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1. Introduction

In the pursuit of high-power amplification at gigahertz
frequencies, gallium nitride (GaN) has emerged as the premier
material platform. While competitive wide-bandgap materials
such as silicon carbide (SiC) show comparable high-voltage
switching performance, GaN’s high electron saturation velocity
uniquely positions it for high-voltage, millimeter-wave
(mm-wave) applications. Indeed, GaN high-electron-mobility

transistors (HEMTs) have dominated
output power records at gigahertz (GHz)
frequencies, with demonstrations of
40Wmm�1 at 4 GHz[1] via AlGaN/GaN
heterostructure, 13.7Wmm�1 at 30 GHz[2]

via AlGaN/GaN/InGaN structure, and
8Wmm�1 at 94 GHz[3] via N-polar GaN
HEMT. These results have become increas-
ingly relevant for both commercial (5 G and
beyond, automotive radar) and defense
(SATCOM, radar) applications, all of which
are pushing into the mm-wave frequency
range (30–300 GHz).

To further improve upon the advantages offered by GaN
HEMTs, our group introduced HEMTs on an aluminum nitride
(AlN) buffer layer.[4–6] By replacing the AlGaN top barrier with
AlN and the typical GaN buffer layer with AlN, the AlN/GaN/
AlN heterostructure offers increased thermal conductivity,
improved carrier confinement for thin GaN channels
(<30 nm), and superior vertical scalability of the top barrier when
compared to other conventional top barrier materials such as
AlGaN or InAlN. Other groups have also shown promising
results from AlN-based devices, including HEMTs on AlN sub-
strates, demonstrating 15Wmm�1 at X-band[7] and AlN buffer
breakdown of 5MV cm�1.[8] HEMTs using an AlN top barrier
have been demonstrated, including the GaN HEMT record
f T=f max of 454/444 GHz,[9–11] a W-band power amplifier with
27% PAE and associate output power of 1.3W,[12] a Ka-band
low-noise amplifier with a noise figure of less than 2,[13] and
4.5Wmm�1 at 40 GHz,[14] all on an AlN/GaN/AlGaN hetero-
structure. AlN/GaN HEMTs have shown record output power
for Ga-polar HEMTs at W-band, with Pout ¼ 4Wmm�1 at
94 GHz.[15] Beyond the radio frequency (RF) HEMT, aluminum
nitride offers the potential for monolithic integration of high-cur-
rent GaN/AlN p-type field effect transistor (pFETs)[16–18] and
crystalline AlN bulk acoustic wave filters,[19] both of which are
enabled by the AlN buffer layer. Additional integration is made
possible by the SiC substrate in the form of substrate-integrated
waveguides (SIWs) and antennas.[20] This integrated ecosystem
is referred to as the AlN platform, enabling the coexistence of
high-power nitride complementary metal oxide semiconductor
(CMOS), RF filters, monolithic microwave-integrated circuits
(MMICs), and RF waveguides and antenna, all on onemonolithic
chip.[21]

Recently, our group showed large signal response for AlN/GaN/
AlN HEMTs at 30GHz, with 29% peak PAE and associated gain
and power of 7 dB and 2.5Wmm�1, respectively.[22] In this work,
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Aluminum nitride (AlN) offers novel potential for electronic integration and
performance benefits for high-power, millimeter-wave amplification. Herein,
load-pull power performance at 30 and 94 GHz for AlN/GaN/AlN high-electron-
mobility transistors (HEMTs) on silicon carbide (SiC) is reported. When tuned
for peak power-added efficiency (PAE), the reported AlN/GaN/AlN HEMT
shows PAE of 25% and 15%, with associated output power (Pout) of 2.5 and
1.7 Wmm�1, at 30 and 94 GHz, respectively. At 94 GHz, the maximum Pout

generated is 2.2 Wmm�1, with associated PAE of 13%.
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measuring devices on the same sample, we demonstrate the first
W-band large signal measurements of AlN/GaN/AlN HEMTs,
with measured peak output power of 2.2Wmm�1 at 94 GHz.

2. Device Fabrication

The 2 nm GaN cap, 4 nm AlN barrier, 200 nm GaN channel, and
500 nm AlN buffer heterostructure was grown via plasma-
assisted molecular beam epitaxy (PAMBE) on 6H-SiC, as shown
in Figure 1a. It has been found that the two dimensional electron
gas (2DEG) mobility in AlN/GaN/AlN heterostructures increases
by increasing the GaN channel layer thickness, increasing from
� 650 cm2 V�1 s at 30 nm to> 1000 cm2 V�1 s at 500 nm. Hence,
even though a thin (<30 nm) strained GaN channel is desired for
maximum backbarrier confinement, the heterostructure used in
this work had a 200 nm-thick GaN channel layer as a tradeoff
between carrier confinement and mobility. A controlled compar-
ison of the effect of channel layer thickness on the output powers
of the RF HEMTs is under way. Partial relaxation of the AlN
barrier layer is expected due to 0.6% strain in the 200 nm
GaN channel.[23] Transport characteristics were measured via
Hall effect at room temperature, showing a mobility of
586 cm2 V�1 s and sheet concentration of 3.2 � 1013 cm�2.
The HEMT processing started with regrown ohmic contacts.
The sample was patterned with a Cr=SiO2 hardmask, and the
2DEG sidewall was exposed with a chlorine (Cl)-based dry etch.
Heavily n-type doped ([Si] � 1020cm�3) GaN was regrown in the
etched region via PAMBE, establishing ohmic contacts to the
2DEG. After hardmask removal, the HEMTs were isolated via
a Cl-based dry etch, and Ti/Au ohmic contacts were deposited
on top of the regrown region via e-beam evaporation. A trilayer
resist stack and electron beam lithography were used to define
the T-gate contacts. The Ni/Au gate metal was also deposited
via e-beam evaporation. 100 nm of silicon nitride was then depos-
ited via plasma-enhanced chemical vapor deposition (PECVD) as
a passivation layer. The cross-sectional representation and scan-
ning electron microscope (SEM) image of the fully processed
AlN/GaN/AlN HEMT are shown in Figure 1.

