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Abstract
GaN technology is not only gaining traction in power and RF electronics but is rapidly ex-
panding into other application areas including digital and quantum computing electronics.
This paper provides a glimpse of future GaN device technologies and advanced modeling
approaches that can push the boundaries of these applications in terms of performance and
reliability. While GaN power devices have recently been commercialized in the 15-900 V
classes, new GaN devices are greatly desirable to explore both the higher-voltage and ultra-
low-voltage power applications. Moving into the RF domain, ultra-high frequency GaN de-
vices are being used to implement digitized power amplifier circuits, and further advances
using hardware-software co-design approach can be expected. On the horizon is the GaN
CMOS technology, a key missing piece to realize the full-GaN platform with integrated digi-
tal, power and RF electronics technologies. Although currently a challenge, high-performance
p-type GaN technology will be crucial to realize high-performance GaN CMOS circuits. Due
to its excellent transport characteristics and ability to generate free carriers via polariza-
tion doping, GaN is expected to be an important technology for ultra-low temperature and
quantum computing electronics. Finally, given the increasing cost of hardware prototyping
of new devices and circuits, the use of high-fidelity device models and data-driven modeling
approaches for technology-circuit co-design are projected to be the trends of the future. In
this regard, physically inspired, mathematically robust, less computationally taxing, and pre-
dictive modeling approaches are indispensable. With all these and future efforts, we envision
GaN to become the next Si for electronics.
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GaN technology is not only gaining traction in power and RF electronics but is rapidly expanding into other application
areas including digital and quantum computing electronics. This paper provides a glimpse of future GaN device tech-
nologies and advanced modeling approaches that can push the boundaries of these applications in terms of performance
and reliability. While GaN power devices have recently been commercialized in the 15-900 V classes, new GaN devices
are greatly desirable to explore both the higher-voltage and ultra-low-voltage power applications. Moving into the RF
domain, ultra-high frequency GaN devices are being used to implement digitized power amplifier circuits, and further
advances using hardware-software co-design approach can be expected. On the horizon is the GaN CMOS technology,
a key missing piece to realize the full-GaN platform with integrated digital, power and RF electronics technologies.
Although currently a challenge, high-performance p-type GaN technology will be crucial to realize high-performance
GaN CMOS circuits. Due to its excellent transport characteristics and ability to generate free carriers via polarization
doping, GaN is expected to be an important technology for ultra-low temperature and quantum computing electronics.
Finally, given the increasing cost of hardware prototyping of new devices and circuits, the use of high-fidelity device
models and data-driven modeling approaches for technology-circuit co-design are projected to be the trends of the fu-
ture. In this regard, physically inspired, mathematically robust, less computationally taxing, and predictive modeling
approaches are indispensable. With all these and future efforts, we envision GaN to become the next Si for electronics.

I. INTRODUCTION

GaN devices have increasingly gained wider acceptance as
a technology that demonstrates numerous strengths for appli-
cations in power electronics,1 RF,2,3 and more lately in the
areas of digital and ultra-high and ultra-low temperature elec-
tronics.4 A major strength of the GaN technology is its unique
ability to operate in both very high and very low temperature
environments. Due to its unique material attributes, including
wide bandgap and excellent transport parameters, GaN can
meet the high temperature, high frequency, and high power
demands of various industrial applications5,6 including deep
well drilling, automobile, and aerospace. At the same time,
GaN-based devices can operate in very low temperature envi-
ronments that are relevant for superconducting and quantum
computing applications. Due to its polarization-induced dop-
ing, GaN can overcome the carrier freeze-out challenges of
other technologies such as doped silicon.7,8

Power semiconductor industry focuses on a wide gamut
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of applications ranging from lighting, power grid, to auto-
mobile, etc. Currently, GaN high electron mobility transis-
tor (HEMT) products have been commercialized for oper-
ation in the 15–650 volts range.1,3,9 Compared to Si, GaN
HEMTs offer much higher switching frequency and are thus
widely adopted for high-speed and wireless charging and elec-
trified transportation. Vertical GaN power devices on native
substrates are close to commercialization,10,11whereas verti-
cal structures fabricated on foreign substrates, such as low-
cost silicon, sapphire, and engineered substrates, are also be-
ing investigated. In addition to the high-voltage products,
GaN technology also provides unique opportunities for ultra-
low voltage products (e.g., below 15 V).11 A new generation
of GaN devices based on the concept of superjunctions has
shown tremendous benefits for power applications.

Currently, RF is the next best-known application of the
GaN technology. GaN-based power amplifiers (PAs) offer
significantly enhanced RF performance (i.e., power density
and bandwidth) compared to those based on legacy technolo-
gies. To further push the PA efficiency and bandwidth for mm-
wave operation, the digitization of the PA and the hardware-
software co-design at the device and circuit levels are dis-
cussed. At the device level, novel epitaxial heterostructures
and architectures, such as vertical device designs that leverage
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the knowledge gained from power electronics applications of
GaN, could provide better thermal distribution, higher break-
down voltages, and power density compared to lateral struc-
tures. We also briefly discuss the innovations such as 3D elec-
tron gas graded-channel devices,12 FinFET technology13 and,
the digital GaN CMOS technology,14 to enhance the RF lin-
earity.

For digital and ultra-low-temperature applications, GaN
provides substantial advantages compared to silicon and III-
V technologies. The wide bandgap of GaN suppresses band-
to-band tunneling and gate-induced drain leakage, thus reduc-
ing the static power dissipation. However, there are still a
number of challenges to address, one of which is the lack of
high-performance p-FET GaN, a necessary technology for the
practical realization of CMOS circuitry. The other challenge
pertains to the high defect density of GaN-on-Si wafer, but
engineered substrates are expected to yield better results.

Quantum computing electronics is the next frontier of GaN
technology applications. Breakthroughs can be expected from
the progress made in qubit management and associated com-
ponents with the potential for large-scale hardware integra-
tion or/and “quantum computing-on-chip”.15,16 We see excit-
ing new avenues of research in cryogenic GaN CMOS elec-
tronics for the control and readout operation in quantum com-
puting and the use of nitrogen vacancy (NV) centers in III-
nitride technology as robust qubits.

This paper wraps up with a discussion on the modeling of
GaN devices, emphasizing the viewpoint that modeling could
serve as a tool to complement the traditional experimental ap-
proaches in the study of performance and reliability. Given
that GaN devices are generally limited by degradation mech-
anisms, especially those introduced by traps and mechani-
cal and thermal stresses, there is a need to develop modeling
frameworks that integrate the physics of reliability with carrier
dynamics. Additionally, research and development of circuit-
compatible compact device models and process design kits
are imperative to enable the co-design and co-optimization
of materials-devices-circuits-software and enable the cross-
fertilization of distinct GaN technologies. Ultimately, we
expect such innovations to push GaN to new technological
heights and enable its deployment in new and emerging com-
mercial applications.

II. GAN FOR POWER ELECTRONICS

A. Current Status

Power semiconductor devices are utilized as solid-state
switches in power electronics systems that are ubiquitous in
consumer electronics, data centers, electric vehicles, electric-
ity grid, and renewable energy systems. The global power
semiconductor market is predicted to reach over $50 billion
by the end of 2025.17 Power electronics applications span
a wide range of voltage, current, and power classes. Some
representative applications are shown in Fig. 1. Power de-
vices with a rated voltage < 650 V, 650-1700 V, and > 1700
V are usually categorized as the low-voltage (LV), medium-

voltage (MV), and high-voltage (HV) devices, respectively.
Note that different boundaries may be used in the context of
power applications, e.g., MV applications span voltages up
to 10-35 kV. Regardless of voltage/current classes, the com-
mon power device design centers around the concurrent real-
ization of low on-resistance (RON), high breakdown voltage
(BV), and small turn-on/turn-off power losses (i.e., switching
losses). The trade-offs between these metrics hinge on both
material properties and device structures.

To date, three power semiconductor materials have reached
massive production and commercialization, i.e., Si, silicon
carbide (SiC), and GaN. A variety of Si devices are available
throughout all voltage classes. SiC Schottky barrier diodes
(SBDs) and MOSFETs have been commercialized in the 650-
1700 V classes, with engineering samples available up to 10
kV. Very recently, the GaN HEMT has been commercialized
in the 15-650 V classes,1,3,9 and its market size is projected
to exceed $1.25 billion by 2027.18 Owing to GaN’s superior
physical properties over Si and SiC for power applications,
GaN HEMTs allow for higher switching frequency and, there-
fore, have already seen wide adoptions in fast chargers, wire-
less charging, data centers, and electrified transportation. The
higher frequency allows the miniaturization of passive com-
ponents in power systems, enabling higher power density and
conversion efficiency, as well as a reduction in system volume
and weight. Additionally, all commercial GaN HEMTs rely
on large-diameter GaN-on-Si wafer and can be produced in
CMOS-compatible processes, suggesting a lower wafer and
processing cost compared to the SiC counterparts.19

Currently, four main structures are adopted in commercial
GaN HEMTs, as illustrated in Fig. 2. While all of them em-
ploy the two-dimensional electron gas (2DEG) channel, their
main difference lies in the gate stack, or more specifically
the techniques to enable the enhancement-mode (E-mode)
operation, which is highly desirable for power electronics
applications. The Schottky-type p-gate HEMT (SP-HEMT)
(Fig. 2(a)) and gate injection transistor (GIT) (Fig. 2(b)) both
use p-GaN to deplete the 2DEG under the gate, but they fea-
ture different contacts between the gate metal and p-GaN.
The recessed gate and Ohmic gate contact in the GIT favor
the hole injection and conductivity modulation, which are not
present in the SP-HEMT. The cascode (Fig. 2(c)) and direct-
drive devices usually co-package a high-voltage depletion-
mode (D-mode) GaN HEMT with a low-voltage E-mode Si
power MOSFET to make the composite device function like
a single high-voltage E-mode transistor. Direct-drive devices
also co-package the gate driver and protection Si ICs with the
GaN and Si power transistors.

This section aims at discussing recent efforts for expanding
the application space of GaN power devices. First, extensive
research emphasizes on developing new GaN devices beyond
the 15-650 V range. With the advent and maturity of large-
diameter, low-dislocation GaN wafers on freestanding GaN
substrates,20 a new generation of vertical GaN power devices
has been demonstrated with a BV up to 2 kV in transistors21

and 5 kV in p-n diodes.22 In addition to operating at higher
voltages, the vertical device allows spatially distributed cur-
rent and electric field, which facilitates the power scaling and
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FIG. 1: Representative applications of power electronics applications.

thermal management. Inspired by the efficacy of power scal-
ing through current spreading, MV/HV lateral GaN devices
with stacked 2DEG channels have also been demonstrated
with high performance up to 5-10 kV.23,24 These emerging
vertical and lateral MV/HV GaN devices will be discussed in
Sec. II B.

Meanwhile, the 3-D FinFET and trigate architectures have
been innovatively employed in both lateral and vertical GaN
devices.9 Very different from Si digital FinFETs, GaN Fin-
FETs and trigate devices have allowed for numerous struc-
tural innovations based on engineering 2DEG and a variety
of gate stacks based on metal-insulator-semiconductor (MIS)
structures or p-n junctions.9 Some of these GaN trigate de-
vices show good promise for expanding the GaN’s application
space into the ultra-low-voltage power electronics (e.g., below
15 V). These devices will be presented in Sec. II C.

The penetration of GaN into power electronics not only
hinges on developing new GaN devices but also on expanding
the deployment of existing GaN devices. For example, in elec-
tric vehicles (EV), power electronics are employed for charg-
ing the batteries from the utility grid and running the motors.25

Power devices are used mainly in three systems, i.e., on-board
charger, DC/DC converter, and traction inverter. The perfor-
mance of the first two systems could be significantly boosted
by a higher switching frequency; hence, GaN HEMTs are pen-
etrating fast into these markets. Differently, the powertrain
inverter, the market size of which is the highest among the
three, does not require aggressive frequency upscaling due to
the motor load. Instead, prioritized device considerations are
high power density, excellent reliability, and good robustness
under abnormal operations.25 The reliability and ruggedness
of GaN HEMTs under surge energy, short current, overvolt-
age, and overcurrent events, as well as the device metrics (e.g.,
RON, BV) under fast switching, were found to be impacted
by the time-dependent trapping and de-trapping phenomena
uniquely present in GaN HEMTs. These issues will be dis-
cussed in Sec. II D.

Finally, in Sec. II E, based on the progress detailed in pre-
vious sections, we provide a prospect for the development of

GaN superjunction devices. The superjunction has achieved
huge success in Si and can elevate the performance of GaN
power devices to a new level.

B. Medium- and High-Voltage GaN Devices: Vertical or
Lateral?

The vertical structure is often believed to favor high-
voltage, high-power devices as it facilitates current spread-
ing and thermal management26 and allows for the realization
of high voltage without enlarging the chip size.20 Almost all
commercial MV/HV Si and SiC power devices are based on
the vertical structure.21 Additionally, as compared to the GaN-
on-Si epitaxy, GaN-on-GaN homoepitaxial layers possess a
much lower dislocation density, which favors the reduction of
off-state leakage current and the enhancement of BV. Over the
last several years, the cost of GaN-on-GaN wafer is dropping
fast, and 4-inch freestanding wafer is widely available now.19

The studies of vertical GaN devices started from p-n diodes,
as the p-n junction is a key building block for many advanced
power devices. Multiple groups have reported 3.3 kV-5 kV
GaN p-n diodes with a differential-RON v.s. BV trade-off
exceeding the 1-D SiC unipolar limit.22,27–29 The avalanche
capability, a non-destructive breakdown process that allows
power device to accommodate large current at BV, has been
widely demonstrated in vertical GaN p-n diodes.28–32 State-
of-the-art avalanche performance in an industry 1.7 kV GaN
p-n diode shows an avalanche current and avalanche energy
of 51 A and 63 mJ, respectively.31 In p-n diodes, a breakdown
field of 2.8-3.5 MV/cm close to intrinsic GaN limits has also
been demonstrated.33 Industrial vertical GaN p-n diodes also
demonstrated a surge current ruggedness close to the state-
of-the-art SiC counterparts, while showing smaller reverse re-
covery and faster switching speed.32

However, the vertical GaN p-n diode may not be compet-
itive as a standalone power rectifier due to the large turn-
on voltage (VON) resulting from the large bandgap of GaN.
Advanced SBDs are highly desirable, as they combine a
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FIG. 2: Schematic or decapped photos of four mainstream
commercial GaN HEMTs: (a) SP-HEMT, (b) GIT, and (c)

cascode GaN HEMT.

Schottky-like forward characteristics (with a low VON) and
a pn-like reverse characteristics (with the peak electric field
moved into semiconductor from the surface). These advanced
SBDs include the trench MIS/MOS barrier Schottky (TMBS)
diode (Fig. 3(a)), the junction barrier Schottky (JBS) diode
(Fig. 3(b)), and the merged p-n/Schottky diode (MPS). These
diodes employ either the MIS stack or the p-n junction to
deplete the top part of the drift region at low reverse biases,
thereby shielding the top Schottky contact from high electric
field. The JBS and MPS diodes have a similar structure and
only differ in the Schottky or Ohmic contact to p-GaN. 600-
700 V GaN TMBS diodes34 and JBS diodes35, as well as 2 kV
MPS diodes,36 have exhibited at least 100-fold lower leakage
current compared to standard SBDs. Toyoda Gosei reported
an industrial 10-A, 750-V GaN TMBS diode operational at
over 200◦C37 in converter applications.38

Several 1.2-kV-class vertical GaN transistors have been
demonstrated with a BV up to 2 kV21 and current up to 100
A,10 and a few industry devices10,38–41 of such, are close
to commercialization. The current-aperture vertical electron
transistor (CAVET)39,42–44 (Fig. 4(a)) relies on the 2DEG
channel and utilizes buried p-GaN regions to confine the cur-

FIG. 3: Schematic of vertical GaN (a) TMBS and (b) JBS
rectifiers.

rent flow in an aperture for gate control. The CAVET is in-
trinsically depletion-mode (D-mode), but a trench semi-polar
gate39,42 or a p-GaN gate43 can enable the enhancement-
mode (E-mode) operation. The GaN trench MOSFET10,45,46

(Fig. 4(b)) is very similar to the Si and SiC counterparts
and relies on inversion-type MOS channel. A variant of
the trench MOSFET, the in situ oxide, GaN interlayer-
based trench MOSFET (OG-FET),47–49 introduces a regrown,
thin, unintentionally-doped GaN interlayer to convert the
inversion-type MOS channel into the accumulation-type MOS
channel while maintaining the E-mode operation. The verti-
cal GaN planar power MOSFET50 similar to the SiC counter-
part51 has also been demonstrated with a BV over 1.2 kV.

FIG. 4: Schematic of vertical GaN (a) CAVET, (b) trench
MOSFET, (c) Fin-MOSFET, and (d) Fin-JFET.

The vertical GaN FinFETs11,21 leverage the digital FinFET
concept and employ the submicron-meter fin-shaped channels
to provide superior gate control as well as to enable the E-
mode operation and bidirectional conduction. The small foot-
print of fin channels allows much higher channel density as
compared to conventional power MOSFETs. Depending on
the sidewall gate stack, there are two types of power FinFETs,
the Fin-MOSFET (Fig. 4(c) and Fin-JFET (Fig. 4(d)).11,21 In
each fin, the Fin-MOSFET features a bulk fin channel in par-
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allel with two sidewall accumulation-type MOS channels,52

and the device needs only n-type GaN.53 In the Fin-JFET, the
inter-fin region is filled with p-GaN, and the strong depletion
of the lateral p-n junction allows a high doping concentration
in the n-GaN fin while maintaining the E-mode operation.40,41

1.2 kV vertical GaN Fin-MOSFETs54,55 and Fin-JFETs40,41

have both shown 3-5 fold lower specific RON and superior
switching performance40,55 as compared to the state-of-the-
art 1.2 kV SiC MOSFETs. An industrial GaN Fin-JFET for
the first time demonstrates the avalanche capability in GaN
transistors, with an avalanche energy density comparable to
SiC MOSFETs.40,41

In addition to free-standing GaN substrates, vertical GaN
devices can be also fabricated on low-cost foreign substrates,
such as Si, sapphire, and engineering substrates (e.g., QST).19

The relevant studies date back to the first demonstration of
vertical GaN-on-Si diodes using a quasi-vertical structure56

(Fig. 5(a)). Fully-vertical GaN-on-Si devices were later de-
veloped by a variety of approaches to handle the insulative,
defective transitional layers, including the layer transfer57,58

(Fig. 5(b)), buffer doping59,60 (Fig. 5(c)), and deep backside
trenches61 (Fig. 5(d)). The state of the art includes 500-800
V vertical GaN-on-Si diodes61,62 and MOSFETs63 as well as
1.4 kV vertical GaN-on-sapphire SBDs.64 The BV is expected
to be increased fast with the recent availability of thick GaN
(>10 µm) epi on Si substrates65 and engineering substrates.66

The development of vertical GaN device on foreign sub-
strates is still at an early stage, and many open questions
remain. A key question is the cost and performance trade-
offs for vertical GaN devices on different substrates. GaN
on sapphire and Si can allow for much lower epitaxial cost
as compared to GaN on GaN at the price of a higher dislo-
cation density.19 For example, the typical dislocation densi-
ties in GaN on GaN, sapphire, and Si are 103 ∼ 106 cm−2,
107 ∼ 108 cm−2, and 108 ∼ 109 cm−2, respectively. The
higher dislocation density in GaN-on-Si were found to induce
a relatively small degradation in forward characteristics but a
higher OFF-state leakage current at high biases.67,68 Interest-
ingly, although the BV of vertical GaN-on-Si devices is often
governed by a trap-mediated process,19 this trap-mediated BV
was reported to retain an avalanche ruggedness in the switch-
ing circuit.31,69 The impact of traps on the device leakage and
breakdown, as well as their correlations with different fabri-
cation techniques to enable the fully-vertical GaN-on-Si and
GaN-on-sapphire device, need to be scrutinized by future re-
search in device, materials, and physics. In addition, in ver-
tical GaN devices on foreign substrates, the impact of higher
leakage current on device reliability and robustness has not yet
been understood. Note that this understanding is also impor-
tant for lateral GaN-on-Si power and RF devices, as their leak-
age current at high drain bias is primarily vertical through the
GaN buffer layer and transition layers. While all commercial
GaN-on-Si devices have shown excellent reliability qualifica-
tion data, there seems lacking a fundamental and comparative
study into the impact of substrate selection (and GaN disloca-
tion density) on the reliability and robustness of lateral GaN
devices. On the other hand, it should be noted that the good
reliability of commercial GaN-on-Si lateral HEMTs does not

necessarily suggest a comparable reliability in vertical GaN
devices on foreign substrates, as the major carrier transport
direction is completely different in these two types of devices.

FIG. 5: Schematic of (a) quasi-vertical GaN-on-Si diodes
and the fully-vertical diodes through (b) layer transfer, (c)
buffer doping, and (d) selective removal of substrate and

buffer layers.

While the vertical structure is undoubtedly suitable for
MV/HV devices, the recent availability of large-diameter Al-
GaN/GaN wafers with multiple stacked 2DEG channels opens
a new route for developing MV/HV GaN devices. The 2DEG
mobility is higher than the bulk GaN mobility. Meanwhile,
the stacked 2DEG channels allow significantly lower sheet re-
sistance (RSH) and higher current (and power) handling capa-
bilities as compared to the single-channel counterpart. Multi-
channel AlGaN/GaN SBDs70 and HEMTs71 up to a BV of
900 V and 1.2 kV, respectively, have been demonstrated with
a tri-gate structure, i.e., the multi-2DEG fins being wrapped
by MIS structures in the anode/gate regions. These multi-
channel MV devices have shown significantly lower specific
RON as compared to the single-channel counterpart.

Inspired by the electric field robustness of p-n junctions in
vertical devices, a p-GaN based edge termination (Fig. 6(a))
was proposed for electric field management in multi-channel
lateral devices,72 which has enabled HV 5-channel SBDs up
to 5 kV on the large-diameter, low-cost GaN-on-sapphire
wafers.24,72 Compared to the conventional field-plate termina-
tion (Fig. 6(b)), the p-GaN termination has no dielectrics/GaN
interfaces, is not sensitive to geometrical designs, and its fab-
rication is compatible to the p-GaN HEMT foundry process.
Additionally, the p-GaN termination allows hole injection and
thus can potentially enable a superior ruggedness. 1.65-3.35
kV p-GaN-terminated multi-channel AlGaN/GaN SBDs show
a RON v.s. BV performance superior to the 1-D unipolar
SiC limit.72 Subsequently, a novel junction-fin-anode was pro-
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posed that wraps p-n junctions around the multi-2DEG fin
(Fig. 6(c), (d)), where p-NiO was used to form conformal p-
n junctions.24 Benefiting from the strong depletion provided
by this 3-D junction-fin-anode, the leakage current of a 5-
channel SBD at multi-kilovolts is equal to that of a single-
channel sidewall SBD biased at a few volts.24

Very recently, the first 10-kV class GaN device was demon-
strated on the multi-channel AlGaN/GaN platform23. The 10-
kV SBD employs a new E-field management design, the p-
GaN reduced surface field (RESURF) structure, which is lo-
cated on top of the multi-channel (Fig. 6(e)). Compared to
the p-GaN termination, the p-GaN RESURF layer extends to
the region nearing the cathode, and its total acceptor charges
balance the net donor charges in the multi-channel structure
(Fig. 6(f)). Thanks to this charge-balance design, the SBD
with a 123 µm anode-to-cathode distance shows a BV over 10
kV and a RON of 39 mΩ·cm2 (normalized with the device ac-
tive region taking into account the contact transfer/extension
lengths), which is 2.5-fold lower than the RON of the state-of-
the-art 10-kV SiC JBS diodes.

FIG. 6: Schematic of multi-channel diodes with (a) p-GaN
termination and (b) field-plate termination. 3-D (c) side-view

schematic and (d) cross-sectional view of a multi-channel
AlGaN/GaN SBD with the junction-fin-anode. Schematic of

(e) the RESURF multi-channel diode, and (f) the charge
balance in the structure.

As a summary of Session IIB, the RON v.s. BV trade-offs of
the state-of-the-art GaN MV/HV devices, as well as SiC de-
vices for comparison, are plotted in Fig. 7. Also included are
the 1-D unipolar limit of vertical Si, SiC, and GaN devices (as-
suming a mobility of 1000 cm2/Vs in vertical GaN), as well as
the practical limit of single-channel and multi-channel lateral
GaN devices72 (assuming a sheet resistance, RSH, of 115 Ω/sq
for multi-channel and 300 Ω/sq for single-channel devices,
as well as an average anode-to-cathode/gate-to-drain electric
field of 1 MV/cm). As shown in Fig. 7, state-of-the-art GaN
MV/HV devices outperform the SiC limit, revealing the good

promise of both vertical GaN and multi-channel lateral GaN
devices for MV and HV power applications. Meanwhile, it
should be noted that switching tests are required to evaluate
the true application space of these GaN devices in comparison
with the SiC counterparts, while these tests are still relatively
lacking for MV/HV GaN devices. Looking forward, numer-
ous research opportunities exist in physics, materials, and de-
vices for developing 10-20 kV GaN devices, particularly the
HV E-mode transistors, for grid applications, as well as the
packaging and circuit applications of MV/HV GaN devices.

FIG. 7: Specific RON v.s. BV performance of the
state-of-the-art MV/HV vertical and lateral GaN diodes and

transistors. The performance limits of 1-D unipolar Si
devices, SiC devices, lateral single-channel and

multi-channel GaN devices, and vertical GaN devices are
also included.

