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ABSTRACT

We report the realization and operation of AlYN/GaN high-electron-mobility transistors (HEMTs). Metal-organic chemical vapor deposition
is used to deposit AlYN/GaN semiconductor heterostructures on 100mm SiC substrates. Polarization-induced 2D electron gas channels
formed in the heterostructure exhibit room-temperature mobility >1300 cm2/V s, sheet density >1:4! 1013=cm2, and sheet resistance
<350X=( with good uniformity. Micron-long gate length HEMTs fabricated using regrown nþ GaN contacts demonstrate good DC perfor-
mance with saturation drain current >0.4 A/mm, transconductance >0.3 S/mm, low threshold voltage VT ¼ $2:0V, and a high on/off ratio
surpassing 109. The drain current shows a nearly negligible hysteresis with the sweep of the gate voltage. Notably, the devices exhibit a near-
Boltzmann limit sub-threshold swing of 66.5mV/dec. These observations highlight the promise of AlYN/GaN HEMTs for high-performance
electronic applications.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0257333

The observation of 2D electron gases (2DEGs) at undoped
AlGaN/GaN heterojunctions1 enabled the RF amplifiers based on
nitride semiconductors.2 Understanding the origin of these 2DEGs in
both metal-polar and N-polar AlGaN/GaN heterostructures due to
polarization effects3 laid the foundation for AlGaN/GaN high-electron
mobility transistors (HEMTs) on both polarities. In the past two deca-
des, AlGaN/GaN HEMTs have made a significant impact on high
power RF amplifiers owing to their excellent speed due to the high-
electron mobility and high-breakdown voltages arising from the large
energy bandgap.4 The high breakdown voltage and low on-resistance
due to the high 2DEG mobility in the same heterostructures enable
fast switching of high voltages, making AlGaN/GaN HEMTs quite rev-
olutionary for power electronics.5

Today, there is a need for more robust epitaxial barrier materials
because AlGaN/GaN HEMTs are approaching their performance lim-
its in RF and power electronics. Next-generation epitaxial barriers
must preserve the high 2DEG mobility and provide better scaling and
breakdown than AlGaN to make an impact. The barrier must be a

wider bandgap nitride semiconductor, which is either binary AlN or
an alloy in which some of the Al atoms are replaced by isovalent atoms
that have three electrons in the outermost shell. These elements are in
groups 13 (B, In) and 3 (Sc, Y, La) of the periodic table. Pure AlN bar-
rier HEMTs have been implemented, provided the AlN barrier thick-
ness is kept below the strain-limited thickness.6–8 For alloy barriers, in
addition to the early demonstrated case of AlInN,9 the practicality and
novel features of the unconventional choices have been recently dis-
cussed.10,11 Recently, the following epitaxial barrier/GaN combinations
have been realized to produce 2DEGs such as AlBN,12 AlScN,13–19 and
AlYN.20,21 The ternary nitride barriers at typically reported composi-
tions of lower than 18% Sc, 17% In, and 6.9% Y reported in this
work offer a bandgap larger than the bandgap of AlGaN barrier with
more than 70% Ga. Compared to AlGaN, these novel barrier materials
also offer larger polarization discontinuity on GaN, large conduction
band offset, and higher dielectric constant, making them a promising
approach for enhancing device scaling and performance of next-
generation high-performance GaN HEMTs. Among these,
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AlScN/GaN HEMTs14,18 and AlBN/GaN HEMTs12 have been realized.
In this work, we report the realization of AlYN/GaN HEMTs.