3. Results and Remarks

The contact resistance to 2DEG achieved via nþþ GaN was
0.23Ωmm. The AlN/GaN/AlN HEMT highlighted in this report
had a gate length of 60 nm. The device showed excellent DC char-
acteristics with on-currents up to 3 Amm�1, transconductance
(gm) of 0.68 Smm�1 (Figure 2a), and on/off ratio of more than
104. The highly scalable top barrier layer, in this case 6 nm thick
(4 nm AlN, 2 nm GaN cap), prevents significant short-channel
effects for the given gate length of 60 nm. Pulsed IDVD measure-
ments with a pulse width of 500 ns were used to characterize the
dispersion of the HEMT. Previous demonstrations of AlN/GaN/
AlNHEMTs showed relatively high levels of DC-to-RF dispersion
>15%,[5,6] limiting the gain and output power at GHz frequen-
cies. The pulsed IDVD in this report was measured using a
500 ns pulsewidth and 0.05% duty cycle. Prior to large signal
measurements, the dispersion of these HEMTs at 2.5 Amm�1

is �5% (Figure 2c). The bias-dependent S-parameters were mea-
sured in the range of 0.05–40.05 GHz. The system was calibrated
using short-open-load-thru structures and de-embedded with
on-chip open and short patterns. From the s-parameters, the
cutoff frequency (f t) and maximum oscillation frequency
(f max) of 124 and 221 GHz are shown in Figure 2d.

The large signal characteristics were measured using two
Maury microwave passive load-pull system sat 30 and 94 GHz.
At both frequencies, the device was biased for class-AB operation
at a quiescent drain voltage of 12 V. Figure 3a shows the load-pull
power sweep for the 2 � 25 μm AlN/GaN/AlN HEMT at
30 GHz. When tuned for peak efficiency, the device demon-
strates a PAE of 25% with associated Pout of 2.5Wmm�1 and
gain (GT) of 5.9 dB. At 94 GHz, the max PAE of 15% associated
Pout of 1.7Wmm�1 and gain (GT) of 3.1 dB (Figure 3b).
At maximum power, the HEMT shows 2.2Wmm�1 at 94 GHz.

The AlN/GaN/AlN HEMT large signal performance mea-
sured in this report was likely limited by the degradation of
on-current that occurred during large signal measurement.
The lack of surface treatment before SiN passivation may have
resulted in a significant amount surface states still remaining
after passivation, leading to significant dispersion once the

(a) (b)

Figure 1. a) The cross-sectional representation of the fully processed AlN/GaN/AlN HEMT. b) SEM image of the processed device prior to passivation.
One finger of the 2 � 25 micrometer HEMT. The inset image shows a T-gate on the sample with the same exposure conditions as the measured device,
demonstrating a gate length of 60 nm.
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device is stressed under large signal operation. An additional
factor could be the thicker GaN channel, which increased the
strain in the AlN top barrier, further contributing to device
degradation at high biases. Therefore, the next generation of
AlN/GaN/AlN HEMTs will feature a thinner GaN channel to
reduce stress in the AlN top barrier and increase the back barrier.
Additionally, an in situ cleaning step in the PECVD system will
be incorporated prior to SiN passivation deposition. This will
reduce the number of surface states present and reduce
dispersion at GHz frequencies. Long-term efforts aim at in situ
passivation of the AlN/GaN/AlN heterostructure.[23] Potential
MBE-grown passivation materials include crystalline and
amorphous AlN, as well as SiN.

4. Conclusion

This letter reports the first large signal performance of AlN/GaN/
AlNHEMTs at W-band, showing over 2Wmm�1 at 94 GHz. The
most likely limitations in this generation of devices have been
identified, and future work is under way to alleviate them.
With these improvements, significantly higher output powers
for AlN/GaN/AlN HEMTs are anticipated at 30 and 94 GHz.

High output power, combined with novel integration potential,
make the AlN platform an attractive candidate for future
millimeter-wave electronic systems.
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(a) (b) (c) (d)

Figure 2. a) The linear-scale transfer curve of the AlN/GaN/AlN HEMT demonstrating a transconductance of 0.68 Smm�1 and threshold voltage of�4 V.
b) The log-scale transfer curve showing an on/off ratio 104, limited by gate leakage. c) The pulsed IDVD characteristics. Prior to large signal measure-
ments, the dispersion is �5%. d) The small-signal characteristics, demonstrating an f t=f max ¼ 124=221GHz, respectively.

(a) (b)

Figure 3. a) The power sweep characteristics at 30 GHz. At peak efficiency of 25%, the HEMT shows an output power of 2.5 Wmm�1 and gain of 5.9 dB.
At 94 GHz b), the peak efficiency is 15% with associated output power of 1.7 Wmm�1 and gain of 3.1 dB. The maximum observed output power for the
device at 30 and 94 GHz is 2.6 and 2.2Wmm�1, respectively.
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