C. Ultra-Low-Voltage Power Devices: Room for GaN?

While extensive efforts are pushing GaN devices towards
kilovolt applications, enormous opportunities also exist in the
ultra-low-voltage (ULV) end, which are sometimes largely
overlooked in the GaN device community. For example, data
centers are estimated to consume 10% of the global electric
power, and in their power distribution systems, 48 V-to-1 V
voltage regulator (VR) modules are placed in the close vicin-
ity to CPUs and GPUs.73 This 48 V rack architecture has been
recently adopted by Google.73 A two-stage approach is often
used in the 48-V VR modules with an intermediate voltage
bus of 12 V or 6 V.73,74 In smartphones and wearable devices,
VR modules work at even lower voltages to convert the battery
voltage (3.2-4.5 V) to 1 V. The second stage of the 48 V data-
center racks and the VR modules for mobile devices all re-
quire ULV 5-30 V power devices that can switch at very high
frequency.75 This frequency upscaling is the key to miniatur-
izing the VR module and enabling its 3-D integration with
processors, i.e., an integrated VR (IVR), which could bring
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revolutionary advancements in system efficiency, form factor,
and functionality.75–78

While Si planar double-diffused MOSFET (LDMOS) is
the dominant player in these VR modules, GaN HEMT is
uniquely positioned to be a game changer, as it enables much
higher switching frequency and the bidirectional conduction.
Currently, the lowest-voltage commercial GaN power device
is a 15 V, 3.4 A HEMT (EPC 2040), which exhibits 30-fold
smaller input capacitance (CISS), 2.5-fold smaller output ca-
pacitance (COSS), and 30-fold smaller gate charge (QG) as
compared to a similarly-rated Si LDMOS (e.g., RAL035P01).
Very recently, these 15 V GaN HEMTs enabled a smartphone
IVR up to 20 MHz,79 which is 3-10-fold higher than the fre-
quency of Si-based smartphone VRs. These results showcase
a good promise of ULV GaN HEMTs, which is further con-
solidated by the feasibility of monolithically integrating GaN
power HEMTs with Si CMOS ICs as recently demonstrated
by Intel on 300 mm Si wafers.80

However, commercial ULV GaN devices based on the SP-
HEMT structure (see Fig. 2(a)) may not be able to exploit the
full potential of GaN, particularly for the devices designed for
even lower voltages (e.g., sub-10 V). The key design target of
ULV HEMTs is to minimize the specific RON, which is gen-
erally proportional to die size, capacitances and charges for
a certain current rating, while maintaining the E-mode opera-
tion. Different from higher-voltage devices, the RON of ULV
HEMTs is largely contributed by the channel resistance in the
gate region (Fig. 8(a)). Note that the channel electron concen-
tration under the gate is determined by gate capacitance (CG)
and gate overdrive instead of 2DEG concentration. In the SP-
HEMT, a thick p-GaN, which is needed to realize the E-mode
operation, separates the gate far away from 2DEG, leading to
a small CG and transconductance (gm). The GaN MOS-HEMT
with complete gate recess is not suitable for ULV HEMTs
as well, as the 2DEG channel is replaced by a MOS chan-
nel, which would significantly degrade the channel mobility
(µCH).

FIG. 8: (a) Illustration of the RON components and channel
electron concentrations in a ULV p-gate HEMT. (b)

Schematic of Intel’s ULV MOS-HEMT with a partial barrier
recess (i.e., AlInN recess under the gate).

Recently, Intel reported a AlInN/AlN/GaN ULV MOS-
HEMT that employs a partial barrier recess (removal of AlInN
polarization layer) to realize the E-mode operation and uses a
composite high-k gate dielectric (effective oxide thickness of
2.3 nm) to produce large CG and gm (Fig. 8(b)).81–83 These
ULV GaN HEMTs show over 3.6-fold lower specific RON as

compared to Si LDMOS at 10-20 V, being attractive for both
power electronics and RF amplifier applications. Despite the
excellent performance, the device fabrication could be chal-
lenging, particularly the etch stop at the AlInN/AlN interface
retaining the AlN/GaN 2DEG channel. Wafer-level etch uni-
formity could be a challenge for the large-diameter wafer pro-
cessing.

FinFETs and trigate HEMTs are other candidates for ULV
GaN power devices, as they obviate the delicate partial bar-
rier recess. A thorough review of GaN FinFETs and trigate
devices was published recently.11 These fin-based gate struc-
tures realize the E-mode operation via the enhanced 2DEG de-
pletion by sidewall gates and the reduced 2DEG density due
to partial strain relaxation. Based on the gate stack, there are
three types of trigate HEMTs, comprising Schottky contact,
MIS structure, and p-n junction wrapping around the 2DEG
fins in the gate region.11 The schematics of tri-gate GaN
MISHEMTs and tri-gate GaN junction HEMTs (JHEMTs)84

are shown in Fig. 9(a) and (b). These tri-gate HEMTs are ini-
tially developed for high-voltage applications. Nevertheless,
it has been made explicit very recently that they could allow
for a low channel resistance in the gate region and thus suit-
able for ULV devices.84 The tri-gate retains the 2DEG chan-
nel and places gate metal close to the 2DEG channel, realiz-
ing high µCH, gm, and CG concurrently. Ma et al. extracted
the averaged sheet resistance in the gate region (RSH_G) for
experimental devices with different E-mode technologies and
found a generally 5 to 10-fold lower RSH_G in E-mode trigate
HEMTs as compared to SP-HEMTs or the MOS-HEMTs with
full barrier recess.84

FIG. 9: (a) 3-D schematic of a tri-gate GaN HEMTs and (b)
cross-sectional schematic of a MIS-type tri-gate and a

junction-type tri-gate. (c) Scanning electron microscopy
(SEM) images of the NiO-wrapped AlGaN/GaN fins in a

junction tri-gate.
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It should be noted that the tri-gate JHEMT is a new tri-
gate device that differs from all prior trigate HEMTs.84 Ow-
ing to the higher built-in potential and the obviation of volt-
age drop in the insulator, the p-n junction can potentially
provide a stronger depletion as compared to the MIS stack,
making it easier to realize the E-mode operation and sup-
press short-channel effects. Additionally, the junction tri-
gate can minimize the interface trapping and instability issues
that are widely reported in the MIS stack. The first tri-gate
JHEMT was demonstrated by using p-NiO wrapping around
AlGaN/GaN fins (Fig. 9(c)),84 showing superior performance
over the tri-gate MIS-HEMT fabricated on the same wafer.

Despite a decade development of trigate GaN HEMTs,
there still lacks experimental demonstrations of their switch-
ing characteristics in power converters. This is becoming
an immediate need for trigate GaN HEMTs as some other
GaN devices are commercially available. Recently, Ma et al.
systematically analyzed the static and switching performance
space of trigate GaN HEMTs.85 It was found that the trigate
GaN MISHEMT is difficult to provide a superior switching
figure-of-merit (FOM), as the benefit from the smaller RON is
compensated by the higher parasitic capacitance in the gate
region. In comparison, simulations predict that trigate GaN
JHEMTs allow for a much smaller gate capacitance, at the
same time retaining the benefits of trigate devices, thereby re-
alizing significantly superior switching FOMs (e.g., the prod-
uct of RON and gate/output charges) as compared to planar
p-gate GaN HEMTs.85

As a summary of Section II.C, the recent availability of 15
V commercial SP-HEMTs have showcased good prospects for
using GaN in ULV power electronics. However, the ULV
HEMT design, particularly the gate structure design, neces-
sitates very different considerations compared to the higher-
voltage counterparts. The MOS-HEMTs with partial bar-
rier recess, FinFETs, and tri-gate HEMTs have shown su-
perior performance over SP-HEMTs for ULV applications.
However, many knowledge gaps still exist in their designs,
such as the optimal E-mode gate stack and channel materi-
als, and their circuit-level characterizations, particularly the
ULV HEMT modules (e.g., a half-bridge module) with in-
tegrated GaN drivers. It should be noted that the switching
characterization of ULV, high-frequency devices requires a
co-optimization with gate drivers and device/module packag-
ing.

D. GaN Devices in Switching: A Unique Platform for
Studying Dynamic Device Physics

While many novel devices are showcased in the prior two
sections, exciting research opportunities are also present for
commercial GaN HEMTs, particularly on their dynamic char-
acteristics in circuit operations. In comparison with Si and
SiC power MOSFETs, the complexity of GaN HEMTs comes
from not only the fundamentally distinct device physics (e.g.,
the lack of p-n junctions between source and drain) but also
the heterogenous GaN-on-Si epitaxy with a high dislocation
density. Many issues regarding device stability, reliability,

and robustness arise from the presence of traps in various re-
gions of the epi structure. The occupation probability of these
traps depends on the electrical history, e.g., device switching
locus and bias history. Trapping behavior (trapping and de-
trapping) are usually time-dependent with time constants that
can span many orders of magnitude.86 Hence, device charac-
teristics in fast switching could significantly differ from the
ones under DC conditions. GaN HEMTs have become a
unique platform for studying device physics under nonequi-
librium conditions, e.g., the concurrent presence of high elec-
tric field, fast switching, and high temperatures. Numerous
reviews have periodically summarized progress in GaN reli-
ability studies,86–90 and a recent paper nicely overviews the
relevant device physics and material issues.86 After several
GaN HEMTs having passed reliability qualifications are com-
mercially available, many recent studies emphasized on test-
ing them in switching circuits and mission profiles as well
as understanding their robustness outside the safe-operating-
areas and close to device destruction limits. Here, we attempt
to take a snapshot of some interesting findings in these en-
deavors. Some of the application-oriented device issues and
their relevance to the internal trapping behavior is illustrated
in Fig. 10.

FIG. 10: Schematic of the electron/hole dynamics and
trapping inside a p-gate HEMT during high-voltage power

switching, with the illustration of different trapping
mechanisms and their correlation with several device

phenomena.

Dynamic RON phenomenon, where RON immediately after
device turn-on is higher than the DC value, is a well-known
issue of GaN HEMTs that increases their conduction losses in
power converters. A decade of study has revealed its origins to
be associated with buffer trapping, surface trapping and gate
instability.91 However, a large variation of dynamic RON has
been reported in the literature, spanning from a minimal in-
crease over static RON to ten times higher, even for commer-
cial devices. It was recently pointed out that this inconsistency
largely originates from characterization methods.92 The stan-
dardized double-pulse-test method, which does not specify the
voltage-blocking time and ignore the accumulation effects in
repetitive switching cycles, could significantly overestimate
the device dynamic RON in power converters. The on-wafer
pulse I-V measurements cannot mimic the switching locus
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and slew rate (e.g., dv/dt) in real converter applications. In-
stead, steady-state switching measurements are essential for
prediction of in situ dynamic RON.92 The worst-case dynamic
RON of commercial GaN HEMTs measured in this framework
was found to be less than 2 times higher than the static value.
Additionally, the dynamic RON differs in hard switching and
soft switching is often impacted by hot-electron effects in hard
switching.93–95 Very recently, dynamic RON of commercial
GaN HEMTs was measured in multi-MHz soft switching and
shows a saturation at ∼2 MHz, a frequency exceeding the rel-
evant trapping and detrapping time constants.96

The BV of commercial GaN HEMTs was also found to be
dynamic and, interestingly, higher than the static BV mea-
sured in quasi-static I-V sweeps.97,98 The dynamic BV of
commercial devices were measured in a unclamped induc-
tive switching (UIS) setup with the UIS pulse widths that span
eight orders of magnitude (25 ns to 2 s), showing a decrease
with prolonged pulse width (Fig. 11).97 The dynamic BV of a
650-V rated SP-HEMT was found to exceed 1400 V in 25 ns
pulses, about 450 V higher than the static BV. This higher dy-
namic BV is attributed to the reduced buffer trapping in short
pulses, where the buffer trapping intensifies the peak electric
field near the drain side and makes it reach the critical elec-
tric field of GaN at lower drain biases.97 To understand the
overvoltage margin in continuous switching, this commercial
HEMT was subsequently measured in repetitive hard switch-
ing cycles with a overvoltage of 1330 V (over 90% dynamic
BV), and it showed small and recoverable parametric shifts af-
ter 1 million cycles.98 The parametric shifts were found to be
induced by the trapping of the holes produced in impact ion-
ization during overvoltage events.98 These results suggest the
dynamic BV provides GaN HEMTs an additional overvoltage
margin in power converters. Interestingly, while electron trap-
ping governs the dynamic BV (i.e., the failure boundary), hole
trapping dominates the device parametric shifts under repeti-
tive overvoltage stresses.

FIG. 11: (a) Box plots of the dynamic BV of SP-HEMTs
failed at different pulse widths and temperatures. (b)

Cross-sectional SEM image of the device failed in 25 ns
pulse, showing the failure location at the drain side. (c) Photo

of the test setup with a motherboard/daughter-board
configuration. Reproduced with permission from IEEE
International Electron Devices Meeting 23.3 (2020) and

IEEE Electron Device Lett. 42, 505 (2021). Copyright 2020
and 2021 IEEE.

The above breakdown mechanism of GaN HEMT is fun-
damentally different from that in Si/SiC MOSFETs, which
is usually governed by avalanche and shows minimal time
dependence. The lack of avalanche capability makes GaN
HEMTs withstand the surge energy in power converters in
a very different way, where the surge-energy withstand ca-
pability is crucial in EV powertrain and power grid applica-
tions.99–101 The GaN HEMTs were found to be not able to
dissipate the surge energy through avalanching, but instead,
withstand it through capacitive charging. The maximum surge
energy that it can withstand is determined by the output ca-
pacitance (COSS) and dynamic BV;99,100 the failure is electric
field induced rather than thermally limited as in the avalanche.
This capacitance-related ruggedness suggests a fundamental
trade-off between the HEMT’s surge-energy ruggedness and
its switching speed and losses. It should be also noted that
the absence of avalanche capability is not due to GaN but the
HEMT structure; robust avalanche has been demonstrated in
vertical GaN p-n diodes and Fin-JFETs.30,31,40,41

Another interesting finding of GaN HEMTs in power
switching is the COSS losses, i.e., the losses from charging and
discharging the device COSS, which is assumed lossless for
ideal power switches.102–105 These losses are of particular im-
portance in soft-switched circuited at MHz switching frequen-
cies. This unexpected loss mechanism was first found to be a
universal phenomenon for different commercial GaN devices
regardless of device packaging.102 Later, it was found that this
loss is related to buffer region, and an enhanced multi-layer
nitride buffer allows a significant loss reduction.103 Similar
COSS loss was also reported in SiC devices,104,106 and a cir-
cuit model was developed to describe its bias- and frequency-
dependence.105 A very recent investigation speculates that the
COSS losses include both resistive losses due to the resistance
of buffer layers and Si-substrate and the capacitive hysteresis
loss due to trapping dynamics.107

Finally, SP-HEMTs and GITs usually have a relatively
small gate voltage (VG) operation margin; this motivates the
active investigations of gate reliability108 and the associated
dynamic threshold voltage (VTH) issue.109–112 The dynamic
VTH was found to originate from the charge storage in p-GaN
during switching,111 and thereby depends on the p-gate con-
tact, e.g., Schottky- or Ohmic-type.109 The Ohmic-type p-gate
generally shows smaller dynamic VTH due to a superior capa-
bility of charge supply and extraction. A similar trade-off is
also present in the buffer trapping, where the hybrid drain (i.e.,
p-GaN connected drain113) can inject holes to suppress the
buffer trapping and thus alleviate the dynamic off-state cur-
rent114 and dynamic BV97 issues.

E. Superjunction: The Next GaN power device?

Upon reflection, despite the existence of some simulation
designs,115 p-n junctions have never been used in commercial
GaN HEMTs for enhancing the electric field management and
BV ruggedness. The recent device results, such as the new
capabilities demonstrated in Fin-JFETs and tri-gate junction
HEMTs, seem to imply vast benefits of using p-n junctions
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and 3-D channel structures (e.g., fins) in future GaN power de-
vices. One of the most successful power devices in Si that em-
ploy junctions is the superjunction, which relies on alternative
n- and p-doped pillars and can break the theoretical trade-off
between RON and BV of 1-D drift regions.116 The superjunc-
tion was recently realized in SiC117–119 but have not reached
experimental demonstrations in GaN. Instead of p-n junction,
a balance in polarization charges, i.e., “polarization junction”,
was used in lateral AlGaN/GaN devices to produce a “natural
superjunction” for superior electric field management.120–122

The natural polarization based power converter has also been
reported,123 and the safe-operating-area of these devices have
been studied.124 Despite the demonstration and application of
these devices, their RON is still much higher than the 1-D GaN
limit (and even the SiC limit).

The recent experimental realization of selective p-type dop-
ing in GaN power devices35,40,41,50 has removed some criti-
cal roadblocks for fabrication of GaN superjunction devices.
In addition to selective p-n junctions, selective p-GaN/2DEG
junctions with a high blocking electric field have also been
demonstrated.125 Simulations predict that vertical GaN super-
junction transistors with fin channels and 2DEG channels can
enable at least 20-fold smaller capacitances and charges com-
pared to today’s best MV transistors and allow multi-MHz,
multi-kilovolts power switching up to 10 kV.126 An analytical
model to design a superjunction with interfacial charges,127

which were usually present in selective p-n junctions,128 was
also reported. Given these progresses, we believe the GaN su-
perjunction exceeding the 1-D GaN performance limit will ar-
rive soon. To accelerate their development, vast material- and
processing-level efforts are required to address a few issues in
GaN, such as the selective-area p-type doping, incomplete ac-
ceptor ionization and the resulted difficulties in charge match,
leakage current control, acceptor activation in deeply buried
structures, etc.

Meanwhile, novel lateral GaN superjunction HEMTs that
combine the 2DEG channel and the superjunction functional-
ity can be also envisioned. While the existing polarization su-
perjunction devices show a much larger RON compared to the
GaN superjunction limit, the employment of multi-channel
structures can potentially lower the RON. Many relevant de-
signs have been proposed129–132. In particular, the recent 10-
kV multi-channel RESURF SBD, a “quasi-” multi-channel
polarization superjunction, breaks the SiC limit and show the
promise of multi-channel polarization device23. The other op-
tion is to selectively introduce p-GaN regions into the 2DEG
channel building on the recently demonstrated p-GaN/2DEG
junction for electric field management.125 Finally, the incor-
poration of heterogeneous p-n junction like the p-diamond/n-
GaN junction115,133 into the HEMT structure has also been
proposed, and the heterogeneous superjunction could also be
envisioned. Experimental explorations of these new device
concepts may bring new capabilities and great advancements
in lateral GaN HEMTs.

III. GAN FOR RF ELECTRONICS

A. RF Circuits and Applications

Compared with GaAs, Si, and SiGe, GaN technology of-
fers ideal material characteristics for RF power applications
such as satellite communication and 5G cellular communi-
cation. As shown in Fig. 12, thanks to GaN’s higher power
density in the frequency range of 2–7 GHz (FR1 band) and
millimeter wave bands (> 24 GHz, FR2 band), GaN dom-
inates RF power applications. For the 5th generation (5G)
and beyond wireless communication, wider signal modula-
tion bandwidths (> 100−400 MHz) are needed for base sta-
tion transmitters. A similar trend is observed for Ku- and Ka-
band satellite communication. PA is the most power-hungry
part of the high-power radio transmitter, and thus improving
its efficiency has always been a major research focus and is
also one of the topics of discussion in this section. Advanced
energy-efficient PA architectures (e.g., Doherty amplifiers),
combined with the cutting-edge GaN HEMT devices, have
shown outstanding performance in recent works.134 Figure 13
illustrates the impact of GaN device characteristics on the PA
metrics and system-level advantages such as smaller footprint
and reduced total cost of ownership (equipment capital, en-
ergy and thermal management expenses,) for the operators. It
is important to note that the RF transmitter compactness and
thermal handling are some of the key system-level require-
ments of 5G massive multiple-input multiple-output (MIMO)
and small cell base stations, where many compact RF front-
end modules, including PAs (e.g., 64 or 256 antenna elements
half-wavelength spaced panel), are installed as active antennas
for beamforming purposes in both urban and sub-urban areas.
GaN PA technology manifests itself as a well-suited solution
here.

Among several emerging wideband GaN PA technologies
including continuum-mode (i.e., class-J), outphasing, enve-
lope tracking (ET), and advanced Doherty, here we high-
light two promising techniques: ultra-high speed switching
mode and artificial intelligence (AI)-assisted RF PA. These
two PA architectures, combined with the aforementioned GaN
device merits, show great potential of efficient amplification
for wideband radio signals used in the next-generation radio
transmission, in which dynamic spectrum allocation/sharing
and radio traffic are significant considerations.

Higher power efficiency, while maintaining the required
linearity specifications, is the main driver of RF PA advance-
ment for cellular applications as shown in Fig. 14. There
have been various PA architectures proposed for different gen-
erations of mobile communications. Conventional Doherty
PAs using LDMOS and GaN (in recent years) have been the
workhorse for the infrastructure of transmitters, thanks to their
relatively simple implementation (i.e., analog power dividers
and combiner) and competitive power efficiency of 30-40%.
Numerous innovations are taking place related to the design
of next-generation RF PAs, such as the ET PA and digitally
assisted Doherty amplifiers, where GaN HEMTs have been
adopted due to their much faster and lower loss switching
properties, which are key for RF switching-based circuit de-



11

FIG. 12: Current RF power device technologies for high
frequency applications. Reproduced with permission from

IEEE/MTT-S International Microwave Symposium
Proceeding. Copyright 2020 IEEE.

FIG. 13: GaN HEMT device physical characteristics offer
circuit and system benefits for RF applications. Reproduced

with permission from IEEE Microwave Magazine. Copyright
2017 IEEE.

signs. Studies have been reported for both wireless and radar
applications using GaN ET circuit designs with promising re-
sults at increasingly wider instantaneous signal modulation
bandwidths (20−80 MHz) and higher operating frequencies.

A 5 W chip (size of 1×2.4 mm2) in 0.15 µm GaN HEMT
process was reported for an advanced soft-switching ET mod-
ulator, also named as a switching buck converter (SWBC).
Soft switching employs a diode and an inductor that resonates
with output capacitance of the GaN FETs at the switching fre-
quency, as shown in Fig. 15(a). Soft switching minimizes
the overall power loss, which is proportional to the switch-
ing frequency and is thus an enabler for efficient amplification
at higher switching frequencies for future wider band modu-
lated signals. Low parasitics are strongly desired and required,
and challenging to achieve with Si-LDMOS at switching fre-
quencies over 10 MHz. Figure 15(b) shows the switching fre-
quency dependence of the Soft-SWBC and hard-switching BC
(Hard-SWBC). At 200 MHz switching frequency, the mea-
sured Soft-SWBC efficiency was 77% for 6.5 dB PAPR (peak
to average power ratio) with 20 MHz modulation signal. Even

FIG. 14: From Analog to Digital: Advanced RF PA roadmap
for sub-6 GHz (FR1). Reproduced with permission from

IEEE Microwave Magazine. Copyright 2017 IEEE.

with high switching frequency of 450 MHz, it still main-
tained 67% total efficiency (> 20% higher efficiency com-
pared with Hard-SWBC). The overall RF PA efficiency in-
cluding ET converter was more than 47% at 3.6 GHz135. In
2020, FBH reported a 0.25 µm gate length GaN HEMT-based
design of envelope modulator supporting 300 MHz modula-
tion bandwidth.136 Over 60% efficiency is demonstrated for
ultra-wideband modulated signal applications. One of the
practical challenges for GaN switching applications is the de-
sign of the gate driver stages to properly turn ON and OFF
the final stage with high speed and efficiency. This has been
one of the bottlenecks for GaN switching applications. In the
work by Hühn et al.,136 a hybrid module implemented with a
pre-amplifier MMIC, a switching mode driver stage MMIC,
and a charge pump with discrete elements, reached 900 MHz
switching frequency.

GaN Doherty amplifiers have shown promising perfor-
mance at mm-Wave bands.137 In recent work, a GaN Doherty
chip of size 2.7× 1.6 mm2 achieved peak power added effi-
ciency (PAE) of 23%, 8 dB back-off PAE of 15% over the
frequency of 27.5 to 29.5 GHz. The back-off PAE with over 3
W output power is one of the highest for Ka-band (frequency
> 27 GHz) MMIC amplifiers. Figure 16 shows MMIC GaN
Doherty chip and the measured output power spectrum under
64QAM 100 MHz modulated signal at a carrier frequency of
28.5 GHz before applying digital predistortion techniques. In
summary, these studies showed that advanced PAs designed
with cutting-edge GaN HEMTs are powerful solutions for
both sub-6 GHz and mm-Wave bands.

B. Hardware-Software Co-design

To fully unlock the GaN device potential in RF applica-
tions, innovations at all levels including device process ad-
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FIG. 15: (a) A GaN soft-switching circuit. (b) Performance comparison versus switching frequency of soft- and hard-switching
buck converters.135 Reproduced with permission from IEEE/MTT-S International Microwave Symposium Proceeding.

Copyright 2018 IEEE.

