be used for selective-area isolation in the future.

The Al0.25Ga0.75N channel HEMTs exhibited drain current den-
sity exceeding 280mA/mm with excellent saturation and the on-
resistance Ron ¼ 11:1 Xmm. HEMTs with Al0.44Ga0.56N and
Al0.58Ga0.42N channel, on the other hand, showed contact-limited
maximum drain current density of 30 and 1.7mA/mm, with
Ron¼ 193.7Xmm and 2.42 kXmm, respectively. The degradation in
on-currents with increasing Al content in the channel is attributed to
increasing contact resistance, diminishing electron density, and
reduced electron mobility (Table I) due to increased alloy scattering.

For the AlN/AlGaN/AlN heterostructure, the threshold voltage
VT may be approximated as qVT ¼ q/b ! DEC þ qFbtb, where /b
is the Schottky barrier height at the Ni/barrier interface, DEC is the
conduction band offset at the barrier/AlxGa1!xN interface, and
Fb and tb are the electric field and thickness of the barrier,
respectively. Since DEC decreases as x increases,23 given by
DECðxÞ ¼ ð1:8! 1:171x ! 0:63x2Þ eV, a positive shift in VT is
expected with increasing x. Similarly, an increase in x reduces the mag-
nitude of the positive polarization bound charge at the top AlN/
AlGaN hetero-interface, resulting in a decreased electric field in the
barrier. This change in the electric field as x increases also contributes
to the overall positive shift in VT. Figure 4 shows the transfer charac-
teristics of the HEMTs in the linear scale for the three samples mea-
sured at drain voltage VDS ¼ 10V. The threshold voltages are
extracted to be VT1 ¼ !5:2V; VT2 ¼ !4:9V, and VT3 ¼ !2:4V
from linear fits of transfer I-V curves for the Al0.25Ga0.75N,
Al0.44Ga0.56N, and Al0.58Ga0.42N QW channel HEMTs, respectively.

The tunability of VT with x observed in this series of samples is
understood from the as-grown 2DEG density variation with x. The
threshold voltage in these quantum well channel HEMTs can be
approximated as the ratio of the 2D charge density (qns) to the intrin-
sic gate capacitance per unit area (CGS) as VT ¼ !qns=CGS

¼ !qnstb=eAlNe0, where eAlN is the relative dielectric constant of the
AlN barrier and e0 is the permittivity of free space. Since ns decreases
as x increases due to the reduced polarization difference, based on the
as-grown Hall 2DEG density (see Table I), VT is calculated to be !8.2,
!6.2, and !4.1V for x¼ 0.25, 0.44, and 0.58, respectively. While we
observe the same trend of increasing threshold voltage with x in our
study, the discrepancy between the experimental and calculated
threshold voltages is attributed to the presence of interface traps at the
gate metal/AlN interface and partial oxidation of the AlN surface.

Following this trend in VT, a heterostructure with even higher Al
composition AlxGa1!xN channel would result in nearly zero conduc-
tivity under equilibrium, which opens up the potential for realizing
enhancement mode operation without employing commonly used
techniques for shifting VT, such as fluorine ion implantation24 or
insertion of p-type GaN underneath the gate.25 The challenge, how-
ever, lies in simultaneously achieving a high electron density in the
access region while having no 2DEG density at the AlN/AlGaN heter-
ointerface under the gate, which may be solved via selective-area ion
implantation of Si.

To investigate the breakdown characteristics, the gate voltage was
set below the threshold voltage (VGS ¼ !7 V), and VDS was increased
until HEMT breakdown occurred. The breakdown voltage metric is
defined as ID * 1 mA/mm. The devices were covered in Fluorinert

during the measurement process. Figure 5 shows the three terminal
off-state breakdown characteristics for the three AlGaN QW channel
HEMTs with LGD¼ 1.25lm. The breakdown voltages for
Al0.25Ga0.75N, Al0.44Ga0.56N, and Al0.58Ga0.42N channels are 83.5,
355.5, and 188V, respectively, which correspond to average electric
fields of 0.67, 2.84, and 1.5MV/cm at the breakdown. During the mea-
surement process and before the breakdown, the drain current is
roughly equal to the gate current for all three HEMTs with different Al
compositions in the channel. This suggests that the gate-drain leakage
is the primary factor responsible for the breakdown and not avalanche
or channel breakdown and is far from the material limits of AlGaN.

It is important to note that for a fair comparison of breakdown
voltages across AlGaN channel HEMTs with different Al composi-
tions, the 2DEG density must be of comparable magnitude because
the peak electric field around the drain-side gate edge increases with
2DEG density.26 Interestingly, the highest breakdown voltage is
observed for the Al0.44Ga0.56N channel HEMT, even higher than the
Al0.58Ga0.42N channel, despite having a higher 2DEG density and a
smaller energy bandgap. The reason for this is under investigation, but
no clear answer has not been found yet.