Figure 1(a) shows the layer structure of the AlYN barrier GaN
HEMT that we have grown by metal-organic chemical vapor deposi-
tion (MOCVD) on semi-insulating (S.I.) 4H SiC substrates using a
solid (MCp)3Y precursor for yttrium supplied by Dockweiler
Chemicals.22 We presented the details of the growth process in our
recent reports21,23 and compared the MOCVD growth of AlYN with
that of AlScN.24,25 For this work, we grew the Al1$xYxN/GaN hetero-
structures on 100mm semi-insulating 4H-SiC (0001) substrates with a
nucleation layer consisting of a high-temperature AlN. As indicated in
Fig. 1(a), we used an iron-doped GaN lower buffer layer to compensate
for residual donor impurities,26 followed by a non-intentionally doped
GaN buffer layer. We then grew a 9.7 nm thick AlYN barrier with
6.9% Y on the GaN layer with a nominal AlN interlayer to improve
barrier homogeneity.27 We passivated the AlYN surface with in situ
SiNx to avoid surface oxidation. The layer thicknesses and Y composi-
tion were verified using high-resolution x-ray diffraction (HRXRD),
x-ray reflectivity (XRR), and time-of-flight secondary ion mass spec-
trometry (ToF-SIMS).

Figure 1(b) shows the surface morphology measured by atomic
force microscope (AFM) in the tapping mode. We measured a root
mean square (rms) average roughness of 0.67 nm over a 10! 10lm2

scan area on the AlYN surface after removal of the in situ SiNx cap by
wet-etching. We determined the layer thicknesses and Y composition
of the AlYN layer in the same manner as described in our prior
reports. Thickness and ex situ wafer bow measurements pinpointed
excellent thickness uniformities with a standard deviation below 4%
and wafer bow below 15lm on the whole 4-in. wafer. The sheet resis-
tance map of a Al1$xYxN/GaN heterostructure with a Y concentration
of y ¼ 6.9% having Rs ¼ 335X=( is shown in Fig. 1(c). Rs is homoge-
neous across the wafer with a standard deviation of 0.7% and an elec-
tron mobility of l ¼ 1358 cm2/V%s with a standard deviation of 3%,

corresponding to a 2DEG sheet density of ns ¼ 1:37! 1013/cm2.
These values are at room temperature, indicating a high quality
polarization-induced 2DEG channel is formed.

In Fig. 2(a), we have shown a schematic cross section of the fabri-
cated AlYN/GaN HEMTs with regrown Ohmic nþGaN Ohmic con-
tacts, along with a top-view scanning electron microscope (SEM)
image of a DC AlYN/GaN HEMT in Fig. 2(b). The device dimensions
labeled in Fig. 2(a) were measured by SEM. Device fabrication started
with recess etching in the lithographically defined source-drain regions
with a regrowth mask, followed by a molecular beam epitaxy (MBE)
regrowth of a &50nm thick heavily Si-doped (&1020/cm3) nþGaN in
the Ohmic contact region. The round surface marks are remnants of
Ga droplets formed during the MBE regrowth of highly Si-doped
nþGaN under Ga-rich conditions. While the droplets were removed
by HCl cleaning, the underlying marks remain visible on the surface.
The polycrystalline GaN on the regrowth mask was lifted off with the
mask. This was followed by device isolation with BCl3 inductively cou-
pled plasma (ICP) etching and source/drain Ohmic metallization with
20/150nm of Ti/Au metal without annealing. Figure 2(c) shows the
results of a transmission-line method (TLM) measurement of the con-
tact resistance. The metal to regrown nþGaN contact resistance is
0.05Xmm, whereas the nþGaN to 2DEG contact resistance is
Rc ¼ 0:22Xmm for the non-alloyed Ohmic contacts. We consider
this to be on the high side for regrown contacts and should be signifi-
cantly reduced in the future.

We performed room-temperature Hall effect measurements on
processed van der Pauw patterns with regrown Ohmic contacts after
the device fabrication and obtained 2DEG sheet density ns ¼ 0.95
! 1013/cm2, mobility l¼ 1360 cm2/V s, and sheet resistance
Rs ¼ 481X=( across different device dies of the wafer. This indicates
a significant reduction in the 2DEG sheet charge density from
1:37! 1013/cm 2 ! 0:95! 1013/cm2 after the device fabrication pro-
cess with regrown contacts. A control AlYN/GaN HEMT sample proc-
essed without the regrown contact process showed no significant
change in the sheet charge, mobility, or sheet resistance.

FIG. 1. (a) Epitaxial AlYN/GaN heterostructure realized by MOCVD and studied in
this work. (b) AFM image of AlYN surface taken after removal of the in situ SiNx by
wet-etching. (c) A sheet resistance map reveals a uniform sheet resistance of the
2D electron gas channel across the 100mm wafer.