FIG. 16: (a) 28 GHz GaN Doherty amplifier and (b) its
measured output power spectrum.137 Reproduced with
permission from EEE/MTT-S International Microwave

Symposium Proceeding. Copyright 2020 IEEE.

vancement and circuit architecture enhancement and mod-
ifications are necessary. In particular, the recent trend of
software-hardware co-design with machine learning tech-
niques has demonstrated exciting opportunities.138,139

As shown in Figure 17(a), a revised version of Doherty
amplifier was introduced by modifying the analog input into
to two separately controllable RF inputs, which are then op-
timized by the artificial intelligence (AI) algorithm on the
fly, depending on the real-time dynamic operating conditions,
such as frequency and input power levels. As a result in
Figure 17(b), a mixed mode high-efficient RF PA was first
demonstrated to operate over an ultra-wide bandwidth cover-
ing 1.4−4.8 GHz with over 45% efficiency. Results show that
the AI engine can optimize GaN HEMT bias conditions, the
dual-input signal phase, and amplitude for achieving superior
performance.

The AI engine can be designed and implemented using
the silicon CMOS technology. Therefore, a heterogenous
integration of CMOS and GaN technologies, leveraging the

unique advantages of silicon and III-V compound semicon-
ductor technology, is one of the enabling technologies to
achieve the best trade-off between performance and cost at
the system level. Some initial work has been reported, as
shown in Figure 18, in which CMOS and GaN are integrated
by bonding two separate chips. It achieved output power in
the range of 2-3 W and drain efficiency of over 50% spanning
more than an octave of bandwidth.140 This digitally assisted
technique allows the digital power DAC approach to be ex-
tended to higher power levels and bandwidths than previously
demonstrated. Such features are exciting and attractive for the
realization of future software-defined radio, cognitive radio,
where the performance of the digital, AI, and other technolo-
gies are co-designed and co-optimized.

C. Device Architectures for RF

As discussed previously, III-N semiconductors exhibit sig-
nificant potential for RF applications, thanks to the combi-
nation of wide bandgap (∼ 3.4 eV), high electron satura-
tion velocity (2× 107 cm/s), and high electron mobility (∼
2000 cm2/V·s). From the initial days in AlGaN/GaN HEMT
research, its RF potential has been noted given its supe-
rior performance when compared with other wide bandgap
semiconductors.141 Since then, the fT of deeply scaled GaN
transistors has reached > 450 GHz for GaN-on-SiC transis-
tors and > 300 GHz for GaN-on-Si transistors.142–144 The im-
provement in the cutoff frequency was driven due to a com-
bination of high channel mobility, superior carrier confine-
ment (reduced short-channel effects due to back barrier), T-
shaped/mushroom gates with short gate foot (LG < 80 nm)
and large gate head), small access region lengths (possibly
self-aligned process), good ohmic contacts (contact resistance
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FIG. 17: (a) Machine learning assisted dual-input
mixed-mode GaN PA. (b) its measured performance over
ultra-wide bandwidth.138,139 Reproduced with permission
from EEE/MTT-S International Microwave Symposium

Proceeding. Copyright 2019 IEEE.

FIG. 18: A digitally controlled CMOS/GaN PA140.
Reproduced with permission from IEEE Radio Frequency

Integrated Circuits Symposium Proceedings. Copyright 2016
IEEE.

< 0.2 Ω·mm, using regrown n+ contacts), reduced trapping
(e.g., via improvement in the surface passivation technology).
Future improvements in the cut-off frequencies, possibly up
to the 700 GHz range, would depend on improvements in
the epitaxial structure (lower sheet resistance, thinner barri-
ers, superior carrier confinement), as well as the overall de-
vice structure. Evidently, this is no easy feat considering ex-
isting challenges. In terms of material properties, the sheet
resistance of the channel would need to be reduced to < 150
Ω/sq by increasing the carrier density while maintaining high
carrier mobility. Short-channel effects need to be signifi-
cantly suppressed, for example, through the use of thin Schot-
tky barrier (pure AlN as opposed to AlGaN),145 back bar-
rier,145–147 tri-gates.148 These modifications add complexity
to the conventional AlGaN/GaN device. In terms of fabri-
cation, reliable ways to achieve gate metallization (typically
T-shaped/mushroom gates with small gate foot and large gate
head) are highly desired.149

GaN HEMTs have been the workhorse of PAs in the Ka
band and beyond. For example, in as early as 2005, an Al-
GaN/GaN HEMT showed performance of 10.5 W/mm at 33
% power-added efficiency (rail voltage of 40 V) at 40 GHz.150

While traditional AlGaN/GaN HEMTs have been commer-
cialized for RF applications, research into technologies for the
next generation of GaN transistors could be mainly grouped
into two categories, namely epitaxial structure and device
innovations. In terms of epitaxial structure, structures like
ScAlN/GaN, AlN/GaN, N-polar GaN/AlGaN, InAlGaN, and
multi-channel (AlGaN/GaN)n have been proposed.151–156 In
Ga-polar AlGaN/GaN HEMT the electron density in the chan-
nel can be enhanced by increasing the barrier (AlGaN) thick-
ness which is essential to improve the power density of
RF devices. However, a thick barrier reduces the gate ca-
pacitance hence leads to poor gate control as well as low-
transconductance. One major benefit of N-polar GaN-HEMT
devices is that it decouples these two parameters: 2-DEG den-
sity and barrier thickness making it possible to achieve higher
power density at higher frequency compared to a Ga-polar lat-
eral device. Additionally, in N-polar devices, when an AlGaN
layer is placed on top of the GaN channel, the polarization
field opposes the electric field produced in a reverse-biased
gate drain junction. This is in contrast to Ga-polar HEMTs
where the polarization field is in the same direction and an
applied gate-drain reverse bias rapidly reduces the tunneling
barrier for gate-injected electrons. All these benefits coupled
with atomically deposited Ru gate technology leads to the
record breaking performance in terms of power density (6.2
W/mm) and power added efficiency (33.8%) at 94 GHz.149

Another material-innovation is the use of ScAlN as a barrier
layer in GaN HEMT devices. Because of the higher sponta-
neous polarization coefficient of ScAlN, ScAlN/GaN can be
lattice-matched with up to 2× sheet charge density compared
to In0.18Al0.72N/GaN.157 A lattice-matched Sc-based barrier
enables high sheet charge density without strain and may en-
hance reliability and thin barrier leads to better RF perfor-
mance.

Unique operation principle of GaN-based field effect tran-
sistors with laterally-gated multiple 2-DEG channels, called
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BRIDGE FETs (buried dual gate FETs) demonstrated de-
vice characteristics suitable for efficient and linear millimeter-
wave power amplifier applications. In these devices, parallel
gates buried into an Al(Ga)N/GaN HEMT epitaxial structure
form lateral Schottky contacts to the 2DEG channel layer.158

An absence of the top gate contact makes the device unique in
contrast to conventional transistors in its operation principle;
the drain current is controlled solely by modulating the width
of the 2DEG while maintaining its sheet electron density. The
benefits of Bridge FET include: (a) negligible current col-
lapse, (b) low output conductance due to improved electro-
statics, (c) highly uniform capacitance, and (d) low gm3 com-
pared to T-gate HEMT.

To achieve even higher power output for 5G base sta-
tions etc., fundamental innovations are necessary in the de-
vice structure, beyond the current lateral structure (carriers
move horizontally in the channel), possibly by drawing valu-
able lessons from the development of vertical power transis-
tors. These vertical structures offer several benefits including
high breakdown voltage (determined by the thickness of the
drift region), high power density per unit chip area (due to
bulk conduction in the vertical direction), more uniform ther-
mal dissipation (due to the bulk conduction), and possibly bet-
ter reliability (due to buried channel without the presence of
surface states). Early studies on the RF characteristics of ver-
tical devices have been conducted demonstrating their suit-
ability for RF application.159,160 Recent experimentally cal-
ibrated simulations of a proof-of-concept single-fin vertical
FinFET have predicted output power of > 15 W/mm in the
Ka band.161 Actual vertical FinFETs typically feature large-
area arrays, which can significantly increase the power output
of the device.162 While initial results are promising, further
research is required to address materials and fabrication chal-
lenges to realize this innovative device structure.20

1. RF linearity

To meet the stringent requirements of mm-Wave commu-
nications in 5G and beyond, linearity is equally important as
achieving high power amplification at high frequencies. The
presence of non-linearity often forces the circuit to operate
at back-off output levels, at the expense of lower efficiency.
The origins of non-linearity at the device-level include the
gm degradation under high currents, gate capacitance non-
linearity, and memory effects due to carrier trapping.

While circuit-/system-level compensation techniques (e.g.
digital pre-distortion (DPD) and Doherty amplifier topology)
have been widely used to improve efficiency and reduce non-
linearity, they bring additional complexity to the circuitry.
Furthermore, in the 5G MIMO era, DPD techniques are lim-
ited by the bandwidth, especially for ultra-broadband PAs.
Therefore, significant attention has been paid to the device-
level solutions that can inherently offer higher linearity.

In terms of the epitaxial structure, research has focused on
the modification of the conventional AlGaN/GaN heterostruc-
tures. An early work proved that the AlGaN barrier thick-
ness impacts the device linearity.163 Moreover, the concept of

graded channel (colloquially, “three-dimensional electron gas,
3DEG”) has been proposed to improve linearity, as demon-
strated in the AlGaN channel polarization-graded field-effect
transistor (PolFET) 164 Improvements in device fabrication,
e.g., the use of different passivation layers, have further im-
proved the linearity and DC-RF dispersion of PolFETs.12,165

The second type of innovation to the epitaxial structure is the
use of multi-channel heterostructures. Early works on planar
gate devices have demonstrated higher linearity, which at the
device-level, is reflected in the broader gm peak.166,167

Advancements in GaN device technology, notably the Fin-
FET, have opened up the design space in the third dimen-
sion (previously parallel to the gate width), therefore offer-
ing new device possibilities for higher linearity.168,169 It is
evident that FinFETs have made the electrostatic control of
the multi-channels more effective by exerting lateral (side-
wall) control over the bottom channels. A linearity figure-
of-merit of OIP3/PDC of 6 dB at 30 GHz has been reported
on the SLCFET.155 The use of laterally gated structures and
sloped gate recess have been reported to address the linearity
issues of GaN devices.170,171

FinFETs allow for the combination of many different types
of fins (each giving different threshold voltage, VTH) in the
same device (that shares the three transistor terminals), thus
allowing for flexibility in the fin distribution for linearity.172

Similar concepts have been used for laterally gated devices
and an improved distribution of fins.173–178

A fundamental innovation that could potentially simultane-
ously deliver higher linearity and RF efficiency is the GaN
CMOS technology. Circuit topologies based on CMOS, as
opposed to single-type logic, have proven to be beneficial for
linearity.14 Furthermore, the use of p-FETs as loads could pro-
vide high output resistance at the output node, while conserv-
ing the much-needed chip area (as opposed to using induc-
tors).

2. Other consideration for RF

In high-power RF applications, the device is constantly bi-
ased near or even beyond the power compression point for
high efficiency. At such a high power output level, self-
heating is a major concern. Prolonged self-heating in the junc-
tion, in particular the non-uniform self-heating in the narrow
regions near the AlGaN/GaN interface, often exacerbates the
concerns of device reliability. To address the self-heating in
GaN HEMTs, two approaches are being explored. The tradi-
tional approach relies on the use of high thermal conductiv-
ity substrates (e.g., diamond), surface passivation, and pack-
aging, and several GaN-on-diamond HEMTs with good per-
formance have been reported.179–181 The second approach, a
more challenging but possibly more rewarding one, is the use
of vertical device structures, which has been proposed to give
more uniform thermal distribution and lower peak junction
temperatures when compared to lateral HEMTs.161

While GaN electronics scalable up to 300 mm wafers have
been demonstrated, their CMOS compatibility has been a con-
cern.80 In terms of ohmic contact technology, alloyed contacts
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have been preferred over MBE regrown contacts. However,
alloyed contacts typically contain gold and hinders CMOS
compatibility in such front-end-of-line processes. Transistors
with a CMOS-compatible metallization process have been
demonstrated with good performance of fT = 210 GHz .182,183

While these developments are encouraging, the trade-offs
with CMOS compatibility (e.g., sub-optimal device perfor-
mance) would need to be weighed against their benefits of
fully CMOS-compatible GaN process. The booming market
for wide bandgap semiconductors, like GaN, have sustained
dedicated foundries for these technologies. Furthermore, the
possibility of heterogeneous integration and packaging ad-
vancements (e.g., flip-chip) are also important considerations.

IV. GAN FOR DIGITAL ELECTRONICS

III-N alloys have remarkable material properties that could
benefit advanced technology nodes with sub-10 nm channel
lengths. Wider bandgap of III-N semiconductors, in com-
parison to Si and other compound semiconductors, leads
to significant reduction of band-to-band tunneling and gate-
induced drain leakage that in turn reduces the off current
and, hence, the static power dissipation. Because of the high
optical phonon energy of 93 meV184 and wide valley sep-
aration (nearest valley to Γ is M and it is > 1 eV apart),
fully ballistic transport is expected in the sub-10 nm chan-
nel length regime.185,186 This is corroborated by experimental
demonstration of room-temperature ballistic transport in In-
AlN/GaN heterostructure-based 2DEG. Having a GaN-based
advanced logic platform opens up a plethora of opportuni-
ties such as GaN-based on-chip optical interconnects, thanks
to the maturity of GaN-based photonic and optoelectronic
devices,187 steep subthreshold devices using the peizoelectric-
ity and polarization charge properties,188,189 and a fully in-
tegrated MEMS platform based on AlN. Apart from these,
spontaneous and piezoelectric polarization in III-Ns offer a
new degree of freedom to dope the source and drain regions
without the impact of Random Dopant Fluctuation (RDF) ef-
fects and thermal diffusion of dopants.190,191 All these ben-
efits make GaN-based channels an intriguing option for ad-
vanced technology nodes, which could complement the well-
established markets of GaN for RF, power electronics, and
optoelectronics.192

The first extensive study that explores the potential of GaN
channel for advanced nodes identifies two key material pa-
rameters: (i) effective mass of electrons, meff, and (ii) relative
permittivity of the semiconductor channel, εr, that impact the
performance of the gate-all-around (GAA) nanowire (NW)
transistors with ultra-scaled square cross-section.193,194 This
work identifies a range of meff ∈ [0.3,0.4]m0 that minimizes
the tunneling probability (T ∝ exp

(
−√meff

)
and thus the off-

state current, while also achieving a higher on-current (ION).
Likewise, when εr is too low (i.e., in the range of 1-5), ION and
gm are reduced due to the lower gate-to-channel capacitance.
However, when εr > 15, the device suffers from short-channel
effects. Hence, an optimal range of εr ∈ [7,13] was identi-
fied to achieve the best sub-threshold to above-threshold de-

vice performance. Figure 19 summarizes the afore-mentioned
findings. Since meff of GaN NWs with scaled dimensions is
around 0.37m0

195 and εr of GaN is 8.9,196 GaN satisfies the
optimal criteria identified in Ref. 193 and, thus, GaN GAA
NW transistors are expected to outperform Si, Ge, InAs GAA
NW transistors with similar dimensions.

The influence of the geometric shape of the GaN NW n-
FET on its performance for digital logic has been exten-
sively studied.197 The performance of square, circular, trian-
gular, and hexagonal GaN-NW nFETs are estimated using
atomistic nearest-neighbor tight-binding (TB) sp3d5s∗ basis
in NEMO5.198 It is observed that the circular, triangular, and
hexagonal devices all have higher raw current than the square
geometry despite their smaller cross-sectional area. The supe-
rior performance of circular, triangular and hexagonal cross-
sections can be attributed to the relatively larger effective mass
of carriers, which suppresses the source drain direct tunneling
leakage. First-principles calculations195 and DMol calcula-
tions 199 also show that the effective mass of carriers increases
with a decrease in the NW diameter. For the same NW thick-
ness, the triangular structure possesses the highest gm and the
lowest subthreshold swing (SS) among the four geometries;
thus, the triangular NW allows for better cross-sectional scal-
ing than the square NW.

Even though the initial device simulation results show
promising intrinsic performance in terms of key device pa-
rameters like transconductance (gm), sub-threshold swing
(SS) and ON-current density (ION), when compared with Si
nanowire FETs, there are several challenges as discussed next
that will need to be overcome before III-N platform can be
considered a viable option for future technology nodes.

a. Nanowire etching Scaled GAA transistors require
smooth etched surfaces, as surface roughness can cause
device-related issues such as mobility degradation and thresh-
old voltage variation. For FinFETs, after etching the fins with
BCl3/Cl2 based plasma with a Ni-based hard mask, the ver-
tical surfaces are smoothed using hot tetramethylammonium
hydroxide (TMAH) treatment. However, this method is un-
likely to work for the NWs because of the anisotropic nature
of etching. A recently demonstrated digital etch technique
using repeated piranha and HCl etch might be a potential so-
lution to this problem in the near future.200

b. Lack of high performance p-channel FET Lack of
high performance p-FET is another limitation of III-N plat-
form. Logic technology requires both n-FET and p-FET with
similar device performances as it significantly reduces static
power dissipation. Several factors limit the performance of
p-FETs based on III-N semiconductors such as low hole mo-
bility due to the heavy hole mass, limited hole concentration
due to the high activation energy of Mg dopants for p-GaN,
and higher contact resistance resulting from the unavailability
of high workfunction metals.201

c. High defect density of GaN-on-Si wafers Commercial
viability of a certain semiconductor technology, especially for
digital applications, demands the availability of large diameter
wafers with very low defect density. High performance GaN
n-FETs on 300 mm GaN-on-Si wafer from Intel Corpora-
tion demonstrates the scalability of GaN-on-Si technology.80
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FIG. 19: (a) Impact of effective mass of electron in the channel material on IDS-VGS characteristics; (b) Variation of on-current
with the effective mass of electron in the channel material for VCC = 0.5 V and Ioff = 1 nA/µ m; (c) Variation of on-current with

the effective mass of electron in the channel material for VCC = 0.5 V and Ioff = 100 nA/µ m; (d) Impact of electron
permittivity of the channel material on IDS-VGS characteristics; (e) Variation of on-current with the electron permittivity of the
channel material for VCC = 0.5V and Ioff = 1 nA/µm; (f) Variation of ON current with the electron permittivity of the channel
material for VCC = 0.5 V and IOFF = 100 nA/µ m. Reproduced with permission from IEEE Electron Device Lett. 38 (7), 859

(2017). Copyright 2017 IEEE.

However, the defect density of GaN on Si platform is quite
high (∼ 109−1010 cm−2) and likely the bottleneck to produc-
tion yield, which arises from the thermal and lattice mismatch
between the crystals of GaN and Si. Engineered substrates
could potentially be an option in this case. Recent demonstra-
tion of GaN vertical power devices on an engineered substrate
have yielded low defect density large diameter wafers up to
200 mm. However, 300 mm GaN on engineered substrate
wafers still awaits experimental demonstration.

V. GAN INTEGRATED CIRCUITS

The high critical electric field of GaN, in combination with
its excellent transport properties, allow for GaN power transis-
tors with much shorter drift regions and narrower gate widths
than their Silicon or SiC counterparts. This allows for sig-
nificantly lower gate capacitances and faster switching fre-
quencies than traditional power switches at the same oper-
ating voltages. To take full advantage of the reduced gate
capacitance and high switching speed of GaN power tran-
sistors, it is necessary to minimize parasitic inductances be-
tween the power switches/transistors and the gate driver cir-

cuit. For this, the GaN community has traditionally leveraged
enhancement-mode/depletion-mode logic also known as di-
rect coupled logic (DCL) to integrate relatively simple gate-
driver circuits on the same chip than the GaN power devices,
however this technology suffers from significant power con-
sumption and limited circuit design flexibility. To overcome
these issues, recently there has been a lot of research on a new
all-GaN complementary technology that allows for the inte-
gration of high-performance n-channel and p-channel GaN
enhancement-mode transistors on the same chip without the
need of epitaxial regrowth or special processing.192,202–207

Fig. 20(a) shows the epitaxial structure used for the demon-
stration of the all-GaN complementary technology. This
structure was grown by the company Enkris Semiconductor,
Inc. on 6 in. Si wafers. As shown in Fig. 20(b), enhancement-
mode (E-mode) p-type transistors can be fabricated by con-
tacting the two-dimensional hole gas at the top GaN/AlGaN
interface, while n-type devices are obtained by recessing the
structure to allow direct ohmic contact connection to the two-
dimensional electron gas at the bottom AlGaN/GaN interface.
A simple gate driver is shown in Fig. 20(e) where a 350 pF
load is switched at 100 kHz frequency.

Although the first generation of GaN E-mode p-FET de-
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vices shown in Fig. 20(b) had a maximum current density of
10 mA/mm, current densities in excess of 50 mA/mm have
been demonstrated by scaling down the gate length.205 The
performance of these E-mode devices can be further improved
by reducing the contact resistance and increasing the doping
levels in the top p-GaN layer.

GaN p-type transistors, in particular those developed on
scalable GaN CMOS platforms, have received significant at-
tention in recent years, not only because of their novelty
and high performance, but more importantly, because of the
tremendous potential for future GaN CMOS circuits.192 Even
though discrete p-type and n-type transistors were developed
early, the integration technology of both of these components
remained challenging, particularly in the context of university
fabrication facilities. In Ref. 206, the logic inverter behav-
ior was quantified using the MVSG-based modeling of p-FET
and n-FET on the regrowth-free GaN complementary logic
platform. In the later experimental demonstration of such a
logic inverter, the measured DC transfer result was found to
closely follow the simulated characteristics.192 This proves
that the model adequately accounts for the key characteris-
tics, such as the threshold voltage, capacitances, parasitic re-
sistances, and relative current levels, of the newly developed
p-FET and n-FET devices on the GaN CMOS platform. The
GaN CMOS simulation framework was also scaled up to esti-
mate the performance of digital logic building blocks (includ-
ing 6-T SRAM) at room temperature.208

VI. GAN FOR QUANTUM COMPUTING APPLICATIONS

Quantum computing has been speculated to be the next ma-
jor revolution in computational technology. Thanks to in-
tensive research and development by various academic in-
stitutions and big industry players, exciting progress has
been made in achieving what has been claimed as “quantum
supremacy.”209 At the same time, a closer examination of the
quantum computing hardware reveals that the enormous size
of these computers makes them analogous to the early days
of digital computing (e.g. the Electronic Numerical Integra-
tor and Computer, or ENIAC, in mid-1940s). A central issue
that hinders the large-scale applicability of quantum comput-
ers is their scalability. Therefore, the use of advanced pro-
cess technology used in microelectronics, which has driven
the electronics revolution over the past several decades, has
been proposed to promote integration and scalability in quan-
tum computing hardware.

A. Highlights of III-N materials for application in quantum
computing systems

From a materials point of view, the choice of a material
platform with the desired properties of multi-functionality,
easy integration, scalability, and reliable micro-fabrication is
as important. Major material platforms developed in micro-
electronics include Si-Ge, III-V and III-N platforms, each at
a different level of maturity in terms of microelectronics tech-

nology. While each of these platforms has its own unique
strengths and limitations, the III-N material platform stands
out as a unique material system with a combination of semi-
conducting, superconducting, and piezoelectric/ferroelectric
materials in the same epitaxial stack. In terms of semicon-
ductors, the III-N semiconductors are wide band gap mate-
rials and the presence of polarization-induced 2-DEG in het-
erostrucutres (e.g. AlGaN/GAN, AlN/GaN) with high mobil-
ity makes them attractive for high speed RF devices. Thanks
to the wurtzite crystal structure, many III-N materials (e.g.
III-N and its alloys) exhibit piezoelectricity or even ferroelec-
tricity (e.g. ScAlN). AlN and alloys (e.g. ScAlN) have given
rise to high performance MEMS resonators, which are be-
ing increasingly used in being coupled to phonon states and
even for quantum memories210–213 The acoustoelectric effect
applied on 2-DEG has been used in demonstrations of non-
reciprocal delay lines.214 In terms of superconductors, materi-
als like NbN and TaN have been used in demonstrations of su-
perconducting devices like single nanowire superconducting
photon detectors (SNSPDs).215 The rapid development and
deep understanding of these (standalone) devices lay a solid
foundation for the use of III-N platform for quantum comput-
ing applications.

Furthermore, monolithic integration of these materials
(of a variety of properties) and device technologies allows
for not only observation of physical phenomena, but also
from an engineering perspective, new opportunities in cryo-
genic hardware. The integration of III-N semiconduct-
ing/superconducting heterostructures has resulted in observa-
tion of Shubnikov-de Haas oscillations, and the exhibition
of quantum Hall effect and superconductivity for topologi-
cal quantum computing.216,217 Superconducting qubits based
on epitaxially grown and, recently, sputtered NbN/AlN/NbN
Josephson Junctions have been demonstrated.15,16,218,219 Epi-
taxial layer of NbN when grown on GaN exhibits a higher crit-
ical temperature (the temperature below which NbN behaves
like a super conductor) of∼16 K than that of grown on Si sub-
strate.220 This would provide higher margin for power dissipa-
tion and noise for the LNAs being used in a quantum comput-
ing system. Initial attempts at integration of electronics (tran-
sistors) and MEMS (acoustic wave resonators) have achieved
promising performance.221 Many of these results might still in
the initial proof-of-concept phase, but nevertheless these spot-
lights point to the potential for integration in the III-N quan-
tum computing platform.