Previous studies on AlGaN channel HEMTs have demonstrated
contact-limited current, and various measures have been taken to
address Ohmic contact limitations. Overall, there are three main
approaches demonstrated so far: alloy contact, ion implantation, and

FIG. 4. Linear-scale transfer curves show normally on operation with threshold vol-
tages VT1 ¼ !5:2 V, VT2 ¼ !4:9 V, and VT3 ¼ !2:4 V for Al0.25Ga0.75N,
Al0.44Ga0.56N, and Al0.58Ga0.42N QW channel HEMTs, respectively, measured at
drain voltage VDS ¼ 10 V. Inset zooms into the transfer curve of the Al0.58Ga0.42N
QW channel HEMT.
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heavily doped semiconductor contact. For example, for contacting via
metal Ohmic stacks, Yafune et al.27 demonstrated a contact resistance
of 85X mm on AlN/Al0.6Ga0.4N heterostructure with Zr/Al/Mo/Au
after rapid thermal annealing at 950 +C. It was shown that the Ti/Al-
based metal stacks, frequently utilized in GaN technology, do not
work well on Al-rich AlGaN. A Zr-based alloy contact enables more
efficient metal diffusion over the AlGaN barrier than a Ti-based alloy
contact.27,28 Nanjo et al.,29 on the other hand, realized good contacts
through Si ion implantation with a 1150 +C anneal for Al0.4Ga0.6N/
Al0.2Ga0.8N HEMT heterostructure.

However, the most promising results for attaining the lowest con-
tact resistances to Al-rich AlGaN channel HEMTs have been obtained
using heavily doped semiconductor contacts, typically with the help of
an etch and regrowth approach similar to the one used in the present
work. Previous reports have also shown the use of heavily doped
regrown GaN for contacting the AlGaN channel, akin to the regrowth
contact strategy used routinely for RF GaN HEMTs. For example, Abid
et al.30 used MBE to regrow n-type doped GaN in the source-drain
regions and measured an RC of 21X mm for AlN/Al0.5Ga0.5N HEMT.
Douglas et al.31 reported RC of 62Xmm for Al0.85Ga0.15N/Al0.66Ga0.34N
HEMT, and Baca et al.32 reported RC of 1900X mm for AlN/
Al0.85Ga0.15N HEMT, both using selective MOCVD epitaxy to regrow
nþþ-GaN to make contacts. Recently, Maeda et al.33 have demonstrated
a record-low contact resistance of 0.43X mm using regrown nþþ-
GaN (electron concentration # 2:6) 1020 cm!3) contacts to AlN/
Al0.5Ga0.5N HEMT structure grown using pulsed sputtering deposition
(PSD). This lower contact resistance compared to that of our
Al0.44Ga0.56N and Al0.58Ga0.42N channel QW HEMTs may partly be
attributed to better 2DEG sidewall coverage and a higher electron den-
sity of regrown GaN prepared by PSD. A high electron density in
regrown GaN results in a higher Fermi level position above the conduc-
tion band edge, thereby reducing the Schottky barrier height.

Nevertheless, the nþþ-GaN contacting method to the AlGaN
channel HEMTs suffers from an inherent Schottky barrier at that lat-
eral hetero-interface, which can become unfavorable as the Al compo-
sition of the channel increases, as shown by our systematic study. This

problem can potentially be overcome by using a heavily doped
reverse-graded regrown AlGaN contact layer instead of nþþ-GaN to
flatten the conduction band edge between Ohmic metal and the
AlGaN channel. For instance, to achieve good Ohmic contacts to their
Al0.75Ga0.25N/Al0.6Ga0.4N HEMT, Xue et al.34 performed an MBE
regrowth starting with 100nm of nþþ-Al0.6Ga0.4N followed by 50nm
of heavily doped reverse-composition graded AlGaN (x ¼ 0:6! 0),
which yielded an RC of 7.5X mm.

In summary, we have presented a systematic study of AlN/
AlxGa1!xN/AlN HEMTs with x ¼ 0:25; 0:44, and 0.58. While
HEMTs with the Al0.25Ga0.75N channel exhibited a relatively high
maximum drain current density of 280mA/mm, higher Al composi-
tion AlxGa1!xN channel HEMTs showed diminished drain current
densities of 30 and 1.7mA/mm for x¼ 0.44 and 0.58, respectively, as a
result of lower 2DEG densities and higher parasitic resistances.
Al0.25Ga0.75N channel HEMTs with regrown contacts exhibited
record-low contact resistance of 0.23Xmm, but achieving low contact
resistance was found to be challenging for HEMTs with higher Al
composition AlGaN channel. The change in electron affinity of
AlGaN results in a tunable threshold voltage from !5.2 to !2.4V for
x¼ 0.25 to x¼ 0.58. AlGaN HEMTs with higher Al content may
enable efficient enhancement mode operation with a positive thresh-
old voltage. The off-state breakdown voltages are 83.5, 355.5, and
188V for Al0.25Ga0.75N, Al0.44Ga0.56N, and Al0.58Ga0.42N channel
HEMTs, respectively, for a gate-to-drain distance of 1.25lm. These
results showing the dependence of electrical characteristics of AlN/
AlGaN/AlN HEMTs on Al composition provide insightful informa-
tion that will help determine suitable Al content and other design
parameters for RF and power switching applications.
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