FIG. 2. (a) Schematic cross section of the fully processed AlYN/GaN HEMT on SiC
substrate. (b) Post-fabrication top-view SEM of a DC HEMT. (c) Total resistance vs
TLM spacing extracted at high current levels showing the contact and sheet resis-
tances of the regrown region and the 2DEG channel.
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This suggests that the changes in sheet charge density are asso-
ciated with specific steps involved in the regrowth process and post-
regrowth treatments. The potential reasons could be due to the high
temperature needed for regrowth28 and associated changes in strain
in the barrier. Though the exact mechanism for the decrease in the
2DEG density in the Ohmic regrowth process is not clear at this
time and will be investigated and solved in the future, it is encourag-
ing that the 2DEG mobility remains unchanged after the regrowth
process.

We defined the gate electrodes by optical lithography, metal
deposition of 30/250nm Ni/Au metal stack, followed by a liftoff
process. The AlYN/GaN HEMTs reported in this study have a source-
to-drain spacing Lsd ¼ 3.0lm, device-width Wg ¼ 50lm, and a rect-
angular gate placed in the middle of the source-to-drain spacing with a
gate length Lg ¼ 1.1lm. Figure 3(a) shows the electrical output charac-
teristics of the processed AlYN/GaN HEMT of Fig. 2, with a clean sat-
uration of the drain current Id, for gate bias Vgs stepped from þ0.5 to
$3.0V, and drain bias Vds sweep from 0 to 8V. The saturation drain
current density is 0.42A/mm at Vgs ¼ 0.5V. We extracted the on-
resistance of the AlYN/GaN HEMT from the linear region of the
Id $ Vds curve at Vgs¼ 0V to be Ron ¼ 3:77Xmm. The components
of this on-resistance are8,29 Ron ¼ 2Rc þ 2RnþGaN þ 2Rint þ 2Rch;ac

þRch;g, where Rc is the metal-nþGaN contact resistance, RnþGaN is the
resistance of the regrown nþGaN from the edge of the Ohmic metal to
the 2DEG interface, Rint is the interface resistance between the regrown
GaN and the 2DEG, Rch;ac is the access region channel resistance from
the source/drain to the gate edges, and Rch;g is the channel resistance
under the gate.

From TLMmeasurements, we find the following contributions to
Ron: 2Rc ¼ 0:44Xmm, 2RnþGaN ¼ 0:32Xmm from the sheet resis-
tance extracted from TLM measurements, and a total channel resis-
tance 2Rch;ac þ Rch;g ¼ 1:90Xmm extracted using the measured TLM
sheet resistance. The remaining portion 2Rint ¼ 1:11Xmm of the
total Ron is attributed to the interface resistance between the regrown
GaN and the 2DEG. The dominant components of Ron, the channel
resistance and the regrown interface resistance, suggests that the device

output current can be improved significantly with a modified regrowth
process and device scaling in the future.

Figure 3(b) shows the logscale transfer characteristics of the
AlYN/GaN HEMTs with forward and reverse gate voltage sweeps at
three drain voltages Vds ¼ 1; 5; and 9V. An Ion=Ioff > 109 limited by
gate leakage is measured, with negligible hysteresis. The drain-induced
barrier lowering (DIBL) was measured over a wide drain bias range of
1–9V. The value of the measured DIBL was &9mV/V. The gate leak-
age current remained below Ig ¼ 10$9 A/mm for Vgs < 0, indicating
that the AlYN barrier layer is highly effective in restricting gate leakage
current to allow effective gate modulation of the AlYN/GaN HEMT.

Figure 3(c) shows the measured Id $ Vgs transfer characteristics
in the linear scale and the HEMT transconductance gm ¼ @I@d=@Vgs.
We observe sharp pinch-off characteristics with a low threshold volt-
age of VT ¼$1.12, $1.03, and $1.05V at the drain biases Vds ¼ 1, 5,
and 9V obtained by linear extrapolation from the gate voltage at which
the transconductance peaks. At a drain bias of Vds¼ 9V, a peak extrin-
sic transconductance of gm ¼ 0.31 S/mm is obtained.