B. Grand vision of “quantum computing-on-a-chip”

In order to enable quantum computing to revolutionize our
lives and truly deliver an impact to our society, achieving so-
called “quantum supremacy,” or even equivalent performance
to classical computers, is not sufficient alone. An important
aspect in the roadmap for future quantum computing systems
is the scaling up of existing prototypes beyond tens of (quan-
tum) bits. Analogous to how solid-state components eventu-
ally replaced vacuum tubes in VLSI electronics, the break-
through in quantum computing would eventually come from
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FIG. 20: (a) Epitaxial structure used in the demonstration of an all-GaN complementary gate driver circuit. (b) Device
architecture for all-GaN complementary technology. The enhancement-mode p-FET device is fabricated on the top

two-dimensional hole gas at the GaN/AlGaN interface, while the enhancement-mode n-FET device is obtained by connecting
to the two-dimensional electron gas at the bottom AlGaN/GaN interface. (c) Optical micrograph of an all-GaN complementary
gate driver. (d) Voltage transfer curve of the driver. (e) Input and output voltages for a 35 pF load.192,205,206 Reproduced with

permission from IEEE Electron Device Lett. 41 (6), 820 (2020), IEEE International Electron Devices Meeting (IEDM),
4.6.1-4.6.4 (2019). Copyright 2020 IEEE, 2019 IEEE.

the development of qubits and associated components with
potential for large-scale integration. This requires harnessing
the strength of the microelectronics to speed up VLSI quan-
tum computing. It would be even more impactful to have
“quantum computing-on-chip,” so that the quantum comput-
ers would be as ubiquitous as conventional electronics.

A primary bottleneck in realizing such a vision is the fact
that quantum computers require deep cryogenic temperatures
(< 1 K) to achieve operation with long coherence times. A
simplified illustration of the various stages of the quantum
computer is presented in Fig. 21(a). The electronics are often
discrete, commercial off-the-shelf components and placed at
stages with higher temperatures (≥ 4 K). While such a con-
figuration is useful for proof-of-concept research and in the
prototyping of quantum computers, there are clearly limita-
tions in the further promotion of this technology.

In order to enable the qubit and associated electronics to
be located “closer together”, they would have to make cer-
tain compromises, notably in the temperature of operation.
It is generally accepted that deep cryogenic temperatures in

the mK range is highly desired for the qubit aspect, due to
longer coherence time, higher fidelity etc. Until high tem-
perature qubits become feasible from physics and engineering
standpoints, electronics would need to “compromise” by go-
ing to lower temperatures of operation, which gives rise to the
concept of “cryo-CMOS.”222 Significant efforts have been de-
voted to research in cryogenic CMOS electronics. In other
words, development of qubits is only one aspect of the entire
quantum computing project. An equally important area, and
an area of significant interest to the microelectronics commu-
nity, is the development of high performance RF electronics
for the control and readout of qubits at cryogenic tempera-
tures, in order to ensure accurate readout and achieve as high
a level of integration as possible, the control and readout cir-
cuitry should be placed near the 4 K stage instead of at room
temperature. Till date, Si CMOS, SiGe and III-V (mostly
InP-based) technologies have been examined with promising
performance.223–226 TCAD simulation models involving ef-
fects at cryogenic temperatures (e.g. incomplete ionization)
are also explored for such devices.227
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The grander vision, perhaps by far the most ambitious and
challenging, is the co-location of the qubit and electronics
on the same chip. This requires massive engineering ef-
forts in the qubit, electronic devices, interconnects, process
integration, and chip packaging. There has been initial re-
search towards this direction. For example, Si qubits (spin
qubits) and circuits have been integrated on the chip using a
commercial CMOS process.228,229 Furthermore, qubits them-
selves need to be densely packed in arrays, possible with 3D
integration, to achieve a dense chip. To that end, 3D inte-
gration of superconducting qubit arrays and superconducting
through-silicon via (TSV) have been pursued.230,231 Intercon-
nects operational at deep cryogenic temperatures (<1 K) have
also been reported.232

While the initial research is encouraging, several issues
could be observed. This section focuses on the microelec-
tronics aspect. Firstly, if qubits remain at deep cryogenic tem-
peratures (mK), to what extent could we tolerate any degra-
dation / variation in performance of the process technology
at such temperatures? Secondly, this approach of integration
only works for those qubits which are either based on sili-
con or another semiconductor, or which could be heteroge-
neously integrated to a semiconductor platform. This would
narrow the pool the candidates for qubit technologies, for ex-
ample to spin and superconducting qubits, where each qubit
technology has its strengths and limitations. Thirdly, from
a process integration perspective, special care needs to be
taken to ensure subsequent processing (especially back-end-
of-line) does not damage the qubits (e.g. thermal budget),
which are generally less robust than the electronics. Last, but
not least, from a practical perspective, how effectively would
cloud-based quantum computing (based on current large-sized
quantum computing systems at cryogenic temperatures) serve
society’s needs, vis-a-vis on-chip personal quantum comput-
ing systems? Nevertheless, these questions do not hinder the
motivation and need for integrated quantum computing plat-
forms, and that is where tremendous research opportunities lie
for the quantum engineering and microelectronics communi-
ties.

C. Steps to achieving the vision of the III-N quantum
computing platform

Figure 21(b) presents a summary of the highlights of the III-
N platform for quantum computing applications. Having es-
tablished the merits of the III-N quantum computing platform,
this section briefly discusses some future areas of research in
components and integration to realize such a vision.

a. Qubits It is obvious that high performance qubits,
e.g. long coherence time, based on III-N would need to be
realized. Previous work has demonstrated a superconducting
qubit based on III-N Josephson Junctions.15 There remains
significant room for research on epitaxially grown (typically
MBE) III-N Josephson Junctions, while Josephson Junctions
based on device layer processing (as do many Al/AlOx/Al
Josephson Junctions) would be much more desired for their
flexibility in fabrication and ease of integration with other fab-

rication processes. For example, it is reported that high qual-
ity III-N superconductors could be deposited by DC reactive
magnetron sputtering.233 Other quantum computing technolo-
gies being actively explored for III-N include nitrogen va-
cancy (NV) centers.234 Spintronics based on wide band gap
III-N has also been explored, with the possibility of evolving
into spin qubits in the future.235–237

b. Electronics Several highlights exist for GaN elec-
tronics in this area. From a materials perspective, the electron
channel is induced by polarization, rather than by intentional
degenerate doping.238 This avoids potential issues in degrada-
tion of performance caused by degenerate doping.239 From a
scalability perspective, large-area (up to 300 mm) GaN-on-Si
electronics has been demonstrated, where their RF and noise
performance have been reported to be close to state-of-the-art
Si and III-V technologies.80

Another flexibility of III-N electronics is the possibility
of integration with other more mature electronics platforms,
notably Si and SiC.80,192,240 While monolithic integration of
all quantum computing components on the III-N platform is
highly desired to achieve compact size, easier fabrication and
simplified packaging steps, the possibility of heterogeneous
integration makes III-N electronics an “add on” module that
could also be beneficial for other qubit platforms (other than
superconducting qubits) like Si isotope spin qubits and SiC
NV centers.241 AlGaN/GaN HEMTs with NbN gates (Fig.
21(c)) have been demonstrated, opening the possibility of us-
ing the NbN layer for integration with other superconducting
components, e.g. Josephson junctions.242

A significant challenge is the lack of the level of VLSI and
compactness as compared to Si CMOS advanced nodes. This
hinders the creation of more complicated circuits, especially
required in the control and back-end readout (after signal am-
plification) stages. Nevertheless, GaN integrated circuit tech-
nology is rapidly catching up, as exemplfied by recent proof-
of-concept demonstrations of analog, RF (other than tradi-
tional PAs) and power ICs.243,244 With a growing demand
for all-GaN microsystems, GaN ICs are expected to achieve
a higher level of integration and with added functionalities.
Furthermore, even if the cost of an all-GaN microsystem is
prohibitively high, heterogeneous integration could be used,
though not desired from a performance standpoint. In such
cases, Si CMOS could be used for conventional electronics,
but still integrated with GaN circuits on the same chip.

c. MEMS While MEMS components are not commonly
found in today’s quantum computing systems, III-N layers,
especially AlN, GaN and alloys, are extensively used as func-
tional materials in MEMS devices, spanning a wide range
of applications including RF front-end filters, acoustic de-
lay lines, timing reference, acoustic wave sensors, and even
in the biomedical area.214,245–248 There has been significant
research on coupling between MEMS resonators modes and
qubits, though it appears that it is at an early stage and there
is a lot of room for development as various qubit technolo-
gies evolve over time. From a MEMS device perspective, it is
insightful to study the operation of such device in deep cryo-
genic environments, in terms of material properties, resonator
loss mechanisms etc.
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The availability of piezoelectric properties in III-N materi-
als is certainly a major highlight for the integrated III-N plat-
form over other microelectronics platforms. The piezoelec-
tric properties have been utilized in a wide variety of MEMS
devices, including acoustic delay lines, RF front-end filters,
acoustic wave sensors etc. Furthermore, the maturity of doped
variants of piezoelectric nitride films (notably ScAlN which
has ferroelectric properties) have led to renewed interest in
the area of resonant MEMS for added functionality.210,249,250

There has not been too much demonstrations in the cryogenic
environments (operation environment of quantum computing
systems), but it could be foreseen that the area of RF MEMS
will receive increasing attention.

d. Justifying the need for an integrated platform Before
the conclusion of this section, it is worthy to take a step back
and revisit the fundamental question, the motivation for an in-
tegrated platform based on a single microelectronics material
system. More specifically, the proposition that requires signif-
icant justification is the need for an integrated III-N platform
(monolithic or heterogeneous integration), since many of the
nitride layers in the devices and components (e.g. MEMS,
SNSPD) are sputtered at the device layer, often on SOI plat-
form.

It is evident that among all of the area of application of III-
N, the absolute need for epitaxial growth (MOCVD/MBE) is
the most critical for electronics (HEMTs). This is because
these devices rely on 2-DEG at the AlGaN/GaN interface
and based on current technology projections, only epitaxial
growth (not sputtering) ensures single crystalline material and
a high quality interface for a high mobility channel. There
are also other highlights. For example, the superconduct-
ing properties of NbN, even if reactively sputtered, has been
shown to significantly improve when deposited on GaN sub-
strate. Epitaxial III-N MEMS resonators have been proposed
and demonstrated to be highly coherent multi-phonon sources
for quantum acoustodynamics.211,251

As with any technology, the merits of III-N materials for
quantum computing and related applications need to be exam-
ined in the greater context of the necessity and feasibility of an
integrated III-N platform (monolithic or heterogeneous inte-
gration). In the push for an integrated III-N quantum comput-
ing platform, research efforts in high performance and scal-
able III-N cryogenic electronics technology would be a major
driving force that justifies the merits of the proposed III-N
quantum computing platform. Once the electronics thrust of
the proposed platform is established, the other devices which
take advantage of III-N properties would fall in place.

VII. DEFECTS, FREQUENCY DISPERSION, AND
RELIABILITY CONSIDERATIONS

Despite their impressive material attributes and potential
for RF applications, the performance and reliability of GaN
devices is limited by a number of degradation mechanisms
whose physics must be carefully investigated and modeled
to make this technology a viable platform for high-frequency
electronics. For example, mechanical and thermal stresses in-

duced via the inverse piezoelectric effect in the device at high
electric fields close to the gate-drain edge can lead to phys-
ical gate degradation (cracking and surface pitting). In the
on-state of the device, highly energetic hot electrons could
generate new trapping centers, which would further lead to
electrical and mechanical degradation of the device structure.
Prominently, GaN devices suffer from dispersion effects due
to which there exists a significant difference in their DC and
RF performance metrics (i.e., the dynamic I−V curves are
different from static I−V curves). The main cause of DC-
to-RF dispersion in GaN HEMTs is related to carrier trapping
via defects introduced either during the growth process or re-
sult from stress experienced by the device under high electric
fields and junction temperature. The electrically active defects
in GaN HEMTs capture and emit free carriers with a finite
time constant that depends on their physical properties such
as their activation energy, number density, and capture cross-
section. During static I−V measurements, the traps can easily
follow the applied voltage signal at the terminals. However,
if a voltage pulse with a time duration shorter than the time
constant of trap charging/discharging is applied, the traps are
unable to follow the input signal, thus resulting in a different
set of dynamic I−V curves. In the next sub-sections, we dis-
cuss the impact of defects in limiting the performance of GaN
technology and recent research progress aimed at addressing
critical issues related to device reliability. We also discuss
the future need to develop a “computational tools” frame-
work that integrates the physics of reliability with electro-
thermal transport models, enabling the co-design of materials-
devices-circuits and facilitating the insertion of GaN in the
next-generation RF infrastructure.

A. Gate Leakage

Electrically active defects in GaN HEMTs can be intrinsic,
such as gallium vacancy, or extrinsic, such as iron or carbon
doping, point or extended (dislocation related), bulk, surface,
or interface related, present under the gate or in access re-
gion, related to the buffer, barrier, or the passivation layer (see
Fig. 22). Defects degrade the performance of GaN HEMTs
in several ways. In the DC operation mode, defects enhance
gate leakage due to Schottky interface issues or the poor in-
sulator quality in metal-insulator-semiconductor (MIS) struc-
tures. Gate leakage lowers the breakdown voltage of the gate
electrode and imposes significant burden on the design of the
gate driver. As shown in Table I, gate leakage in GaN HEMTs
can be tailored by employing a variety of surface passivation,
surface treatment, and annealing techniques. Novel methods
of reducing gate leakage, such as through the use of layered
two-dimensional materials, are being actively investigated. In
this regard, highly resistive fluorinated graphene has emerged
as an excellent barrier material for the gate in metal-insulator-
semiconductor (MIS)-HEMT structures. In Ref. 252, fluori-
nated graphene was inserted between Al2O3 gate dielectric
and AlGaN barrier layer in GaN MIS-HEMTs to suppress gate
leakage by two orders of magnitude. In another study, fluori-
nated graphene was employed as the barrier material between
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FIG. 21: Highlights of III-N platform for quantum computing application. (a) Schematic of a superconducting quantum
computing system, with a focus on the complex RF electronics at cryogenic temperature; (b) An overview roadmap illustrating
how the wide variety of material properties (semiconducting, superconducting, piezoelectric) in the III-N family could be used

in devices and subsequently building blocks in quantum computing systems; (c) An example of III-N integration, the
NbN-gated AlGaN/GaN HEMT, showing the device structure, I-V characteristics and potential for low noise amplification.242

the gate electrode (Ti/Al/Au) and the AlGaN barrier in p-GaN
HEMTs, which increased the on-off ratio by 500×, while also
reducing the off-state leakage by 50×.253 Early experiments
on the use of layered boron nitride as the gate dielectric in

FIG. 22: Overview of the various traps and hot carrier effects
that lead to dispersion and device degradation.

GaN HEMTs have shown promising results.254 Specifically,
by inserting an amorphous α- boron nitride transition layer
between hexagonal boron nitride and Al0.25Ga0.75N, dangling
bonds and defects at the interface were minimized, thus re-
sulting in high saturation current (> 1200 mA/mm), high
transconductance (> 250 mS/mm), while the reverse (for-
ward) gate leakage was suppressed by three (six) orders of
magnitude compared to Schottky gate HEMTs. Very recently,
Ga2O3 has been employed as a gate dielectric in Fin-channel
arrays of GaN MOSHEMTs.255 These devices exhibited low
gate-source leakage (in the pA to nA range for VGS = −100
V) and high gate-source breakdown voltage (VB = −540 V)
due to the superior insulating quality of Ga2O3.

From the perspective of circuit simulations, compact mod-
els that analytically establish the relationship between de-
vice output (gate leakage) and device inputs (gate bias, de-
vice geometry, operating temperature) are highly desired. In
Ref. 263, a compact model was developed to investigate the
physics of the gate leakage due to thermal emission (TE), trap-
assisted tunneling (TAT), Poole Frenkel emission (PFE), and
Fowler-Nordheim tunneling (FNT), and the model was ap-
plied to understand the correlation between process parame-
ters and gate leakage physics for Al0.22Ga0.78N/GaN HEMTs
up to 573 K.263 In the reverse-biased mode, PFE and FNT
emerge as the dominant leakage mechanisms due to the high
electric fields across the top barrier. Figure 23 illustrates the
various gate leakage mechanisms under forward- and reverse-
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TABLE I: Impact of process flow on gate leakage in GaN HEMTs.

Process Impact on gate leakage (Value after gate op-
timization process)

Reference

Oxygen passivation (200◦C) Reduced by 104× (200 pA at VG =−5 V) 256
O2-plasma and HCl surface treatment and post gate annealing
process (300◦C)

Reduced by 107× (2 pA/µm at VG =−30 V) 257

Si3N4 passivation (300◦C) Reduced by 2× (3.6 pA/µm at VG =−8 V) 258
N2O plasma treatment process for the recess gate Reduced by 103× (1 pA/µm at VG =−10 V) 259
Non-alloyed regrown ohmic contacts Reduced by 106× (2 pA/mm at VG =−4 V) 260
Post-metallization anneal (500◦C) in Al2O3-AlGaN Reduced by 103× (20 pA/µm at VG =−5 V) 261
Fluorinated graphene barrier between Al2O3 and AlGaN in
GaN MIS-HEMT

Reduced by 102× (1 pA/µm at VG =−8 V) 252

Fluorinated graphene between gate (Ti/Al/Au) and AlGaN in
p-GaN HEMTs

Reduced by 50× (100 pA/µm at VG =−8 V) 253

Layered α-/h- boron nitride gate dielectric Reduced by 103× (0.2 pA/µm at VG =−4 V) 254
P-type gate doping via Mg diffusion + MgO formation to passi-
vate surface traps

Reduced by > 103× (0.2 pA/µm at VG = 0 V;
< 650 pA/µm for VG < 0.4 V)

262

biased modes of device operation. The TE and TAT mech-
anisms are active under both forward- and reverse-biased
modes, while their relative contribution to the total gate leak-
age reduces under the reverse-biased mode. While the FNT is
a one-step tunneling process, the TAT occurs in multiple steps
due to the capture and subsequent emission of carriers via the
defect states in the insulator. Results in Fig. 24 obtained using
the model in Ref. 263 show a comparison of the measurement
data and model-generated data of the gate leakage in both for-
ward and reverse biased mode at different temperatures for the
HEMTs fabricated at a commercial lab. At a fixed gate bias,
the model correctly predicts the experimentally observed in-
crease in gate leakage with temperature. For these devices, the
PFE component of the gate leakage was insignificant com-
pared to the TE, TAT, and FNT components over the entire
range of temperature and bias values explored in these stud-
ies. Additional studies, both theoretical and experimental, for
disentangling the contributions from various leakage mecha-
nisms in GaN technologies over broad temperature and bias
range, including in the off-equilibrium regime (i.e., high VDS)
are necessary to improve the reliability of GaN technology.

B. Buffer Leakage

Defects, such as buffer dislocations, caused by the growth
of GaN on non-native substrates have been shown to result in
buffer leakage via various microscopy techniques including
scanning Kelvin force, scanning capacitance, and conductive
atomic force microscopies. Moreover, GaN buffer is generally
unintentionally doped with silicon dopants (n-type), which
make it rather conductive and unsuitable for high-power and
high-frequency applications. However, buffer leakage can be
mitigated through compensation doping. For example, Fe or
C dopants in GaN act as deep acceptor levels and render GaN
semi-insulating by compensating the unavoidable background
silicon donors. However, it has been shown that C-doped de-

vices have significant dispersion with a dynamic on-resistance
that is 3-4× higher than that in the DC case.264 Hence, alter-
nate methods to suppress buffer leakage, such as by separat-
ing the buffer from the 2DEG at the AlGaN-GaN interface are
highly desirable. The carbon doping in GaN is also linked to
the hysteretic instability in the output characteristics of the de-
vice, also known as the “kink effect”, both at cryogenic and
room temperature.

The kink effect in GaN devices appears under a slow drain
bias sweep and is a small step change in the drain current
at drain bias slightly above the knee region of the forward
sweep, with little to no reduction on the reverse sweep. The
kink effect in GaN devices has persisted despite the progress
in surface passivation techniques indicating that surface traps
are likely not the cause of the kink. Given that the kink ap-
pears at rather low drain bias voltages (i.e., 2 to 3 V above
the knee), previous theories speculating impact ionization to
be the likely cause are not plausible. Other mechanisms re-
sponsible for the kink effect in GaN under consideration in-
clude field-dependent de-trapping process into deep donor or
deep acceptor states in the vicinity of the gate. However, con-
ventional models of field-dependent de-trapping processes are
unable to explain the required capture cross-sections in these
theories. More recently, it was shown that the hysteresis asso-
ciated with the kink effect was highly susceptible to changes
in the concentration of carbon doping, which is affected by
the changes in the growth condition. The magnitude of the
kink is correlated to the carbon doping, its degree of self-
compensation, and the band-to-band leakage paths, and is thus
difficult to precisely tailor during the growth process. Epitax-
ial configuration in which the resistivity increases from the
top to the bottom layer is optimum for low dispersion associ-
ated with trapping in the bulk of the epitaxy for C-doped GaN
devices.265
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FIG. 23: Components of gate leakage in AlGaN/GaN
HEMTs under (a) reverse biased mode with VG < 0 and (b)

forward biased mode (VG > 0). Here, VG is the gate bias, Efm
and Efs are the Fermi levels in the metal and semiconductor,
respectively, and Ec is the bottom of the conduction band.

TE: Thermionic emission, FNT: Fowler-Nordheim tunneling,
PFE: Poole-Frenkel emission, TAT: Trap-assisted tunneling.

Reproduced with permission from the International
Conference on Simulation of Semiconductor Processes and

Devices (SISPAD), 2020. Copyright 2020 IEEE.

C. Trap Dynamics and Impact on RF Operation

During RF operation of the device, traps cause effects such
as gate lag, drain lag, knee walkout, and current collapse. Gate
lag refers to the slow variation or long time delays in the drain
current transient following gate voltage switching. In the case
of drain lag, a change in drain voltage results in slow transient
response of the drain current occurring over seconds. Addi-
tionally, a comparison of the pulsed and DC I−V curves of
GaN HEMTs reveals that the transition of the device operation
from the linear to the saturation regime occurs at higher drain-
source bias. This phenomenon is referred to as knee walkout.
Finally, current collapse occurs when the drain current under
pulsed conditions from pinch-off to on-state fails to reach the
DC drain current values due to the traps possibly located at
the edges of the gate.

At large reverse gate bias, the tunneling of electrons from
the gate into the AlGaN barrier and their subsequent capture
by the surface/interface states in AlGaN forms the so-called
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FIG. 24: (up) Gate leakage versus gate bias at different
temperatures. Symbols indicate experimental data while

solid lines correspond to model fits. The drain bias is fixed at
0.1 V. Reproduced with permission from the International

Conference on Simulation of Semiconductor Processes and
Devices (SISPAD), 2020. Copyright 2020 IEEE. (bottom)

Contribution to gate leakage at 573 K and 298 K arising from
trap assisted tunneling (TAT), Fowler Nordheim tunneling

(FNT), and thermionic emission (TE).

“virtual gate” in the drain-side access region, which reduces
the 2DEG charge and the drain current in gate lag measure-
ments. The lateral tunneling of electrons from the gate to the
drain access region is facilitated by threading edge disloca-
tions surrounded by space charge. Electrons tunnel into un-
occupied states in the space charge under finite electric field
and can move between dislocation sites either via hopping or
thermal activation (the so-called percolation model), result-
ing in surface conduction as observed experimentally. The
trapping of electrons in the buffer region leads to threshold
voltage shift (∆Vth), as well as dynamic RON and gm change
in the gate-drain access region. Gate lag increases as the re-
verse bias on the gate is increased as the virtual gate extends
deeper into the access region. After the removal of the neg-
ative gate bias, the recovery of the drain current occurs on a
timescale that is characteristic of the emission time constant
of the traps. In measurements, the drain current transient in



24

on-state (e.g., VG = 0) is monitored at various temperatures
to extract the trap characteristics including its time-constant,
activation energy, and capture cross-section.

To quantify the impact of the drain bias on gate lag and the
recovery of the drain current at VG = 0, measurements are per-
formed by varying the drain-source bias in a HEMT structure.
With an increase in the drain-source bias, the electric field in
the gate-drain access region is enhanced, which lowers the ac-
tivation energy of the trap states by several 100’s of milli-eV
due to the electric field crowding in the gate-drain access re-
gion.

Gate lag can be alleviated to a certain degree by using field
plates to tailor the electric field profile in the gate-drain ac-
cess region and via passivation of the AlGaN surface using
dielectric layers such as SiNx, SiO2, Sc2O3, and HfSiO. Prior
studies have suggested that surface passivation mitigates the
dispersion effects, suppresses surface and barrier leakage,266

while also increasing the 2DEG charge in the GaN channel.
The latter is attributed to the build up of a fixed charge in
the passivation layer, which stabilizes the surface upon charge
trapping and increases the 2DEG in the channel.267 However,
other works have shown that surface passivation techniques
only modulate the interaction of gate contact and surface traps
without reducing the trap density.268 Reference 269 employs
source field plates to reduce trapping due to surface traps
and improve the reliability of GaN HEMTs for high-voltage
operation. More recently, the collective role of surface and
buffer traps on modulating the channel electric field in GaN
HEMTs and its breakdown voltage were probed using exper-
imentally calibrated computational models.270 It was found
that the breakdown strength of GaN HEMTs was strongly af-
fected by the presence of surface traps, while a shift in the
breakdown hot-spot from the drain edge toward the gate edge
was also found with an increase in surface trap density.

Transient spectroscopic methods to study traps in Al-
GaN/GaN capacitors and HEMTs include capacitance deep
level transient spectroscopy (C-DLTS), capacitance deep level
optical spectroscopy (C-DLOS), and drain current transient
(DCT) spectroscopy. Due to measurement limitations, C-
DLTS is capable of probing trap states that are within 1 eV of
the band edge. C-DLOS is typically employed to probe traps
located deeper in the bandgap. Here, the transient photocapac-
itance gives information related to the optical cross-section of
the trap. The main limitations of C-DLOS and C-DLTS are
that they are performed in diode or FAT-FET structures and,
therefore, do not provide details of virtual gating in HEMT
structures. The double-pulse DCT spectroscopy can be per-
formed in three-terminal HEMTs and thus provides a more
realistic assessment of the physical location of the dominant
traps. For example, if the dominant trap in the device is lo-
cated under the gated region, the pulsed I−V characteristics
will display a lower saturation current than their correspond-
ing DC values since the traps located under the gate cause a
time-dependent shift in the threshold voltage of the transistor.
On the other hand, if the pulsed I−V measurements reveal an
increase in on-resistance of the device, then traps located in
the gate-drain access region are likely involved.

In summary, to diminish the effect of traps, optimized

growth and surface passivation techniques that reduce the dis-
location density in the device are required. New metrology
and spectroscopic techniques are also needed to quantify the
impact of growth techniques on the origin and physical char-
acteristics of defects and further combine this information
with physics-based modeling to understand how traps impact
device behavior in practical operating scenarios.

D. Reliability and Physics of Operation in Extreme
Environment

Reliability and time-dependent degradation of the underly-
ing transistor technology has emerged as a major concern, as
it reduces the operational lifetime of high-frequency commu-
nication and sensing infrastructure. Unfortunately, the identi-
fication of the fundamental causes of device failure typically
requires time-consuming and expensive testing and validation
after test structures have been fabricated. Besides, the time
and expenses incurred, results from reliability measurements
are often fitted to empirical models which are unphysical and
do not provide a link between materials science, physics, and
time-dependent circuit failure.

As discussed in the previous sub-section, in the case of
GaN HEMTs, a wide variety of degradation mechanisms have
been noted such as surface pitting, reverse piezoelectric ef-
fect, charge trapping, hot electron phenomena, ohmic contact
degradation, and sudden reduction of functionality. All relia-
bility reports to date show evidence of more than one degra-
dation mechanism in any given foundry’s GaN technology.
Hence, measuring an average degradation rate is difficult as
the contributions to degradation from different mechanisms
vary with time. This situation is exacerbated for operation in
extreme radiation environments as they are quite difficult to
replicate satisfactorily in an experimental laboratory. Toward
this, a Monte Carlo simulation of how radiation interacts with
matter could provide key insight into degradation processes
pertinent to harsh environments. Examples of Monte Carlo
simulators used for radiation transport and energy deposi-
tion include COSMIC,271 MCNPX,272 CUPID,273,274 SEMM/
SEMM-2,275,276 and FASTRAD.277 Monte Carlo-based as-
sessment of radiation effects go beyond analytical computa-
tions that are mainly suited for legacy technologies. However,
the speed and cost of implementation of Monte Carlo methods
becomes prohibitive in several scenarios.

During the nominal operation of GaN HEMTs, the electric
fields and carrier temperatures can vary by orders of magni-
tude, which can rapidly increase the temperature of electrons
and lead to the generation of hot phonons with temperature
around 2000 K. In fact, due to the very high electric fields in
the gate-drain region under the saturation mode, most of the
highly energetic electrons are promoted to the upper valleys
like L−M or Γ2 and create the so-called hot spots of the de-
vice. The presence of hot carriers and rapidly varying electric
fields in HEMTs creates additional point defects in the crys-
tal, especially if there were pre-existing point defects formed
during the growth of the heterostructure, and thus promotes
new failure mechanisms and reduces the component’s mean
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time to failure.
To understand and tailor hot carrier phenomena and im-

prove reliability of GaN HEMTs in the presence of large
gradients of electric fields and temperature, and strong radi-
ation, new computational models are highly desired. First,
the physics of matter when driven far-from equilibrium can-
not be captured using statistical methods and first-order trans-
port equations typically fail to capture key carrier dynam-
ics. In equilibrium, the distribution functions of electrons and
phonons are described by the Fermi-Dirac and Bose-Einstein
statistics, respectively. However, under non-equilibrium con-
ditions which are to be expected in extreme environments,
such as cyclic wide-temperature range environments, the dis-
tribution functions assume a significantly different shape.
This means new and advanced computational methods to ac-
curately handle the time-domain response of non-equilibrium
matter must be used.

There is an emergent need to develop new models and
methods to evaluate the impact of key stressors, such as large
gradients of electric field and temperature and strong radia-
tion, on device degradation during its operation under extreme
environment. Temperature also influences the dynamics of
trap occupancy and is thus expected to accelerate the degrada-
tion of transistor parameters, while also promoting new fail-
ure mechanisms. The link between stressors and device tech-
nology (i.e., materials and geometry) will provide fundamen-
tal insight into the time evolution and aging of ultra-high-
frequency devices and their communication systems. For ex-
ample, the stressors will determine the change in fundamen-
tal material characteristics (i.e., mobility, thermal conductivity
etc.), which in turn will impact the I−V characteristics. Such
a model should also be able to predict the time evolution of
stressors and consequently its impact on the time evolution of
device output (i.e., the I−V characteristics). Existing mod-
eling techniques based on the drift-diffusion transport theory
must be amended to cater to the ultra-scaled dimensions of
next-generation GaN devices designed to achieve cut-off fre-
quencies exceeding several 100’s of GHz (see related discus-
sion in Sec. VIII). This will necessitate using full band Monte
Carlo simulations and the hydrodynamic formalism to treat
the subsystems corresponding to free carriers, traps, and the
lattice separately as the device is driven out of equilibrium.
This approach will provide an in-depth analysis of the temper-
ature profile of the device subject to the knowledge of its ther-
mal resistance. Existing models in this regard treat thermal
resistance empirically, thus lacking the connection between
device performance, degradation, and key material and layout
parameters. Apart from the creation of hotspots and thermal
runaway challenges, large temperature excursions also funda-
mentally change the dynamics of traps. Therefore, new in-
sight into the interaction between thermal and electric field
gradients and trap characteristics will be needed toward en-
abling a reliability aware computational framework. With this
perspective, the goal of future research must include:

• Development of a new computational framework to
jointly model transport and heat conduction, trap dy-
namics, and interaction of radiation with matter that
critically impact lifetime and device aging. By iden-

tifying and controlling key stressors (large excursions
of temperature and field gradients and radiation dose),
future research will enable the widespread deployment
of GaN for new commercial application.

• Strengthening our understanding of degradation mecha-
nisms and interpretation of experimental data. As such,
theoretical research should form the basis of fabrica-
tion of non-canonical device structures that are inher-
ently more robust and can meet the power- frequency
requirements of 5G and 6G systems over a broad range
of operating conditions including those that are harsh
and extreme.

• Enabling a circuit designer to make informed decisions
on performance-reliability tradeoff based on their spe-
cific application.

VIII. SIMULATION FRAMEWORK FROM DEVICE-LEVEL
TO CIRCUIT-LEVEL FOR NOVEL GAN DEVICES FOR RF
AND CMOS APPLICATIONS

In real-world applications, most electronic devices will
need to be eventually integrated into systems to perform use-
ful functions. For example, an AlGaN/GaN HEMT is in-
tegrated into a MMIC PA to perform power amplification.
While device-level research is critical to improving the de-
vice performance, an appreciation of the circuit-level applica-
tion is equally important. A simulation/modeling framework
needs to be established to ensure that the device-circuit inter-
action is well studied, in particular for novel devices under
research. This section briefly presents the developed simula-
tion framework, covers two examples of novel devices whose
circuit-level performance is estimated, and offers perspectives
on areas of future research into this framework.

A. Motivation for such a simulation framework

1. Achieving a higher level of abstraction at each level

VLSI is centered on the concept of achieving a higher de-
gree of abstraction at each higher level of the architecture. In
this bottom-up approach, a central theme of the device re-
search community is to deliver higher performance devices
with applications at the microsystem level, in order to fun-
damentally improve the performance of the microsystem. To
that end, innovations in device designs and optimizations to
existing structures would need to be studied, paying close at-
tention to the application context (e.g. RF, power, logic cir-
cuits). For this bottom-up approach to deliver a genuine im-
pact at the microsystem level, an experimentally calibrated,
accurate, easy-to-use simulation methodology from device-
level to circuit-level is necessary.

Traditionally, device R&D, in particular for silicon devices,
has been aided by the extensive use of TCAD software (e.g.
Silvaco™, Synopsys Sentaurus™) to study the device mech-
anism, understand device characteristics, and to propose new
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device ideas. These softwares make use of theoretical (e.g.
classical quasi-electrostatics based on Maxwell’s Equations)
and empirical/fitting models (e.g. mobility models) to perform
finite-element method (FEM) calculations on device struc-
tures. First principle calculation based on condensed matter
physics is typically not required for many of the standard de-
vice structures, therefore achieving a higher level of abstrac-
tion. One challenge in the TCAD of newer (non-Si) materials
is the need for accurate physics models to capture the device
mechanism. This is partly hindered by the variability in mate-
rial growth conditions (e.g. buffer traps and variation in 2DEG
mobility behavior) and the need for further understanding of
reliability issues in these newer devices (e.g. hot carrier ef-
fects, impact of surface states). With the constant improve-
ment in material quality and uniformity, the models could be
more accurately constructed at the device-level.

The widespread adoption of GaN electronics offers strong
motivation for the VLSI of GaN electronics at the circuit-level
and possibly even microsystem-level. This is made possible
largely thanks to industrial efforts in the scalability of GaN
technology, therefore allowing proof-of-concept demonstra-
tions from academic research to be rapidly scaled up to create
impact at the circuit-level. Furthermore, at the circuit-level,
drawing lessons from the highly successful VLSI of Si CMOS
technology, reliable and accurate compact models are required
so that the circuit simulator could quickly solve complicated
circuits, instead of resorting to solving Maxwell’s Equations
for every transistor or diode!

2. Device-Circuit Interaction

Increasing attention has been paid to device-circuit interac-
tion, a “give-and-take” approach between device and circuit
designers, as opposed to the traditional approach of circuit
designers “taking” (maybe even forced to accept) whatever
existing devices could offer. This field is especially exciting
for materials like GaN where at the current stage of matura-
tion of technology, there is significant research activity at both
device and circuit levels.

A method of studying device-circuit interaction is mixed-
mode simulation offered in many device-level TCAD soft-
wares, which is self-consistent simulation of a device whose
electrodes are connected to a circuit. Mixed-mode simulation
is evidently a natural extension of traditional TCAD (device-
level) simulation and has been adopted by many device-level
researchers for novel devices.99,278,279 In such a simulation
methodology, the optimization of device-level parameters is
more direct, in particular for novel devices which have sig-
nificant flexibility in design space, e.g., vertical devices. Fur-
thermore, even minor details in device characteristics will be
captured directly at the circuit-level. This is typically the case
for simpler circuits where device-level performance directly
impacts the circuit-level characteristics, for example, digital
logic building blocks, simple power converter topologies etc.

While mixed-mode simulation offers some convenience to
the device designers, some limitations are evident. Significant
amounts of computational resources are required for such a

self-consistent simulation. Convergence would be tricky to
achieve. More importantly, under the context of increasing
R&D in GaN ICs, the device-centered mixed-mode simula-
tion technique lacks scalability for VLSI. A variety of GaN
ICs have been demonstrated in 200 mm wafers.243,280,281 In
order to further propel the design of GaN ICs and also devices
for such ICs, a scalable simulation methodology is evidently
required.

B. Three-step methodology from device-level to circuit-level
simulation

The three-step methodology is illustrated in Fig. 28(a).
Firstly, device-level simulation is performed using TCAD
softwares. Important characteristics to be extracted are I-V
and C-V . For experimental devices, the measurement data
could also be used. Next, a compact model is created which
accurately captures the device-level simulation. This compact
model is then placed into a circuit simulator (e.g. Cadence
Virtuoso, Keysight ADS) to perform circuit-level simulation.

1. Compact Device Modeling

In the three-step methodology, compact modeling serves as
the bridge between the device-level and circuit-level. From a
design design research perspective, compact models aid the
physics-based understanding of the device, are straightfor-
ward to use, and have been successfully applied to analyze
several RF and power IC applications.172,282–284

Compact models are developed with a goal of faithfully re-
producing the device terminal behavior (charges and currents)
over a broad range of operating conditions, i.e., terminal volt-
ages and temperatures. Physically derived compact models
provide an intuitive insight into device- and circuit-level lim-
its and opportunities and are thus preferred for circuit simula-
tion and by device technologists as a substitute for computa-
tionally complex and intensive TCAD simulations. Moreover,
physics-based compact models offer predictive capability to
quantify performance of the device and its impact on circuit
behavior with technology evolution (Fig. 25). The model pa-
rameters contained in a compact model must be extracted by
fitting the model to the measured large-signal and small-signal
response of the device. Along with experimental data, TCAD-
generated data could also be used for model validation since
it enables the testing of specific model features for which ex-
perimental data is not readily available. Additionally, TCAD
simulations can allow us to probe spatially resolved carrier
transport and electrostatics in the device structure, thus pro-
viding higher-resolution datasets for compact model valida-
tion, as well as for strengthening the model physics.

For analog GaN transistors, the Compact Model Council
(CMC), part of the silicon integration initiative (Si2), short-
listed eight compact models during their GaN-model evalua-
tion and standardization efforts. CMC activities in this regard
can be found in Ref. 285. The CMC has recently standardized
two GaN compact models to be used within industrial ana-
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log and RF simulation tools: (1) the MIT Virtual Source GaN
model for RF (MVSG-RF) developed at the Massachusetts In-
stitute of Technology in 2016286 and (2) the Advanced Spice
Model for High-Electron Mobility Transistor (ASM-HEMT)
developed at U.C. Berkeley in 2016287.

Salient features of prominent III-V and GaN HEMT com-
pact models are compared in Table II. Prior to the standard-
ization effort by CMC, typically models for GaAs and InP, in-
cluding Curtice, EEHEMT, HSP, and Angelov models, were
adapted to GaN HEMTs. Major weaknesses of earlier mod-
els include their inability to capture device physics accurately
and a complex extraction flow due to the presence of sev-
eral non-physical parameters. As the number of empirical and
non-physical parameters in a device model grows, the cost of
parameter extraction becomes prohibitive. In this case, it be-
comes necessary to modify the extraction flow for different
process technologies and geometrical variations in the device.

The ASM-HEMT GaN model adopts a surface-potential-
based approach to derive the drain-source current assum-
ing the validity of the gradual channel approximation (GCA)
throughout the channel. Owing to its threshold-voltage-based
approach to obtain the inversion charge and the channel cur-
rent, MVSG-RF offers a higher degree of mathematical ro-
bustness and less complexity compared to the ASM-HEMT
model. Carrier trapping, which results in distinct DC and
RF device characteristics, is included as a sub-circuit, inte-
grated with the core implementation, in both ASM-HEMT
and MVSG-RF models. The ASM-HEMT uses previous
works288,289 on the Shockley-Read-Hall recombination of a
defect state to compute the potential associated with the trap
center, which in turn is used to modify three core model pa-
rameters, namely the cut-off voltage, the mobility degradation
coefficient, and the 2DEG areal charge density in the drain
access region. On the other hand, in MVSG-RF, an average
charge-trapping module comprising a low-pass RC filter is
used to increase the sheet resistance of the drain access im-
plicit transistor, thus mimicking the knee walkout observed in
GaN devices. The source function of the RC circuit is empir-
ically modeled in terms of the voltage stressors of the device,
i.e., the drain-gate bias, and the channel temperature. Here,
the trapping and de-trapping time constants are assumed to
be identical, which although not physically correct, offers the
benefit of a simpler sub-circuit implementation. To model the
trapping-induced dynamic change in the threshold voltage of
the GaN HEMT, the MVSG-RF uses diode-capacitance sub-
circuits with an empirical source function based on the drain-
gate bias. The presence of diodes differentiates between trap-
ping and de-trapping processes and is thus a more accurate
representation of the device physics.

While both ASM-HEMT and MVSG-RF models have been
successfully applied to industrial GaN devices, they have a
few shortcomings. For example, these models ignore the ef-
fect of voltage-dependent density-of-states and other quantum
mechanical effects that exist in thin channel devices. More-
over, both MSVG-RF and ASM-HEMT models are strictly
applicable to long-channel devices in which the transport can
be described within the drift-diffusion (DD) theory. Indeed,
the last decade has witnessed impressive progress in terms

of channel length scaling (Leff < 50 nm) and nanostructure-
based designs of GaN HEMTs to improve the RF perfor-
mance. Measurements have shown that the low-field diffusive
mobility of electrons in these structures is ∼ (1250− 1650)
cm2/Vs at room temperature. This implies that the non-
degenerate mean free path (MFP) of electrons is around 50-70
nm in these devices,290 which is comparable to their effective
(gated) channel length. In such scaled devices, quasi-ballistic
(QB) transport becomes important and the GCA is only valid
at the top-of-the-barrier (ToB). Essentially, GCA assumes that
the vertical electric field is much greater than the lateral elec-
tric field throughout the channel length. Calculations such as
those conducted in Ref. 291 show that the validity of GCA
throughout the channel is questionable in QB transport even
for small Vds. Previous computational studies have also shown
that in QB transport, when channel length and carrier MFP are
of the same magnitude, the distribution function is no longer
Maxwellian and “ballistic peaks” appear in the velocity dis-
tribution.292 Therefore, DD models, which assume that the
distribution function is a shifted Maxwellian, cannot accu-
rately describe the physics of scaled transistors. Moreover,
in GaN devices operating at cryogenic temperature (4.2 K),
the diffusive electron mobility can exceed 10,000 cm2/Vs,293

which means that the mean free path of electrons is in the
micrometer regime. In this regime, the ASM-HEMT, MVSG-
RF, and other modeling approaches would fail even for GaN
HEMTs with gate lengths of several 100’s of nanometers since
QB transport is found in devices with Leff / λ . Based on
the above discussion, it is evident that new analytic models
that capture the essential physics of quasi-ballistic transport
in GaN HEMTs are key toward facilitating the technology-
device-circuit co-design.

A new compact model based on the Landauer’s transport
theory294 published by the co-author Rakheja preserves the
essential physics of transport in ultra-scaled GaN devices
with QB transport. The model adopts a transmission view-
point of current, which has profoundly impacted the under-
standing of basic physics of transport. Conventional semi-
conductor transport was initially formulated using this the-
ory by McKelvey and Shockley.295 An exhaustive validation
of the self-consistent dynamic-static Rakheja-Li model was
conducted for devices with aggressively scaled gate lengths
of 20 nm, 42 nm, 50 nm, 105 nm, and 150 nm. The de-
tailed descriptions of these devices can be found in Refs. 296
and 297. Figure 26(a,b) shows the model validation against
AlN/GaN/AlGaN HEMT of gate length 20 nm and gate-
source and gate-drain separation of 70 nm. These depletion-
mode devices were were fabricated via molecular beam epi-
taxy on a 3-inch SiC substrate. The model shows excellent
agreement with the measurement output and transfer curves
of the devices over broad bias. The model was also matched
against TCAD I −V simulations conducted for nearly self-
aligned GaN HEMTs with gate length of 50 nm, and the
model agrees well with the numerically simulated results as
shown in Fig. 26(c,d).

In addition to static transport validation, the Rakheja-Li
model was applied to study the C-V measurements of deeply
scaled GaN HEMTs [In0.17Al0.83N (7.4 nm) | AlN (1nm) |
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FIG. 25: Overview of modeling and simulation approaches. Compact device models enable large-scale circuit simulations with
several interconnected transistors, thus enabling a way forward for technology-device-circuit co-design and co-optimization.

Model Approx. no. of
parameters

Geometry
scalability

Electro-thermal Trapping Mathematical
robustness+

Original device
context

Angelov 90 Yes (empirical) No Yes (empirical) Good HEMT/MESFET
Curtice# 55 Yes (empirical) Yes No Partial LD MOSFET
EEHEMT 71 No Yes No Poor (piece-

wise)
HEMT

HSP-LETI## 35 Yes (empirical) Partial No Partial GaN HEMT
ASM-HEMT 212 Yes (empirical) Partial Yes (empirical) Good GaN HEMT
MVSG-RF 109 Yes (empirical) Partial Yes (empirical) Good GaN HEMT

TABLE II: A comparison of the salient features of various compact models targeted for III-V and GaN HEMTs. Earlier models
(unshaded cells) were primarily developed for III-V and InP devices, while the recent models (shaded cells) were developed for
GaN technology. #Other variants of Curtice model include CHEMT and CFET, but were developed for GaAs FETs. ##Model
does not include non-linearity in access regions and applicability to RF simulations is not clear. +Mathematical robustness is
defined with respect to DC Gummel symmetry and AC McAndrew symmetry tests, as well as convergence in frequency- and

time-domain circuit simulations in both forward and reverse-biased modes.

GaN (26 nm) | In0.15Ga0.85N (3.3 nm) | GaN | SiC (buffer)]
fabricated at MIT. The model validation of gate capacitance
(Cgg) for 42-nm and 105-nm gate-length devices is shown in
Fig. 27. Due to its ability to accurately account for the fring-
ing capacitances as the device transitions from off-state to on-
state, the model correctly reproduces Cgg and Cgd data of fab-
ricated devices over a broad gate and drain bias range.

While the existing compact models (ASM-HEMT and
MVSG-RF for DD transport and Rakheja-Li for QB transport)
can aid in evaluating the device-circuit interactions, further re-
search is needed to expand the scope of these models. Com-
pact models generally have a tradeoff between computational
complexity and accuracy of physics. Hence, the ASM-HEMT
and MVSG-RF models only incorporate a limited number
of thermal and trapping nodes to represent time constants of

these processes. However, in a practical device, both thermal
and trap-related charging/discharging processes involve sum
of several exponentials and thus require more than one circuit
node to be properly accounted for. Future efforts in this direc-
tion must explore techniques to minimize the computational
burden, while also capturing the essential device physics. Ex-
isting modeling frameworks must be amended to handle op-
eration at ultrahigh frequencies where non-quasi-static (NQS)
effects in the device must be included. That is, when the tran-
sistor is driven by signals with a very fast rise time, shorter
than the transit time of carriers through the channel, then the
assumption that the channel charge is a function only of ter-
minal voltages does not hold. The NQS operation is typically
represented by adopting a distributed channel model, where
the transistor is partitioned into n smaller channel length tran-
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FIG. 26: Model fit to the output characteristics (a) and transfer characteristics (b) reported in Ref. 298. Model fit to the output
characteristics (c) and transfer characteristics (d) for self-aligned device simulated using Sentaurus. The structure consists of

24-nm thick Al0.3Ga0.7N on GaN. Both source-gate and drain-gate access regions are scaled down to 50 nm, which is similar to
the structure in Ref. 298. Solid lines are model fits, while symbols correspond to experimental data.

FIG. 27: Validation of the Rakheja-Li model against the C-V measurements of devices fabricated at MIT.297 Symbols
correspond to measured data, while solid lines correspond to model fits. Reproduced from Journal of Applied Physics, 125(13),

134503, with the permission of AIP Publishing.

sistors. However, such a representation naturally imposes sig-
nificant computational burden and has thus been challenging
to implement for GaN transistors. Other new research areas
in compact modeling of GaN transistors include incorporat-
ing memory effects such as the Vth drift and initial condition
dependence of VTH, as well as modeling basic model param-
eters such as DIBL, VTH, and non-ideality in terms of tech-
nology and geometry parameters. Further development of
such physics-based models will enable the co-designing and
co-optimizing across the design hierarchy and ultimately es-
tablish the connection between circuit- and architecture-level
research and research aimed at optimizing individual devices
for RF applications, as well as digital, CMOS, and cryogenic
applications of the future.

An alternative method of compact modeling is the fitting of
small-signal parameters (e.g. gm, Cg) and using this custom-
built small-signal model for large-signal simulation, similar
to the Angelov model, an early model for HEMTs.299,300 This
method has been recently used in large-signal simulations for
power and linearity301,302. While this is useful in captur-
ing non-conventional small-signal behavior (like in the graded
channel FET), it can be more time consuming and it remains
to be seen how this method could be rapidly adopted by the
wider device community.

C. Use of three-step methodology for novel GaN devices

Some examples of the use of three-step methodology for
novel GaN devices are illustrated in Fig. 28(b)–(e), including
p-GaN gated AlGaN/GaN HEMT (using self-aligned process
and high temperature robust technology), GaN vertical Fin-
FET intended for RF application, and GaN CMOS.

1. GaN vertical fin RF transistors

Thanks to the high current handling capability, more uni-
form heat generation, and high breakdown voltage for given
chip area, the vertical device structure has been proposed for
high power and high frequency applications. GaN vertical
FinFETs have been demonstrated for power switching appli-
cation, and they are actively explored for high power RF am-
plification. The vertical FinFET was modified to make them
suitable for RF operation (e.g. quasi-vertical structure), but
with any new structure, it is important to estimate the poten-
tial of such a structure for the circuit-level application. With
the aid of the three-step methodology, simulation of the proof-
of-concept device in a GaN PA shows promising performance
at the Ka band.161 Experimental work of these devices is on-
going.
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FIG. 28: (a) Device-level to circuit-level simulation framework which is performed using a three-step methodology.206 Good fit
to two types of novel GaN devices, namely (b) p-GaN gated AlGaN/GaN HEMT featuring a self-aligned process and high

temperature robust technology; (c) GaN vertical FinFET optimized for RF application. (d) Using the methodology described in
(a), a GaN complementary logic inverter was accurately modeled. For the first time, GaN p-FETs were modeled. (e) The logic

inverter model illustrated in (d) was used to estimate the performance of such a GaN CMOS technology, both at room
temperature and at high temperature (300◦C). A 43-stage ring oscillator was chosen due to its significance in digital VLSI

technology. The delay per stage can be improved by increasing the current density of GaN p-FET which is an active area of
research. Possible areas of applications for such technology include (i) the high temperature logic intended for space and

geothermal applications, (ii) on-chip power converters, and (iii) active interposer. where the circuits operate in the range of
hundreds of kHz to MHz. The results in (b)–(e) indicate that the device-level to circuit-level simulation framework proposed in

(a) is capable of modeling, estimating circuit-level performance and studying device-circuit interaction of novel GaN-based
devices. Reproduced with permission from 2021 Device Research Conference (DRC), 2021. Copyright 2021 IEEE.