We measured the capacitance–voltage (C $ V) characteristics of
the metal–insulator–semiconductor (MIS) capacitors of AlYN/AlN/
GaN structure using circular Ni/Au pads with a 20lm diameter as the
anode and the 2DEG connected to the regrown contact as the cathode.
Figure 3(d) shows the measured C $ V characteristic at 500 kHz at
room temperature. The forward and reverse sweeps show a small hys-
teresis of 67mV. Using the barrier thickness obtained from structural
characterization, the relative dielectric constant of AlYN is extracted to
be exceeding er ¼ 10 at 0V across the frequency range of 10 kHz to
2MHz. The sharp decrease in capacitance at negative voltage when the
2DEG depletes is consistent with the HEMT transfer characteristics
seen in Fig. 3(c). The aforementioned results provide strong evidence
that AlYN/AlN on GaN is an effective epitaxial gate dielectric with a
decent relative dielectric constant that can simultaneously provide
polarization-induced 2DEGs and appropriate insulating properties to
serve as the gate barrier of AlYN/AlN/GaN HEMTs.

Figures 4(a) and 4(b) show the sub-threshold slopes (SSs) of the
AlYN/GaN HEMTs for several Vds bias voltages for upward and

FIG. 3. (a) Measured DC output characteristics of the AlYN/GaN HEMT with regrown contacts showing an on resistance, Ron ¼ 3:77X%mm with repeatable current saturation
and a maximum Id ¼ 0:42 A/mm. (b) Log scale and (c) linear scale transfer characteristics showing an on/off drain current ratio exceeding nine orders of magnitude, and trans-
conductance vs Vgs showing a peak transconductance of 0.31 S/mm at Vrmds ¼ 9 V. (d) Measured C $ V characteristics of AlYN/AlN/GaN-based metal–insulator–semiconduc-
tor (MIS) capacitor at 500 kHz. Extracted dielectric constant across a frequency range of 10 kHz to 2 MHz of er > 10 for AlYN (Y¼ 6.9%) with a 0.5 nm AlN inter layer
extracted at 0 V.
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downward 20mV/step Vgs sweeps. Both sweeps reach very close of the
room-temperature Boltzmann SS limit of 60mV/decade. In Fig. 4(a),
for downward sweep of Vgs, an SS value of &67:2mV/decade was
achieved near Id & 10$4 mA/mm. The SS value was nearly indepen-
dent of the applied drain bias Vds in the downward Vgs sweep. The
upward sweep in Fig. 4(b) shows a slightly larger Vds dependence of
the SS, yet a similar near-Boltzmann lower value of 66.5mV/decade is
obtained at Vds ¼ 1 V. These SS values indicate an interface trap den-
sity of Dit ¼ 8! 1011 cm$2 eV$1. The low SS values, even at high
drain bias voltages, indicate that AlYN can serve as an attractive epi-
taxial barrier layer for the next generation of GaN HEMTs. However, a
more detailed analysis of AlYN/GaN interface quality and trap density
using techniques such as transmission electron microscopy (TEM)
and frequency, temperature-dependent C–V measurements is needed
for this emerging barrier material.

To conclude, in this work, we realized the operation of MOCVD-
grown AlYN/GaN HEMTs. Using regrown nþGaN Ohmic contacts to
the polarization-induced 2DEG, excellent HEMT DC performance
with a low threshold voltage, a saturation drain current exceeding
400mA/mm, and a transconductance greater than 300mS/mm are
obtained. The AlYN/GaN HEMT exhibited near-ideal sub-threshold
swing minimum values of &66–67mV/decade, highlighting excellent
electrostatic gate control of the 2DEG channel conductivity due to a
low interface trap density. Though further studies are necessary to
reduce the on-resistance, the high on/off ratio of (>109), minimal hys-
teresis, and DIBL of&9mV/V emphasize the stability and reliability of
the devices. These results highlight the immense potential of epitaxial
AlYN barrier layers in future GaN-based HEMTs for high-
performance, high-efficiency, and high-frequency applications in next-
generation wireless communication and power electronics systems.
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