2. GaN CMOS

GaN p-type transistors, in particular those developed on
scalable GaN CMOS platforms, have received significant at-
tention in recent years, not only because of its novelty and
improving performance, but more importantly, because of the
tremendous potential for future GaN CMOS circuits.192 Even
though discrete p-type and n-type transistors were developed
early, the integration technology of both of these components
remained challenging, particularly in the context of univer-
sity fabrication facilities.206 In this work, the logic inverter
behavior was predicted based on the three-step methodology
involving the MVSG modeling of p-FET and n-FET on the
regrowth-free GaN complementary logic platform. In the later
experimental demonstration of such a logic inverter, the mea-
sured DC transfer result was found to closely resemble the
simulated characteristics (refer to Fig. 28(d)).192? This proves
that the key characteristics of the newly developed devices (p-
FET and n-FET on the GaN CMOS platform), e.g. threshold
voltage, relative current levels, have been taken into adequate
account in the compact models and subsequently the circuit-
level simulation. The GaN CMOS simulation framework was
scaled up to estimate the performance of digital logic build-
ing blocks (including ring oscillator, shown in Fig. 28(e), and

6-T SRAM) in room temperature operation and at high tem-
perature (300◦ C) operation.? This work highlights the use of
the three-step methodology to develop a scalable simulation
framework which would be beneficial for future developments
of GaN CMOS technology.

D. Accurate device-level models and scaling Up Simulation
Frameworks for GaN PDKs

With the widespread adoption of GaN electronic devices,
increasingly accurate models which could incorporate the de-
tails of the device operation, e.g. transient switching behavior
for power switches, are highly desired. In recent years, model-
ing techniques such as Keysight DynaFET, and use of neural
network and Bayesian inference for accurate modeling have
been developed.303–305 In the case of GaN power switches,
they are being operated at higher frequencies (>10 MHz) so
traditional microwave concepts like S parameters are used to
model these high frequency switches. At the same time, other
academic research efforts are focused on developing unified
compact models for GaN transistors which aid our physical
understanding of the device operation.296,297,306,307 There is
significant work at the device-level to constantly improve our
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understanding of the device operation.
In order to realize the vision of VLSI for GaN electronics,

there is an significant need for the development of process
design kits (PDKs), in particular for the new technologies like
GaN CMOS which have significant potential for being scaled
up, and which would only realize their true potential through
being scaled up (as opposed to discrete GaN p-FETs). The
PDKs would make GaN device technology more accessible
to circuit designers. The use of three-step methodology could
play a role in the development of PDKs by linking the device-
level characteristics to circuit-level performance.

IX. CONCLUSIONS

We provided a review and glimpse of the future of GaN-
based device and circuit technologies for applications in
power electronics, RF electronics, and digital and quantum
electronics and the potential for their cross-fertilization. For
power electronics, we provided a perspective on high-to-low
voltage, vertical and lateral, 2D and 3D, and multi-channel
device structures, as well as discussed the dynamic and ro-
bustness issues of GaN devices. The potential of GaN for
digital PAs and the integration of software, hardware, and AI
approaches can lead to highly optimized circuits and systems
for future mm-wave operation. We presented our vision on
going beyond the traditional power and RF applications of
GaN and enabling a new era of GaN-based digital and quan-
tum electronics. The need for an integrated approach for the
co-design and co-optimization across the design stack, from
materials to devices to circuits and systems, is strongly em-
phasized. We held the viewpoint that model-based design and
simulation is a crucial element to reduce the cost and turn-
around time of protyping and ultimately deliver a heteroge-
neous platform with densely integrated components for new
and exciting commercial applications of GaN technology.

AUTHORS’ CONTRIBUTION

K. H. Teo, Y. Zhang, N. Chowdhury, S. Rakheja, and R. Ma
contributed equally to this work.

DATA AVAILABILITY STATEMENT

The data that supports the findings of this study are avail-
able within the article.

ACKNOWLEDGMENTS

The authors deeply thank Dr. Hisashi Saito for provid-
ing the experimental data reported in this paper. Y. Zhang
acknowledges the support by the National Science Founda-
tion under Grants ECCS-2036740 and ECCS-2045001. S.
Rakheja and K. Li would like to thank Boeing for sponsor-
ing this research. N. Chowdhury, Q. Xie, and T. Palacios

acknowledge the funding support of Intel corporation (grant
no 10.13039/100002418) and NASA through the HOTTech
Project.

1E. A. Jones, F. F. Wang, and D. Costinett, “Review of commercial gan
power devices and gan-based converter design challenges,” IEEE Journal
of Emerging and Selected Topics in Power Electronics 4, 707–719 (2016).

2F. Zeng, J. X. An, G. Zhou, W. Li, H. Wang, T. Duan, L. Jiang, and H. Yu,
“A comprehensive review of recent progress on gan high electron mobility
transistors: devices, fabrication and reliability,” Electronics 7, 377 (2018).

3H. Amano, Y. Baines, E. Beam, M. Borga, T. Bouchet, P. R. Chalker,
M. Charles, K. J. Chen, N. Chowdhury, R. Chu, et al., “The 2018 gan
power electronics roadmap,” Journal of Physics D: Applied Physics 51,
163001 (2018).

4R. Chen and F. F. Wang, “Sic and gan devices with cryogenic cooling,”
IEEE Open Journal of Power Electronics 2, 315–326 (2021).

5S. Dimitrijev, J. Han, H. A. Moghadam, and A. Aminbeidokhti, “Power-
switching applications beyond silicon: Status and future prospects of sic
and gan devices,” Mrs Bulletin 40, 399–405 (2015).

6A. Hassan, M. Ali, A. Trigui, Y. Savaria, and M. Sawan, “A gan-based
wireless monitoring system for high-temperature applications,” Sensors
19, 1785 (2019).

7S. J. Pearton and F. Ren, “Gan electronics,” Advanced Materials 12, 1571–
1580 (2000).

8S. Jiang, Y. Cai, P. Feng, S. Shen, X. Zhao, P. Fletcher, V. Esendag, K.-B.
Lee, and T. Wang, “Exploring an approach toward the intrinsic limits of
GaN electronics,” ACS applied materials & interfaces 12, 12949–12954
(2020).

9K. J. Chen, O. Häberlen, A. Lidow, C. lin Tsai, T. Ueda, Y. Uemoto, and
Y. Wu, “Gan-on-si power technology: Devices and applications,” IEEE
Transactions on Electron Devices 64, 779–795 (2017).

10T. Oka, T. Ina, Y. Ueno, and J. Nishii, “100 A vertical GaN trench MOS-
FETs with a current distribution layer,” in 2019 31st International Sympo-
sium on Power Semiconductor Devices and ICs (ISPSD) (IEEE, 2019) pp.
303–306.

11Y. Zhang, A. Zubair, Z. Liu, M. Xiao, J. Perozek, Y. Ma, and T. Palacios,
“GaN FinFETs and trigate devices for power and RF applications: review
and perspective,” Semiconductor Science and Technology 36, 054001
(2021).

12S. H. Sohel, M. W. Rahman, A. Xie, E. Beam, Y. Cui, M. Kruzich, H. Xue,
T. Razzak, S. Bajaj, Y. Cao, W. Lu, and S. Rajan, “Linearity improvement
with AlGaN polarization-graded field effect transistors with low pressure
chemical vapor deposition grown SiNx passivation,” IEEE Electron Device
Letters 41, 19–22 (2020).

13D. F. Brown, Y. Tang, D. Regan, J. Wong, and M. Micovic, “Self-aligned
algan/gan finfets,” IEEE Electron Device Letters 38, 1445–1448 (2017).

14S. Kang, B. Choi, and B. Kim, “Linearity analysis of cmos for rf applica-
tion,” IEEE transactions on microwave theory and techniques 51, 972–977
(2003).

15Y. Nakamura, H. Terai, K. Inomata, T. Yamamoto, W. Qiu, and
Z. Wang, “Superconducting qubits consisting of epitaxially grown
NbN/AlN/NbN josephson junctions,” Applied Physics Letters 99, 212502
(2011), https://doi.org/10.1063/1.3663539.

16S. Kim, H. Terai, T. Yamashita, W. Qiu, T. Fuse, F. Yoshihara,
S. Ashhab, K. Inomata, and K. Semba, “Enhanced-coherence all-
nitride superconducting qubit epitaxially grown on Si substrate,” (2021),
arXiv:2103.07711 [quant-ph].

17Transparency Market Research, “Power Semiconductor Market to Touch
US$54.88 Bn by 2025 due to Rapid Adoption of Wireless Technologies -
TMR,” Online Link (2019), [Online; accessed 17-April-2021].

18Allied Market Research, “GaN Power Device Market Is Expected to Reach
$1.24 Billion by 2027, at 35.4% CAGR,” Online Link (2020), [Online;
accessed 17-April-2021].

19Y. Zhang, A. Dadgar, and T. Palacios, “Gallium nitride vertical power
devices on foreign substrates: a review and outlook,” Journal of Physics
D: Applied Physics 51, 273001 (2018).

20J. Hu, Y. Zhang, M. Sun, D. Piedra, N. Chowdhury, and T. Palacios, “Ma-
terials and processing issues in vertical gan power electronics,” Materials
Science in Semiconductor Processing 78, 75–84 (2018).

http://dx.doi.org/10.1088/1361-6641/abde17
http://dx.doi.org/10.1088/1361-6641/abde17
http://dx.doi.org/10.1109/LED.2019.2951655
http://dx.doi.org/10.1109/LED.2019.2951655
http://dx.doi.org/10.1063/1.3663539
http://dx.doi.org/10.1063/1.3663539
http://arxiv.org/abs/https://doi.org/10.1063/1.3663539
http://arxiv.org/abs/2103.07711
https://www.prnewswire.com/news-releases/power-semiconductor-market-to-touch-us54-88-bn-by-2025-due-to-rapid-adoption-of-wireless-technologies---tmr-300796491.html
https://www.globenewswire.com/news-release/2020/05/11/2031230/0/en/GaN-Power-Device-Market-Is-Expected-to-Reach-1-24-Billion-by-2027-at-35-4-CAGR.html


32

21Y. Zhang and T. Palacios, “(ultra) wide-bandgap vertical power finfets,”
IEEE Transactions on Electron Devices 67, 3960–3971 (2020).

22H. Ohta, K. Hayashi, F. Horikiri, M. Yoshino, T. Nakamura, and
T. Mishima, “5.0 kv breakdown-voltage vertical gan p–n junction diodes,”
Japanese Journal of Applied Physics 57, 04FG09 (2018).

23M. Xiao, Y. Ma, K. Liu, K. Cheng, and Y. Zhang, “10 kV, 39 mΩ.cm2

Multi-Channel AlGaN/GaN Schottky Barrier Diodes,” IEEE Electron De-
vice Letters 42, 808–811 (2021).

24M. Xiao, Y. Ma, Z. Du, X. Yan, R. Zhang, K. Cheng, K. Liu, A. Xie,
E. Beam, Y. Cao, et al., “5 kv multi-channel algan/gan power schottky
barrier diodes with junction-fin-anode,” in 2020 IEEE International Elec-
tron Devices Meeting (IEDM) (IEEE, 2020) pp. 5–4.

25N. Keshmiri, D. Wang, B. Agrawal, R. Hou, and A. Emadi, “Current status
and future trends of gan hemts in electrified transportation,” IEEE Access
8, 70553–70571 (2020).

26Y. Zhang, M. Sun, Z. Liu, D. Piedra, H.-S. Lee, F. Gao, T. Fujishima, and
T. Palacios, “Electrothermal simulation and thermal performance study of
gan vertical and lateral power transistors,” IEEE transactions on electron
devices 60, 2224–2230 (2013).

27I. Kizilyalli, T. Prunty, and O. Aktas, “4-kv and 2.8 omega-cm2 vertical
gan pn diodes with low leakage currents,” ieee electron device letters 36,
1073–1075 (2015).

28K. Nomoto, Z. Hu, B. Song, M. Zhu, M. Qi, R. Yan, V. Protasenko,
E. Imhoff, J. Kuo, N. Kaneda, et al., “GaN-on-GaN pn power diodes
with 3.48 kV and 0.95 mΩ-cm2: A record high figure-of-merit of 12.8
GW/cm2,” in 2015 IEEE International Electron Devices Meeting (IEDM)
(IEEE, 2015) pp. 9–7.

29H. Ohta, N. Asai, F. Horikiri, Y. Narita, T. Yoshida, and T. Mishima, “Two-
step mesa structure gan pn diodes with low on-resistance, high breakdown
voltage, and excellent avalanche capabilities,” IEEE Electron Device Let-
ters 41, 123–126 (2019).

30O. Aktas and I. Kizilyalli, “Avalanche capability of vertical gan pn junc-
tions on bulk gan substrates,” ieee electron device letters 36, 890–892
(2015).

31J. Liu, M. Xiao, R. Zhang, S. Pidaparthi, C. Drowley, L. Baubutr, A. Ed-
wards, H. Cui, C. Coles, and Y. Zhang, “Trap-mediated avalanche in
large-area 1.2 kv vertical gan pn diodes,” IEEE Electron Device Letters
41, 1328–1331 (2020).

32J. Liu, R. Zhang, M. Xiao, S. Pidaparthi, H. Cui, A. Edwards, L. Baubutr,
C. Drowley, and Y. Zhang, “Surge current and avalanche ruggedness of
1.2 kv vertical gan pn diodes,” IEEE Transactions on Power Electronics
(2021).

33T. Maeda, T. Narita, H. Ueda, M. Kanechika, T. Uesugi, T. Kachi, T. Ki-
moto, M. Horita, and J. Suda, “Parallel-plane breakdown fields of 2.8-
3.5 mv/cm in gan-on-gan pn junction diodes with double-side-depleted
shallow bevel termination,” in 2018 IEEE International Electron Devices
Meeting (IEDM) (IEEE, 2018) pp. 30–1.

34Y. Zhang, M. Sun, Z. Liu, D. Piedra, M. Pan, X. Gao, Y. Lin, A. Zubair,
L. Yu, and T. Palacios, “Novel gan trench mis barrier schottky rectifiers
with implanted field rings,” in 2016 IEEE International Electron Devices
Meeting (IEDM) (IEEE, 2016) pp. 10–2.

35Y. Zhang, Z. Liu, M. J. Tadjer, M. Sun, D. Piedra, C. Hatem, T. J. An-
derson, L. E. Luna, A. Nath, A. D. Koehler, et al., “Vertical gan junction
barrier schottky rectifiers by selective ion implantation,” IEEE Electron
Device Letters 38, 1097–1100 (2017).

36T. Hayashida, T. Nanjo, A. Furukawa, and M. Yamamuka, “Vertical gan
merged pin schottky diode with a breakdown voltage of 2 kv,” Applied
Physics Express 10, 061003 (2017).

37K. Hasegawa, G. Nishio, K. Yasunishi, N. Tanaka, N. Murakami, and
T. Oka, “Vertical gan trench mos barrier schottky rectifier maintaining low
leakage current at 200c with blocking voltage of 750 v,” Applied Physics
Express 10, 121002 (2017).

38T. Oka, “Recent development of vertical gan power devices,” Japanese
Journal of Applied Physics 58, SB0805 (2019).

39D. Shibata, R. Kajitani, M. Ogawa, K. Tanaka, S. Tamura, T. Hatsuda,
M. Ishida, and T. Ueda, “1.7 kV/1.0 mΩcm2 normally-off vertical GaN
transistor on GaN substrate with regrown p-GaN/AlGaN/GaN semipo-
lar gate structure,” in 2016 IEEE International Electron Devices Meeting
(IEDM) (IEEE, 2016) pp. 10–1.

40J. Liu, M. Xiao, Y. Zhang, S. Pidaparthi, H. Cui, A. Edwards, L. Baubutr,
W. Meier, C. Coles, and C. Drowley, “1.2 kv vertical gan fin jfets with ro-
bust avalanche and fast switching capabilities,” in 2020 IEEE International
Electron Devices Meeting (IEDM) (IEEE, 2020) pp. 23–2.

41J. Liu, M. Xiao, R. Zhang, S. Pidaparthi, H. Cui, A. Edwards, M. Craven,
L. Baubutr, C. Drowley, and Y. Zhang, “1.2-kv vertical gan fin-jfets: High-
temperature characteristics and avalanche capability,” IEEE Transactions
on Electron Devices 68, 2025–2032 (2021).

42D. Ji, A. Agarwal, H. Li, W. Li, S. Keller, and S. Chowdhury, “880 V/2.7
mΩcm2 MIS Gate Trench CAVET on Bulk GaN Substrates,” IEEE Elec-
tron Device Letters 39, 863–865 (2018).

43H. Nie, Q. Diduck, B. Alvarez, A. P. Edwards, B. M. Kayes, M. Zhang,
G. Ye, T. Prunty, D. Bour, and I. C. Kizilyalli, “1.5-kv and 2.2-mωcm2

vertical gan transistors on bulk-gan substrates,” IEEE Electron Device Let-
ters 35, 939–941 (2014).

44S. Chowdhury, B. L. Swenson, and U. K. Mishra, “Enhancement and de-
pletion mode algan/gan cavet with mg-ion-implanted gan as current block-
ing layer,” IEEE Electron Device Letters 29, 543–545 (2008).

45T. Oka, T. Ina, Y. Ueno, and J. Nishii, “Over 10 a operation with switch-
ing characteristics of 1.2 kV-class vertical GaN trench MOSFETs on a bulk
GaN substrate,” in 2016 28th International Symposium on Power Semicon-
ductor Devices and ICs (ISPSD) (IEEE, 2016) pp. 459–462.

46T. Oka, T. Ina, Y. Ueno, and J. Nishii, “1.8 mΩ·cm2 vertical GaN-
based trench metal–oxide–semiconductor field-effect transistors on a free-
standing GaN substrate for 1.2-kV-class operation,” Applied Physics Ex-
press 8, 054101 (2015).

47C. Gupta, S. H. Chan, Y. Enatsu, A. Agarwal, S. Keller, and U. K. Mishra,
“OG-FET: An In-Situ oxide, GaN Interlayer-Based Vertical Trench MOS-
FET,” IEEE Electron Device Letters 37, 1601–1604 (2016).

48C. Gupta, C. Lund, S. H. Chan, A. Agarwal, J. Liu, Y. Enatsu, S. Keller,
and U. K. Mishra, “In situ oxide, GaN interlayer-based vertical trench
MOSFET (OG-FET) on bulk GaN substrates,” IEEE Electron Device Let-
ters 38, 353–355 (2017).

49D. Ji, C. Gupta, S. H. Chan, A. Agarwal, W. Li, S. Keller, U. K. Mishra,
and S. Chowdhury, “Demonstrating > 1.4 kv og-fet performance with a
novel double field-plated geometry and the successful scaling of large-area
devices,” in 2017 IEEE International Electron Devices Meeting (IEDM)
(IEEE, 2017) pp. 9–4.

50R. Tanaka, S. Takashima, K. Ueno, H. Matsuyama, and M. Edo, “Demon-
stration of 1200 v/1.4 mω cm2 vertical gan planar mosfet fabricated by
an all ion implantation process,” Japanese Journal of Applied Physics 59,
SGGD02 (2020).

51R. Zhang, X. Lin, J. Liu, S. Mocevic, D. Dong, and Y. Zhang, “Third
quadrant conduction loss of 1.2–10 kv sic mosfets: Impact of gate bias
control,” IEEE Transactions on Power Electronics 36, 2033–2043 (2020).

52M. Xiao, T. Palacios, and Y. Zhang, “On-resistance in vertical power fin-
fets,” IEEE Transactions on Electron Devices 66, 3903–3909 (2019).

53M. Sun, Y. Zhang, X. Gao, and T. Palacios, “High-performance gan ver-
tical fin power transistors on bulk gan substrates,” IEEE Electron Device
Letters 38, 509–512 (2017).

54Y. Zhang, M. Sun, D. Piedra, J. Hu, Z. Liu, Y. Lin, X. Gao, K. Shepard,
and T. Palacios, “1200 v gan vertical fin power field-effect transistors,” in
2017 IEEE International Electron Devices Meeting (IEDM) (IEEE, 2017)
pp. 9–2.

55Y. Zhang, M. Sun, J. Perozek, Z. Liu, A. Zubair, D. Piedra, N. Chowd-
hury, X. Gao, K. Shepard, and T. Palacios, “Large-area 1.2-kv gan verti-
cal power finfets with a record switching figure of merit,” IEEE Electron
Device Letters 40, 75–78 (2018).

56Y. Zhang, M. Sun, D. Piedra, M. Azize, X. Zhang, T. Fujishima, and
T. Palacios, “Gan-on-si vertical schottky and pn diodes,” IEEE electron
device letters 35, 618–620 (2014).

57X. Zou, X. Zhang, X. Lu, C. W. Tang, and K. M. Lau, “Fully vertical gan
pin diodes using gan-on-si epilayers,” IEEE Electron Device Letters 37,
636–639 (2016).

58Y. Zhang, D. Piedra, M. Sun, J. Hennig, A. Dadgar, L. Yu, and T. Palacios,
“High-performance 500 v quasi-and fully-vertical gan-on-si pn diodes,”
IEEE Electron Device Letters 38, 248–251 (2016).

59S. Mase, Y. Urayama, T. Hamada, J. J. Freedsman, and T. Egawa, “Novel
fully vertical gan p–n diode on si substrate grown by metalorganic chemi-
cal vapor deposition,” Applied Physics Express 9, 111005 (2016).

http://dx.doi.org/10.1109/LED.2021.3076802
http://dx.doi.org/10.1109/LED.2021.3076802


33

60S. Mase, T. Hamada, J. J. Freedsman, and T. Egawa, “Effect of drift layer
on the breakdown voltage of fully-vertical gan-on-si pn diodes,” IEEE
Electron Device Letters 38, 1720–1723 (2017).

61Y. Zhang, M. Yuan, N. Chowdhury, K. Cheng, and T. Palacios, “720-
v/0.35-mω .cm2 fully vertical gan-on-si power diodes by selective removal
of si substrates and buffer layers,” IEEE Electron Device Letters 39, 715–
718 (2018).

62R. A. Khadar, C. Liu, L. Zhang, P. Xiang, K. Cheng, and E. Matioli, “820-
v gan-on-si quasi-vertical pin diodes with bfom of 2.0 gw/cm2,” IEEE
Electron Device Letters 39, 401–404 (2018).

63R. A. Khadar, C. Liu, R. Soleimanzadeh, and E. Matioli, “Fully verti-
cal gan-on-si power mosfets,” IEEE Electron Device Letters 40, 443–446
(2019).

64R. Xu, P. Chen, M. Liu, J. Zhou, Y. Yang, Y. Li, C. Ge, H. Peng, B. Liu,
D. Chen, et al., “1.4-kv quasi-vertical gan schottky barrier diode with re-
verse pn junction termination,” IEEE Journal of the Electron Devices So-
ciety 8, 316–320 (2020).

65J. Zhang, X. Yang, Y. Feng, Y. Li, M. Wang, J. Shen, L. Wei, D. Liu, S. Wu,
Z. Cai, et al., “Vacancy-engineering-induced dislocation inclination in iii-
nitrides on si substrates,” Physical Review Materials 4, 073402 (2020).

66A. Zubair, J. Perozek, J. Niroula, O. Aktas, V. Odnoblyudov, and T. Pala-
cios, “First demonstration of gan vertical power finfets on engineered sub-
strate,” in 2020 Device Research Conference (DRC) (IEEE, 2020) pp. 1–2.

67Y. Zhang, H.-Y. Wong, M. Sun, S. Joglekar, L. Yu, N. Braga, R. Micke-
vicius, and T. Palacios, “Design space and origin of off-state leakage in
gan vertical power diodes,” in 2015 IEEE International Electron Devices
Meeting (IEDM) (IEEE, 2015) pp. 35–1.

68Y. Zhang, M. Sun, H.-Y. Wong, Y. Lin, P. Srivastava, C. Hatem, M. Azize,
D. Piedra, L. Yu, T. Sumitomo, et al., “Origin and control of off-state leak-
age current in gan-on-si vertical diodes,” IEEE Transactions on Electron
Devices 62, 2155–2161 (2015).

69X. Zou, X. Zhang, X. Lu, C. W. Tang, and K. M. Lau, “Breakdown
ruggedness of quasi-vertical gan-based pin diodes on si substrates,” IEEE
Electron Device Letters 37, 1158–1161 (2016).

70J. Ma, G. Kampitsis, P. Xiang, K. Cheng, and E. Matioli, “Multi-channel
tri-gate gan power schottky diodes with low on-resistance,” IEEE Electron
Device Letters 40, 275–278 (2018).

71J. Ma, C. Erine, M. Zhu, N. Luca, P. Xiang, K. Cheng, and E. Matioli,
“1200 v multi-channel power devices with 2.8 ω·mm on-resistance,” in
2019 IEEE International Electron Devices Meeting (IEDM) (IEEE, 2019)
pp. 4–1.

72M. Xiao, Y. Ma, K. Cheng, K. Liu, A. Xie, E. Beam, Y. Cao, and Y. Zhang,
“3.3 kv multi-channel algan/gan schottky barrier diodes with p-gan termi-
nation,” IEEE Electron Device Letters 41, 1177–1180 (2020).

73M. H. Ahmed, C. Fei, F. C. Lee, and Q. Li, “48-v voltage regulator mod-
ule with pcb winding matrix transformer for future data centers,” IEEE
Transactions on Industrial Electronics 64, 9302–9310 (2017).

74C. Fei, M. H. Ahmed, F. C. Lee, and Q. Li, “Two-stage 48 v-12 v/6 v-1.8
v voltage regulator module with dynamic bus voltage control for light-
load efficiency improvement,” IEEE Transactions on Power Electronics
32, 5628–5636 (2016).

75F. C. Lee and Q. Li, “High-frequency integrated point-of-load convert-
ers: Overview,” IEEE Transactions on Power Electronics 28, 4127–4136
(2013).

76D. Hou, F. C. Lee, and Q. Li, “Very high frequency ivr for small portable
electronics with high-current multiphase 3-d integrated magnetics,” IEEE
Transactions on Power Electronics 32, 8705–8717 (2016).

77F. C. Lee, S. Wang, and Q. Li, “Next generation of power supplies-design
for manufacturability,” IEEE Journal of Emerging and Selected Topics in
Power Electronics (2020).

78F. C. Lee, Q. Li, and A. Nabih, “High frequency resonant converters: An
overview on the magnetic design and control methods,” IEEE Journal of
Emerging and Selected Topics in Power Electronics (2020).

79F. Zhu, Q. Li, and F. C. Lee, “20mhz, two phase negative coupled induc-
tor design for integrated voltage regulator in smartphone applications,” in
2020 IEEE Applied Power Electronics Conference and Exposition (APEC)
(IEEE, 2020) pp. 181–187.

80H. W. Then, M. Radosavljevic, K. Jun, P. Koirala, B. Krist, T. Talukdar,
N. Thomas, and P. Fischer, “Gallium nitride and silicon transistors on 300
mm silicon wafers enabled by 3-D monolithic heterogeneous integration,”

IEEE Transactions on Electron Devices 67, 5306–5314 (2020).
81H. Then, L. Chow, S. Dasgupta, S. Gardner, M. Radosavljevic, V. Rao,

S. Sung, G. Yang, and R. Chau, “High-performance low-leakage
enhancement-mode high-k dielectric gan moshemts for energy-efficient,
compact voltage regulators and rf power amplifiers for low-power mobile
socs,” in 2015 Symposium on VLSI Technology (VLSI Technology) (IEEE,
2015) pp. T202–T203.

82H. Then, L. Chow, S. Dasgupta, S. Gardner, M. Radosavljevic, V. Rao,
S. Sung, G. Yang, and P. Fischer, “High-k gate dielectric depletion-mode
and enhancement-mode gan mos-hemts for improved off-state leakage and
dibl for power electronics and rf applications,” in 2015 IEEE International
Electron Devices Meeting (IEDM) (IEEE, 2015) pp. 16–3.

83H. W. Then, S. Dasgupta, M. Radosavljevic, S. Gardner, S. H. Sung, and
P. Fischer, “High-k gate dielectric gan mos-hemts with regrown n+ ingan
source/drain,” in 2019 Device Research Conference (DRC) (IEEE, 2019)
pp. 39–40.

84Y. Ma, M. Xiao, Z. Du, X. Yan, K. Cheng, M. Clavel, M. K. Hudait,
I. Kravchenko, H. Wang, and Y. Zhang, “Tri-gate gan junction hemt,”
Applied Physics Letters 117, 143506 (2020).

85Y. Ma, M. Xiao, D. Z, W. H, and Y. Zhang, “Tri-Gate GaN Junction
HEMTs: Physics and Performance Space,” in IEEE Transaction on Elec-
tron Devices (in press) (IEEE, 2021).

86J. A. del Alamo and E. S. Lee, “Stability and reliability of lateral gan power
field-effect transistors,” IEEE Transactions on Electron Devices 66, 4578–
4590 (2019).

87J. A. del Alamo and J. Joh, “Gan hemt reliability,” Microelectronics relia-
bility 49, 1200–1206 (2009).

88J. Wuerfl, E. Bahat-Treidel, F. Brunner, E. Cho, O. Hilt, P. Ivo, A. Knauer,
P. Kurpas, R. Lossy, M. Schulz, et al., “Reliability issues of gan based
high voltage power devices,” Microelectronics Reliability 51, 1710–1716
(2011).

89M. Meneghini, I. Rossetto, C. De Santi, F. Rampazzo, A. Tajalli, A. Bar-
bato, M. Ruzzarin, M. Borga, E. Canato, E. Zanoni, et al., “Reliability and
failure analysis in power gan-hemts: An overview,” in 2017 IEEE Interna-
tional Reliability Physics Symposium (IRPS) (IEEE, 2017) pp. 3B–2.

90G. Meneghesso, G. Verzellesi, F. Danesin, F. Rampazzo, F. Zanon, A. Taz-
zoli, M. Meneghini, and E. Zanoni, “Reliability of gan high-electron-
mobility transistors: State of the art and perspectives,” IEEE Transactions
on Device and Materials Reliability 8, 332–343 (2008).

91S. Yang, S. Han, K. Sheng, and K. J. Chen, “Dynamic on-resistance in
gan power devices: Mechanisms, characterizations, and modeling,” IEEE
Journal of Emerging and Selected Topics in Power Electronics 7, 1425–
1439 (2019).

92G. Zulauf, M. Guacci, and J. W. Kolar, “Dynamic on-resistance in gan-on-
si hemts: Origins, dependencies, and future characterization frameworks,”
IEEE Transactions on Power Electronics 35, 5581–5588 (2019).

93B. Lu, T. Palacios, D. Risbud, S. Bahl, and D. I. Anderson, “Extraction of
dynamic on-resistance in gan transistors: Under soft-and hard-switching
conditions,” in 2011 IEEE Compound Semiconductor Integrated Circuit
Symposium (CSICS) (IEEE, 2011) pp. 1–4.

94R. Li, X. Wu, S. Yang, and K. Sheng, “Dynamic on-state resistance test
and evaluation of gan power devices under hard-and soft-switching condi-
tions by double and multiple pulses,” IEEE Transactions on Power Elec-
tronics 34, 1044–1053 (2018).

95I. Rossetto, M. Meneghini, A. Tajalli, S. Dalcanale, C. De Santi, P. Moens,
A. Banerjee, E. Zanoni, and G. Meneghesso, “Evidence of hot-electron
effects during hard switching of algan/gan hemts,” IEEE transactions on
electron devices 64, 3734–3739 (2017).

96G. Zulauf, M. Guacci, J. M. Rivas-Davila, and J. W. Kolar, “The impact
of multi-mhz switching frequencies on dynamic on-resistance in gan-on-si
hemts,” IEEE Open Journal of Power Electronics 1, 210–215 (2020).

97R. Zhang, J. Kozak, Q. Song, M. Xiao, J. Liu, and Y. Zhang, “Dynamic
breakdown voltage of gan power hemts,” in 2020 IEEE International Elec-
tron Devices Meeting (IEDM) (IEEE, 2020) pp. 23–3.

98J. P. Kozak, R. Zhang, Q. Song, J. Liu, W. Saito, and Y. Zhang, “True
breakdown voltage and overvoltage margin of gan power hemts in hard
switching,” IEEE Electron Device Letters 42, 505–508 (2021).

99R. Zhang, J. P. Kozak, M. Xiao, J. Liu, and Y. Zhang, “Surge-energy and
overvoltage ruggedness of p-gate gan hemts,” IEEE Transactions on Power
Electronics 35, 13409–13419 (2020).

http://dx.doi.org/10.1109/TED.2020.3034076
10.1109/TED.2021.3103157
10.1109/TED.2021.3103157


34

100R. Zhang, J. P. Kozak, J. Liu, M. Xiao, and Y. Zhang, “Surge energy
robustness of gan gate injection transistors,” in 2020 IEEE International
Reliability Physics Symposium (IRPS) (IEEE, 2020) pp. 1–7.

101J. P. Kozak, R. Zhang, J. Liu, Q. Song, M. Xiao, and Y. Zhang, “Hard-
switched overvoltage robustness of p-gate gan hemts at increasing tem-
peratures,” in 2020 IEEE Energy Conversion Congress and Exposition
(ECCE) (IEEE, 2020) pp. 677–682.

102G. Zulauf, S. Park, W. Liang, K. N. Surakitbovorn, and J. Rivas-Davila,
“C oss losses in 600 v gan power semiconductors in soft-switched, high-
and very-high-frequency power converters,” IEEE Transactions on Power
Electronics 33, 10748–10763 (2018).

103M. Guacci, M. Heller, D. Neumayr, D. Bortis, J. W. Kolar, G. Deboy,
C. Ostermaier, and O. Häberlen, “On the origin of the cOSS-losses in soft-
switching gan-on-si power hemts,” IEEE Journal of Emerging and Selected
Topics in Power Electronics 7, 679–694 (2018).

104Z. Tong, G. Zulauf, J. Xu, J. D. Plummer, and J. Rivas-Davila, “Output
capacitance loss characterization of silicon carbide schottky diodes,” IEEE
Journal of Emerging and Selected Topics in Power Electronics 7, 865–878
(2019).

105M. S. Nikoo, A. Jafari, N. Perera, and E. Matioli, “New insights on output
capacitance losses in wide-band-gap transistors,” IEEE Transactions on
Power Electronics 35, 6663–6667 (2019).

106Z. Tong, J. Roig-Guitart, T. Neyer, J. D. Plummer, and J. M. Rivas-Davila,
“Origins of soft-switching coss losses in sic power mosfets and diodes for
resonant converter applications,” IEEE Journal of Emerging and Selected
Topics in Power Electronics (2020).

107J. Zhuang, G. Zulauf, J. Roig, J. D. Plummer, and J. Rivas-Davila, “A
physical investigation of large-signal dynamic output capacitance and en-
ergy loss in gan-on-si power hemts at high-frequency applications,” in
2020 IEEE Energy Conversion Congress and Exposition (ECCE) (IEEE,
2020) pp. 189–194.

108J. He, J. Wei, S. Yang, Y. Wang, K. Zhong, and K. J. Chen, “Frequency-
and temperature-dependent gate reliability of schottky-type p-gan gate
hemts,” IEEE Transactions on Electron Devices 66, 3453–3458 (2019).

109L. Sayadi, G. Iannaccone, S. Sicre, O. Häberlen, and G. Curatola,
“Threshold voltage instability in p-gan gate algan/gan hfets,” IEEE Trans-
actions on Electron Devices 65, 2454–2460 (2018).

110J. He, G. Tang, and K. J. Chen, “vTH instability of p-gan gate hemts under
static and dynamic gate stress,” IEEE Electron Device Letters 39, 1576–
1579 (2018).

111J. Wei, R. Xie, H. Xu, H. Wang, Y. Wang, M. Hua, K. Zhong, G. Tang,
J. He, M. Zhang, et al., “Charge storage mechanism of drain induced dy-
namic threshold voltage shift in p-gan gate hemts,” IEEE Electron Device
Letters 40, 526–529 (2019).

112J. Chen, M. Hua, J. Wei, J. He, C. Wang, Z. Zheng, and K. J. Chen,
“Off-state drain-voltage-stress-induced vth instability in schottky-type p-
gan gate hemts,” IEEE Journal of Emerging and Selected Topics in Power
Electronics (2020).

113K. Tanaka, T. Morita, M. Ishida, T. Hatsuda, T. Ueda, K. Yokoyama,
A. Ikoshi, M. Hikita, M. Toki, M. Yanagihara, et al., “Reliability of hybrid-
drain-embedded gate injection transistor,” in 2017 IEEE International Re-
liability Physics Symposium (IRPS) (IEEE, 2017) pp. 4B–2.

114Y. Wang, M. Hua, G. Tang, J. Lei, Z. Zheng, J. Wei, and K. J. Chen,
“Dynamic off-state current (dynamic iOFF) in p-gan gate hemts with an
ohmic gate contact,” IEEE Electron Device Letters 39, 1366–1369 (2018).

115Y. Zhang, K. H. Teo, and T. Palacios, “Beyond thermal management: in-
corporating p-diamond back-barriers and cap layers into algan/gan hemts,”
IEEE Transactions on Electron Devices 63, 2340–2345 (2016).

116F. Udrea, G. Deboy, and T. Fujihira, “Superjunction power devices, his-
tory, development, and future prospects,” IEEE Transactions on Electron
Devices 64, 713–727 (2017).

117R. Kosugi, Y. Sakuma, K. Kojima, S. Itoh, A. Nagata, T. Yatsuo, Y. Tanaka,
and H. Okumura, “First experimental demonstration of sic super-junction
(sj) structure by multi-epitaxial growth method,” in 2014 IEEE 26th In-
ternational Symposium on Power Semiconductor Devices & IC’s (ISPSD)
(IEEE, 2014) pp. 346–349.

118S. Harada, Y. Kobayashi, S. Kyogoku, T. Morimoto, T. Tanaka, M. Takei,
and H. Okumura, “First demonstration of dynamic characteristics for sic
superjunction mosfet realized using multi-epitaxial growth method,” in
2018 IEEE International Electron Devices Meeting (IEDM) (IEEE, 2018)

pp. 8–2.
119T. Masuda, Y. Saito, T. Kumazawa, T. Hatayama, and S. Harada, “0.63

mωcm2/1170 v 4h-sic super junction v-groove trench mosfet,” in 2018
IEEE International Electron Devices Meeting (IEDM) (IEEE, 2018) pp.
8–1.

120H. Ishida, D. Shibata, M. Yanagihara, Y. Uemoto, H. Matsuo, T. Ueda,
T. Tanaka, and D. Ueda, “Unlimited high breakdown voltage by natural
super junction of polarized semiconductor,” IEEE Electron Device Letters
29, 1087–1089 (2008).

121H. Ishida, D. Shibata, H. Matsuo, M. Yanagihara, Y. Uemoto, T. Ueda,
T. Tanaka, and D. Ueda, “Gan-based natural super junction diodes with
multi-channel structures,” in 2008 IEEE International Electron Devices
Meeting (IEEE, 2008) pp. 1–4.

122A. Nakajima, Y. Sumida, M. H. Dhyani, H. Kawai, and E. Narayanan,
“Gan-based super heterojunction field effect transistors using the polariza-
tion junction concept,” IEEE Electron Device Letters 32, 542–544 (2011).

123H. Kawai, S. Yagi, S. Hirata, F. Nakamura, T. Saito, Y. Kamiyama, M. Ya-
mamoto, H. Amano, V. Unni, and E. Narayanan, “Low cost high voltage
gan polarization superjunction field effect transistors,” physica status solidi
(a) 214, 1600834 (2017).

124B. Shankar and M. Shrivastava, “Safe operating area of polarization super-
junction gan hemts and diodes,” IEEE Transactions on Electron Devices
66, 4140–4147 (2019).

125M. Xiao, Z. Du, J. Xie, E. Beam, X. Yan, K. Cheng, H. Wang, Y. Cao,
and Y. Zhang, “Lateral p-gan/2deg junction diodes by selective-area p-gan
trench-filling-regrowth in algan/gan,” Applied Physics Letters 116, 053503
(2020).

126M. Xiao, R. Zhang, D. Dong, H. Wang, and Y. Zhang, “Design and sim-
ulation of gan superjunction transistors with 2-deg channels and fin chan-
nels,” IEEE Journal of Emerging and Selected Topics in Power Electronics
7, 1475–1484 (2019).

127Y. Ma, M. Xiao, R. Zhang, H. Wang, and Y. Zhang, “Superjunction power
transistors with interface charges: A case study for gan,” IEEE Journal of
the Electron Devices Society 8, 42–48 (2019).

128M. Xiao, X. Yan, J. Xie, E. Beam, Y. Cao, H. Wang, and Y. Zhang, “Origin
of leakage current in vertical gan devices with nonplanar regrown p-gan,”
Applied Physics Letters 117, 183502 (2020).

129P. Feng, K. H. Teo, T. Oishi, K. Yamanaka, and R. Ma, “Design of
enhancement mode single-gate and doublegate multi-channel gan hemt
with vertical polarity inversion heterostructure,” in 2013 25th International
Symposium on Power Semiconductor Devices & IC’s (ISPSD) (IEEE,
2013) pp. 203–206.

130K. H. Teo, P. Feng, C. Duan, T. Oishi, and N. Masatoshi, “High electron
mobility transistors with multiple channels,” (2014), uS Patent 8,624,667.

131K. H. Teo and Y. Zhang, “Semiconductor device with multiple carrier
channels,” (2016), uS Patent 9,419,121.

132K. H. Teo and Y. Zhang, “Semiconductor device with multiple carrier
channels,” (2018), uS Patent 9,876,102.

133K. H. Teo and Y. Zhang, “Semiconductor device with multiple-functional
barrier layer,” (2017), uS Patent 9,583,607.

134R. Ma, K. H. Teo, S. Shinjo, K. Yamanaka, and P. M. Asbeck, “A gan pa
for 4g lte-advanced and 5g: Meeting the telecommunication needs of var-
ious vertical sectors including automobiles, robotics, health care, factory
automation, agriculture, education, and more,” IEEE Microwave Magazine
18, 77–85 (2017).

135Y. Komatsuzaki, S. Lanfranco, T. Kolmonen, O. Piirainen, J. K. Tanska-
nen, S. Sakata, R. Ma, S. Shinjo, K. Yamanaka, and P. Asbeck, “A high
efficiency 3.6-4.0 ghz envelope-tracking power amplifier using gan soft-
switching buck-converter,” in 2018 IEEE/MTT-S International Microwave
Symposium-IMS (IEEE, 2018) pp. 465–468.

136F. Hühn, F. Müller, L. Schellhase, W. Heinrich, and A. Wentzel, “High
efficiency, high bandwidth switch-mode envelope tracking supply modu-
lator,” in 2020 IEEE/MTT-S International Microwave Symposium (IMS)
(IEEE, 2020) pp. 853–856.

137S. Shinjo, M. Hangai, Y. Yamaguchi, and M. Miyazaki, “Advanced gan
hemt modeling techniques and power amplifiers for millimeter-wave ap-
plications,” in IEEE MTT-S International Microwave Symposium Digest,
Vol. 2020-August (2020) pp. 566–569.

138Y. Komatsuzaki, R. Ma, M. Benosman, Y. Nagai, S. Sakata, K. Nakatani,
and S. Shinjo, “A novel 1.4-4.8 ghz ultra-wideband, over 45% high effi-



35

ciency digitally assisted frequency-periodic load modulated amplifier,” in
IEEE MTT-S International Microwave Symposium Digest, Vol. 2019-June
(Institute of Electrical and Electronics Engineers Inc., 2019) pp. 706–709.

139R. Ma, M. Benosman, K. A. Manjunatha, Y. Komatsuzaki, S. Shinjo, K. H.
Teo, and P. V. Orlik, “Machine-learning based digital doherty power am-
plifier,” in 2018 IEEE International Symposium on Radio-Frequency Inte-
gration Technology (RFIT) (IEEE, 2018) pp. 1–3.

140V. Diddi, S. Sakata, S. Shinjo, V. Vorapipat, R. Eden, and P. Asbeck,
“Broadband digitally-controlled power amplifier based on cmos/gan com-
bination,” in 2016 IEEE Radio Frequency Integrated Circuits Symposium
(RFIC) (IEEE, 2016) pp. 258–261.

141M. Asif Khan, J. N. Kuznia, D. T. Olson, W. J. Schaff, J. W. Burm, and
M. S. Shur, “Microwave performance of a 0.25 µm gate AlGaN/GaN het-
erostructure field effect transistor,” Applied Physics Letters 65, 1121–1123
(1994), https://doi.org/10.1063/1.112116.

142Y. Tang, K. Shinohara, D. Regan, A. Corrion, D. Brown, J. Wong,
A. Schmitz, H. Fung, S. Kim, and M. Micovic, “Ultrahigh-speed GaN
high-electron-mobility transistors with fT / fmax of 454/444 GHz,” IEEE
Electron Device Letters 36, 549–551 (2015).

143L. Li, K. Nomoto, M. Pan, W. Li, A. Hickman, J. Miller, K. Lee, Z. Hu,
S. J. Bader, S. M. Lee, J. C. M. Hwang, D. Jena, and H. G. Xing, “GaN
HEMTs on Si with regrown contacts and cutoff/maximum oscillation fre-
quencies of 250/204 GHz,” IEEE Electron Device Letters 41, 689–692
(2020).

144H. Xie, Z. Liu, Y. Gao, K. Ranjan, K. E. Lee, and G. I. Ng, “Deeply-scaled
GaN-on-Si high electron mobility transistors with record cut-off frequency
fT of 310 GHz,” Applied Physics Express 12, 126506 (2019).

145A. Hickman, R. Chaudhuri, S. J. Bader, K. Nomoto, K. Lee, H. G. Xing,
and D. Jena, “High breakdown voltage in rf aln/gan/aln quantum well
hemts,” IEEE Electron Device Letters 40, 1293–1296 (2019).

146D. S. Lee, X. Gao, S. Guo, D. Kopp, P. Fay, and T. Palacios, “300-ghz
inaln/gan hemts with ingan back barrier,” IEEE Electron Device Letters
32, 1525–1527 (2011).

147Y.-F. Wu, M. Moore, A. Abrahamsen, M. Jacob-Mitos, P. Parikh, S. Heik-
man, and A. Burk, “High-voltage millimeter-wave gan hemts with 13.7
w/mm power density,” in 2007 IEEE International Electron Devices Meet-
ing (2007) pp. 405–407.

148D. S. Lee, H. Wang, A. Hsu, M. Azize, O. Laboutin, Y. Cao, J. W. Johnson,
E. Beam, A. Ketterson, M. L. Schuette, et al., “Nanowire channel inaln/gan
hemts with high linearity of gm and ft ,” IEEE electron device letters 34,
969–971 (2013).

149W. Liu, B. Romanczyk, M. Guidry, N. Hatui, C. Wurm, W. Li, P. Shrestha,
X. Zheng, S. Keller, and U. K. Mishra, “6.2 w/mm and record 33.8% pae
at 94 ghz from n-polar gan deep recess mis-hemts with ald ru gates,” IEEE
Microwave and Wireless Components Letters (2021).

150T. Palacios, A. Chakraborty, S. Rajan, C. Poblenz, S. Keller, S. P. Den-
Baars, J. S. Speck, and U. K. Mishra, “High-power AlGaN/GaN HEMTs
for Ka-band applications,” IEEE Electron Device Letters 26, 781–783
(2005).

151A. J. Green, N. Moser, N. C. Miller, K. J. Liddy, M. Lindquist, M. Elliot,
J. K. Gillespie, R. C. Fitch, R. Gilbert, D. E. Walker, E. Werner, A. Crespo,
E. Beam, A. Xie, C. Lee, Y. Cao, and K. D. Chabak, “RF power perfor-
mance of Sc(Al,Ga)N/GaN HEMTs at Ka-band,” IEEE Electron Device
Letters 41, 1181–1184 (2020).

152K. Harrouche, R. Kabouche, E. Okada, and F. Medjdoub, “High perfor-
mance and highly robust AlN/GaN HEMTs for millimeter-wave opera-
tion,” IEEE Journal of the Electron Devices Society 7, 1145–1150 (2019).

153B. Romanczyk, W. Li, M. Guidry, N. Hatui, A. Krishna, C. Wurm,
S. Keller, and U. K. Mishra, “N-polar GaN-on-Sapphire deep recess
HEMTs with high W-band power density,” IEEE Electron Device Letters
41, 1633–1636 (2020).

154A. Malmros, P. Gamarra, M. Thorsell, H. Hjelmgren, C. Lacam, S. L.
Delage, H. Zirath, and N. Rorsman, “Impact of channel thickness on the
large-signal performance in InAlGaN/AlN/GaN HEMTs with an AlGaN
back barrier,” IEEE Transactions on Electron Devices 66, 364–371 (2019).

155J. Chang, S. Afroz, K. Nagamatsu, K. Frey, S. Saluru, J. Merkel, S. Taylor,
E. Stewart, S. Gupta, and R. Howell, “The super-lattice castellated field-
effect transistor: A high-power, high-performance RF amplifier,” IEEE
Electron Device Letters 40, 1048–1051 (2019).

156A. Hickman, R. Chaudhuri, L. Li, K. Nomoto, S. J. Bader, J. C. M. Hwang,
H. G. Xing, and D. Jena, “First RF power operation of AlN/GaN/AlN
HEMTs with >3 A/mm and 3 W/mm at 10 GHz,” IEEE Journal of the
Electron Devices Society 9, 121–124 (2021).

157A. J. Green, J. K. Gillespie, R. C. Fitch, D. E. Walker, M. Lindquist,
A. Crespo, D. Brooks, E. Beam, A. Xie, V. Kumar, et al., “Scaln/gan high-
electron-mobility transistors with 2.4-a/mm current density and 0.67-s/mm
transconductance,” IEEE Electron Device Letters 40, 1056–1059 (2019).

158K. Shinohara, C. King, E. Regan, J. Bergman, A. Carter, A. Arias,
M. Urteaga, B. Brar, R. Page, R. Chaudhuri, et al., “Gan-based multi-
channel transistors with lateral gate for linear and efficient millimeter-wave
power amplifiers,” in 2019 IEEE MTT-S International Microwave Sympo-
sium (IMS) (IEEE, 2019) pp. 1133–1135.

159I. Ben-Yaacov, AlGaN/GaN Current Aperture Vertical Electron Transis-
tors, Ph.D. thesis, University of California, Santa Barbara (2004).

160W. Li, D. Ji, R. Tanaka, S. Mandal, M. Laurent, and S. Chowdhury,
“Demonstration of GaN static induction transistor (SIT) using self-aligned
process,” IEEE Journal of the Electron Devices Society 5, 485–490 (2017).

161N. Chowdhury, Q. Xie, U. Radhakrishna, J. A. Perozek, T. A. Jokinen,
G. J. Schlenvogt, D. A. Antoniadis, and T. Palacios, “Vertical GaN fin
transistors for high-power RF applications: A simulation study,” (submit-
ted).

162Y. Zhang, M. Sun, J. Perozek, Z. Liu, A. Zubair, D. Piedra, N. Chowdhury,
X. Gao, K. Shepard, and T. Palacios, “Large-area 1.2-kV GaN vertical
power FinFETs with a record switching figure of merit,” IEEE Electron
Device Letters 40, 75–78 (2019).

163I. Khalil, E. Bahat-Treidel, F. Schnieder, and J. Wurfl, “Improving the
linearity of GaN HEMTs by optimizing epitaxial structure,” IEEE Trans-
actions on Electron Devices 56, 361–364 (2009).

164S. H. Sohel, A. Xie, E. Beam, H. Xue, T. Razzak, S. Bajaj, Y. Cao, C. Lee,
W. Lu, and S. Rajan, “Polarization engineering of AlGaN/GaN HEMT
with graded InGaN sub-channel for high-linearity X-band applications,”
IEEE Electron Device Letters 40, 522–525 (2019).

165S. H. Sohel, A. Xie, E. Beam, H. Xue, T. Razzak, S. Bajaj, S. Campbell,
D. White, K. Wills, Y. Cao, W. Lu, and S. Rajan, “Improved DC-RF dis-
persion with epitaxial passivation for high linearity graded AlGaN channel
field effect transistors,” Applied Physics Express 13, 036502 (2020).

166R. Chu, Y. Zhou, J. Liu, D. Wang, K. J. Chen, and K. M. Lau, “AlGaN-
GaN double-channel HEMTs,” IEEE Transactions on Electron Devices 52,
438–446 (2005).

167T. Palacios, A. Chini, D. Buttari, S. Heikman, A. Chakraborty, S. Keller,
S. P. DenBaars, and U. K. Mishra, “Use of double-channel heterostruc-
tures to improve the access resistance and linearity in GaN-based HEMTs,”
IEEE Transactions on Electron Devices 53, 562–565 (2006).

168B. Lu, E. Matioli, and T. Palacios, “Tri-gate normally-off GaN power
MISFET,” IEEE Electron Device Letters 33, 360–362 (2012).

169K. Zhang, Y. Kong, G. Zhu, J. Zhou, X. Yu, C. Kong, Z. Li, and T. Chen,
“High-linearity AlGaN/GaN FinFETs for microwave power applications,”
IEEE Electron Device Letters 38, 615–618 (2017).

170S. Wu, X. Ma, L. Yang, M. Mi, M. Zhang, M. Wu, Y. Lu, H. Zhang,
C. Yi, and Y. Hao, “A millimeter-wave AlGaN/GaN HEMT fabricated
with transitional-recessed-gate technology for high-gain and high-linearity
applications,” IEEE Electron Device Letters 40, 846–849 (2019).

171K. Shinohara, C. King, A. D. Carter, E. J. Regan, A. Arias, J. Bergman,
M. Urteaga, and B. Brar, “GaN-based field-effect transistors with laterally
gated two-dimensional electron gas,” IEEE Electron Device Letters 39,
417–420 (2018).

172S. Joglekar, U. Radhakrishna, D. Piedra, D. Antoniadis, and T. Palacios,
“Large signal linearity enhancement of AlGaN/GaN high electron mobil-
ity transistors by device-level Vt engineering for transconductance com-
pensation,” in 2017 IEEE International Electron Devices Meeting (IEDM)
(2017) pp. 25.3.1–25.3.4.

173O. Odabasi, D. Yilmaz, E. Aras, K. E. Asan, S. Zafar, B. C. Akoglu, B. Bu-
tun, and E. Ozbay, “AlGaN/GaN-based laterally gated high-electron-
mobility transistors with optimized linearity,” IEEE Transactions on Elec-
tron Devices 68, 1016–1023 (2021).

174W. Choi, R. Chen, C. Levy, A. Tanaka, R. Liu, V. Balasubramanian, P. M.
Asbeck, and S. A. Dayeh, “Intrinsically linear transistor for millimeter-
wave low noise amplifiers,” Nano Letters 20, 2812–2820 (2020), pMID:
32203666, https://doi.org/10.1021/acs.nanolett.0c00522.

http://dx.doi.org/ 10.1063/1.112116
http://dx.doi.org/ 10.1063/1.112116
http://arxiv.org/abs/https://doi.org/10.1063/1.112116
http://dx.doi.org/ 10.1109/LED.2015.2421311
http://dx.doi.org/ 10.1109/LED.2015.2421311
http://dx.doi.org/10.1109/LED.2020.2984727
http://dx.doi.org/10.1109/LED.2020.2984727
http://dx.doi.org/ 10.7567/1882-0786/ab56e2
http://dx.doi.org/10.1109/IEDM.2007.4418958
http://dx.doi.org/10.1109/IEDM.2007.4418958
http://dx.doi.org/10.1109/LED.2005.857701
http://dx.doi.org/10.1109/LED.2005.857701
http://dx.doi.org/10.1109/LED.2020.3006035
http://dx.doi.org/10.1109/LED.2020.3006035
http://dx.doi.org/ 10.1109/JEDS.2019.2952314
http://dx.doi.org/10.1109/LED.2020.3022401
http://dx.doi.org/10.1109/LED.2020.3022401
http://dx.doi.org/10.1109/TED.2018.2881319
http://dx.doi.org/ 10.1109/LED.2019.2917285
http://dx.doi.org/ 10.1109/LED.2019.2917285
http://dx.doi.org/ 10.1109/JEDS.2020.3042050
http://dx.doi.org/ 10.1109/JEDS.2020.3042050
http://dx.doi.org/ 10.1109/JEDS.2017.2751065
http://dx.doi.org/10.1109/LED.2018.2880306
http://dx.doi.org/10.1109/LED.2018.2880306
http://dx.doi.org/10.1109/TED.2008.2011849
http://dx.doi.org/10.1109/TED.2008.2011849
http://dx.doi.org/ 10.1109/LED.2019.2899100
http://dx.doi.org/ 10.35848/1882-0786/ab7480
http://dx.doi.org/ 10.1109/TED.2005.844791
http://dx.doi.org/ 10.1109/TED.2005.844791
http://dx.doi.org/10.1109/TED.2005.863767
http://dx.doi.org/10.1109/LED.2011.2179971
http://dx.doi.org/10.1109/LED.2017.2687440
http://dx.doi.org/10.1109/LED.2019.2909770
http://dx.doi.org/10.1109/LED.2018.2797940
http://dx.doi.org/10.1109/LED.2018.2797940
http://dx.doi.org/10.1109/IEDM.2017.8268457
http://dx.doi.org/10.1109/TED.2021.3053221
http://dx.doi.org/10.1109/TED.2021.3053221
http://dx.doi.org/10.1021/acs.nanolett.0c00522
http://arxiv.org/abs/https://doi.org/10.1021/acs.nanolett.0c00522


36

175P. Wang, X. Ma, M. Mi, M. Zhang, J. Zhu, Y. Zhou, S. Wu, J. Liu, L. Yang,
B. Hou, and Y. Hao, “Influence of fin-like configuration parameters on the
linearity of algan/gan hemts,” IEEE Transactions on Electron Devices 68,
1563–1569 (2021).

176K. H. Teo and N. Chowdhury, “Vertically stacked multichannel pyramid
transistor,” (2020), uS Patent 10,658,501.

177K. H. Teo and N. Chowdhury, “High electron mobility transistor with vary-
ing semiconductor layer,” (2019), uS Patent 10,418,474.

178K. H. Teo and N. Chowdhury, “Transistor with multi-metal gate,” (2021),
uS Patent 10,910,480.

179T. Ohki, A. Yamada, Y. Minoura, K. Makiyama, J. Kotani, S. Ozaki,
M. Sato, N. Okamoto, K. Joshin, and N. Nakamura, “An over 20-W/mm
S-band InAlGaN/GaN HEMT with SiC/diamond-bonded heat spreader,”
IEEE Electron Device Letters 40, 287–290 (2019).

180M. J. Tadjer, T. J. Anderson, M. G. Ancona, P. E. Raad, P. Komarov, T. Bai,
J. C. Gallagher, A. D. Koehler, M. S. Goorsky, D. A. Francis, K. D. Ho-
bart, and F. J. Kub, “GaN-on-diamond HEMT technology with TAVG =
176◦ C at PDC,max = 56 W/mm measured by transient thermoreflectance
imaging,” IEEE Electron Device Letters 40, 881–884 (2019).

181M. Malakoutian, C. Ren, K. Woo, H. Li, and S. Chowdhury, “De-
velopment of polycrystalline diamond compatible with the latest N-
polar GaN mm-wave technology,” Crystal Growth & Design 0, null (0),
https://doi.org/10.1021/acs.cgd.0c01319.

182H. Xie, Z. Liu, Y. Gao, K. Ranjan, K. E. Lee, and G. I. Ng, “CMOS-
compatible GaN-on-Si HEMTs with cut-off frequency of 210 GHz and
high Johnson’s figure-of-merit of 8.8 THz V,” Applied Physics Express
13, 026503 (2020).

183H. Xie, Z. Liu, W. Hu, Z. Zhong, K. Lee, Y. X. Guo, and G. I. Ng,
“GaN-on-Si HEMTs fabricated with Si CMOS-compatible metallization
for power amplifiers in low-power mobile SoCs,” IEEE Microwave and
Wireless Components Letters 31, 141–144 (2021).

184C. Bulutay, B. K. Ridley, and N. A. Zakhleniuk, “Full-band polar op-
tical phonon scattering analysis and negative differential conductivity in
wurtzite GaN,” Phys. Rev. B 62, 15754–15763 (2000).

185M. Lundstrom, “Fundamentals of carrier transport, 2nd edn,” Measure-
ment Science and Technology 13, 230–230 (2002).

186E. Matioli and T. Palacios, “Room-temperature ballistic transport in iii-
nitride heterostructures,” Nano Letters 15, 1070–1075 (2015), pMID:
25614931, https://doi.org/10.1021/nl504029r.

187N. Tansu, H. Zhao, G. Liu, X. Li, J. Zhang, H. Tong, and Y. Ee, “III-nitride
photonics,” IEEE Photonics Journal 2, 241–248 (2010).

188R. K. Jana, A. Ajoy, G. Snider, and D. Jena, “Sub-60 mV/decade steep
transistors with compliant piezoelectric gate barriers,” in 2014 IEEE Inter-
national Electron Devices Meeting (2014) pp. 13.6.1–13.6.4.

189H. W. Then, S. Dasgupta, M. Radosavljevic, L. Chow, B. Chu-Kung,
G. Dewey, S. Gardner, X. Gao, J. Kavalieros, N. Mukherjee, M. Metz,
M. Oliver, R. Pillarisetty, V. Rao, S. H. Sung, G. Yang, and R. Chau, “Ex-
perimental observation and physics of “negative” capacitance and steeper
than 40mV/decade subthreshold swing in Al0.83In0.17N/AlN/GaN MOS-
HEMT on SiC substrate,” in 2013 IEEE International Electron Devices
Meeting (2013) pp. 28.3.1–28.3.4.

190Y. Li, C. Hwang, and T. Li, “Random-dopant-induced variability in nano-
CMOS devices and digital circuits,” IEEE Transactions on Electron De-
vices 56, 1588–1597 (2009).

191D. Jena, S. Heikman, D. Green, D. Buttari, R. Coffie, H. Xing, S. Keller,
S. DenBaars, J. S. Speck, U. K. Mishra, and I. Smorchkova, “Realization
of wide electron slabs by polarization bulk doping in graded III-V nitride
semiconductor alloys,” Applied Physics Letters 81, 4395–4397 (2002),
https://doi.org/10.1063/1.1526161.

192N. Chowdhury, Q. Xie, M. Yuan, K. Cheng, H. W. Then, and T. Palacios,
“Regrowth-free GaN-based complementary logic on a Si substrate,” IEEE
Electron Device Letters 41, 820–823 (2020).

193N. Chowdhury, G. Iannaccone, G. Fiori, D. A. Antoniadis, and T. Palacios,
“GaN nanowire n-MOSFET with 5 nm channel length for applications in
digital electronics,” IEEE Electron Device Letters 38, 859–862 (2017).

194N. Chowdhury and T. Palacios, “Nanostructured gan transistors,” in 2017
IEEE Compound Semiconductor Integrated Circuit Symposium (CSICS)
(IEEE, 2017) pp. 1–3.

195D. J. Carter, J. D. Gale, B. Delley, and C. Stampfl, “Geometry and diame-
ter dependence of the electronic and physical properties of GaN nanowires

from first principles,” Phys. Rev. B 77, 115349 (2008).
196M. E. Levinshtein, S. L. Rumyantsev, and M. Shur, Properties of ad-

vanced semiconductor materials: GaN, AlN, InN, BN, SiC, SiGe (Wiley,
New York, NY, 2001).

197Y. Chu, S. Lu, N. Chowdhury, M. Povolotskyi, G. Klimeck, M. Mohamed,
and T. Palacios, “Superior performance of 5-nm gate length GaN nanowire
nFET for digital logic applications,” IEEE Electron Device Letters 40,
874–877 (2019).

198S. Steiger, M. Povolotskyi, H. Park, T. Kubis, and G. Klimeck, “NEMO5:
A parallel multiscale nanoelectronics modeling tool,” IEEE Transactions
on Nanotechnology 10, 1464–1474 (2011).

199J. C. Johnson, H.-J. Choi, K. P. Knutsen, R. D. Schaller, P. Yang, and
R. J. Saykally, “Single gallium nitride nanowire lasers,” Nature Materials
1, 106–110 (2002).

200P. C. Shih, G. Rughoobur, K. Cheng, A. I. Akinwande, and T. Palacios,
“Self-align-gated GaN field emitter arrays sharpened by a digital etching
process,” IEEE Electron Device Letters 42, 422–425 (2021).

201S. Wahid, N. Chowdhury, M. K. Alam, and T. Palacios, “Barrier heights
and fermi level pinning in metal contacts on p-type gan,” Applied Physics
Letters 116, 213506 (2020).

202N. Chowdhury, J. Lemettinen, Q. Xie, Y. Zhang, N. S. Rajput, P. Xiang,
K. Cheng, S. Suihkonen, H. W. Then, and T. Palacios, “p-channel GaN
transistor based on p-GaN/AlGaN/GaN on Si,” IEEE Electron Device Let-
ters 40, 1036–1039 (2019).

203T. Palacios, A. Zubair, J. Niroula, J. Perozek, N. Chowdhury, D. Pei,
M. Dipsey, H. Emmer, and B. Lu, “Gan 2.0: Power finfets, comple-
mentary gate drivers and low-cost vertical devices,” in 2021 33rd Inter-
national Symposium on Power Semiconductor Devices and ICs (ISPSD)
(IEEE, 2021) pp. 6–10.

204S. J. Bader, H. Lee, R. Chaudhuri, S. Huang, A. Hickman, A. Molnar,
H. G. Xing, D. Jena, H. W. Then, N. Chowdhury, et al., “Prospects for
wide bandgap and ultrawide bandgap cmos devices,” IEEE Transactions
on Electron Devices 67, 4010–4020 (2020).

205N. Chowdhury, Q. Xie, J. Niroula, N. S. Rajput, K. Cheng, H. W. Then,
and T. Palacios, “Field-induced acceptor ionization in enhancement-mode
GaN p-MOSFETs,” in 2020 IEEE International Electron Devices Meeting
(IEDM) (2020) pp. 5.5.1–5.5.4.

206N. Chowdhury, Q. Xie, M. Yuan, N. S. Rajput, P. Xiang, K. Cheng, H. W.
Then, and T. Palacios, “First demonstration of a self-aligned GaN p-FET,”
in 2019 IEEE International Electron Devices Meeting (IEDM) (2019) pp.
4.6.1–4.6.4.

207Z. Zheng, W. Song, L. Zhang, S. Yang, J. Wei, and K. J. Chen, “Mono-
lithically integrated gan ring oscillator based on high-performance comple-
mentary logic inverters,” IEEE Electron Device Letters 42, 26–29 (2021).

208N. Chowdhury, J. Jung, Q. Xie, M. Yuan, K. Cheng, and T. Palacios,
“Performance estimation of gan cmos technology,” in 2021 IEEE Device
Research Conference (DRC) (IEEE, 2021) pp. 1–2.

209F. Arute, K. Arya, R. Babbush, D. Bacon, J. C. Bardin, R. Barends,
R. Biswas, S. Boixo, F. G. S. L. Brandao, D. A. Buell, B. Burkett,
Y. Chen, Z. Chen, B. Chiaro, R. Collins, W. Courtney, A. Dunsworth,
E. Farhi, B. Foxen, A. Fowler, C. Gidney, M. Giustina, R. Graff, K. Guerin,
S. Habegger, M. P. Harrigan, M. J. Hartmann, A. Ho, M. Hoffmann,
T. Huang, T. S. Humble, S. V. Isakov, E. Jeffrey, Z. Jiang, D. Kafri,
K. Kechedzhi, J. Kelly, P. V. Klimov, S. Knysh, A. Korotkov, F. Kostritsa,
D. Landhuis, M. Lindmark, E. Lucero, D. Lyakh, S. Mandrà, J. R. Mc-
Clean, M. McEwen, A. Megrant, X. Mi, K. Michielsen, M. Mohseni,
J. Mutus, O. Naaman, M. Neeley, C. Neill, M. Y. Niu, E. Ostby,
A. Petukhov, J. C. Platt, C. Quintana, E. G. Rieffel, P. Roushan, N. C.
Rubin, D. Sank, K. J. Satzinger, V. Smelyanskiy, K. J. Sung, M. D. Tre-
vithick, A. Vainsencher, B. Villalonga, T. White, Z. J. Yao, P. Yeh, A. Zal-
cman, H. Neven, and J. M. Martinis, “Quantum supremacy using a pro-
grammable superconducting processor,” Nature 574, 505–510 (2019).

210N. Wang, Y. Zhu, G. L. Chua, B. Chen, S. Merugu, N. Singh, and
Y. Gu, “Over 10% of k2

eff demonstrated by 2-GHz spurious mode-free
Sc0.12Al0.88N laterally coupled alternating thickness mode resonators,”
IEEE Electron Device Letters 40, 957–960 (2019).

211V. J. Gokhale, B. P. Downey, D. S. Katzer, N. Nepal, A. C. Lang, R. M.
Stroud, and D. J. Meyer, “Epitaxial bulk acoustic wave resonators as
highly coherent multi-phonon sources for quantum acoustodynamics,” Na-
ture Communications 11, 2314 (2020).

http://dx.doi.org/ 10.1109/TED.2021.3062561
http://dx.doi.org/ 10.1109/TED.2021.3062561
http://dx.doi.org/ 10.1109/LED.2018.2884918
http://dx.doi.org/10.1109/LED.2019.2909289
http://dx.doi.org/ 10.1021/acs.cgd.0c01319
http://arxiv.org/abs/https://doi.org/10.1021/acs.cgd.0c01319
http://dx.doi.org/ 10.7567/1882-0786/ab659f
http://dx.doi.org/ 10.7567/1882-0786/ab659f
http://dx.doi.org/ 10.1109/LMWC.2020.3036389
http://dx.doi.org/ 10.1109/LMWC.2020.3036389
http://dx.doi.org/10.1103/PhysRevB.62.15754
http://dx.doi.org/ 10.1088/0957-0233/13/2/703
http://dx.doi.org/ 10.1088/0957-0233/13/2/703
http://dx.doi.org/10.1021/nl504029r
http://arxiv.org/abs/https://doi.org/10.1021/nl504029r
http://dx.doi.org/10.1109/JPHOT.2010.2045887
http://dx.doi.org/ 10.1109/IEDM.2014.7047047
http://dx.doi.org/ 10.1109/IEDM.2014.7047047
http://dx.doi.org/10.1109/IEDM.2013.6724709
http://dx.doi.org/10.1109/IEDM.2013.6724709
http://dx.doi.org/ 10.1109/TED.2009.2022692
http://dx.doi.org/ 10.1109/TED.2009.2022692
http://dx.doi.org/10.1063/1.1526161
http://arxiv.org/abs/https://doi.org/10.1063/1.1526161
http://dx.doi.org/10.1109/LED.2020.2987003
http://dx.doi.org/10.1109/LED.2020.2987003
http://dx.doi.org/10.1109/LED.2017.2703953
http://dx.doi.org/10.1103/PhysRevB.77.115349
http://dx.doi.org/ 10.1109/LED.2019.2894416
http://dx.doi.org/ 10.1109/LED.2019.2894416
http://dx.doi.org/ 10.1109/TNANO.2011.2166164
http://dx.doi.org/ 10.1109/TNANO.2011.2166164
http://dx.doi.org/10.1038/nmat728
http://dx.doi.org/10.1038/nmat728
http://dx.doi.org/ 10.1109/LED.2021.3052715
http://dx.doi.org/10.1109/IEDM13553.2020.9371963
http://dx.doi.org/10.1109/IEDM13553.2020.9371963
http://dx.doi.org/10.1109/IEDM19573.2019.8993569
http://dx.doi.org/ 10.1109/LED.2020.3039264
doi: 10.1109/DRC52342.2021.9467201
doi: 10.1109/DRC52342.2021.9467201
http://dx.doi.org/10.1038/s41586-019-1666-5
http://dx.doi.org/ 10.1109/LED.2019.2910836
http://dx.doi.org/ 10.1038/s41467-020-15472-w
http://dx.doi.org/ 10.1038/s41467-020-15472-w


37

212K. J. Satzinger, Y. P. Zhong, H.-S. Chang, G. A. Peairs, A. Bienfait, M.-H.
Chou, A. Y. Cleland, C. R. Conner, É. Dumur, J. Grebel, I. Gutierrez, B. H.
November, R. G. Povey, S. J. Whiteley, D. D. Awschalom, D. I. Schuster,
and A. N. Cleland, “Quantum control of surface acoustic-wave phonons,”
Nature 563, 661–665 (2018).

213M. Kervinen, I. Rissanen, and M. Sillanpää, “Interfacing planar supercon-
ducting qubits with high overtone bulk acoustic phonons,” Phys. Rev. B
97, 205443 (2018).

214H. Zhu and M. Rais-Zadeh, “Non-reciprocal acoustic transmission in a gan
delay line using the acoustoelectric effect,” IEEE Electron Device Letters
38, 802–805 (2017).

215R. Cheng, J. Wright, H. G. Xing, D. Jena, and H. X. Tang, “Epitaxial nio-
bium nitride superconducting nanowire single-photon detectors,” Applied
Physics Letters 117, 132601 (2020), https://doi.org/10.1063/5.0018818.

216R. Yan, G. Khalsa, S. Vishwanath, Y. Han, J. Wright, S. Rouvimov,
D. S. Katzer, N. Nepal, B. P. Downey, D. A. Muller, H. G. Xing, D. J.
Meyer, and D. Jena, “Gan/nbn epitaxial semiconductor/superconductor
heterostructures,” Nature 555, 183–189 (2018).

217P. Dang, G. Khalsa, C. S. Chang, D. S. Katzer, N. Nepal, B. P.
Downey, V. D. Wheeler, A. Suslov, A. Xie, E. Beam, Y. Cao, C. Lee,
D. A. Muller, H. G. Xing, D. J. Meyer, and D. Jena, “An all-
epitaxial nitride heterostructure with concurrent quantum Hall effect and
superconductivity,” Science Advances 7 (2021), 10.1126/sciadv.abf1388,
https://advances.sciencemag.org/content/7/8/eabf1388.full.pdf.

218Z. Wang, H. Terai, W. Qiu, K. Makise, Y. Uzawa, K. Kimoto, and Y. Naka-
mura, “High-quality epitaxial NbN/AlN/NbN tunnel junctions with a wide
range of current density,” Applied Physics Letters 102, 142604 (2013),
https://doi.org/10.1063/1.4801972.

219M. Merker, C. Bohn, M. Völlinger, K. Ilin, and M. Siegel,
“NbN/AlN/NbN josephson junctions on sapphire for sis receiver applica-
tions,” IEEE Transactions on Applied Superconductivity 27, 1–5 (2017).

220I. Charaev, G. Martinez, A. Dane, R. Baghdadi, M. Colangelo, and K. K.
Berggren, “Superconducting detectors fabricated using precision disloca-
tion engineering,” 14th European Conference on Applied Superconductiv-
ity (2019).

221V. J. Gokhale, B. P. Downey, D. S. Katzer, L. B. Ruppalt, and D. J.
Meyer, “GaN-based periodic high-Q RF acoustic resonator with integrated
HEMT,” in 2019 IEEE International Electron Devices Meeting (IEDM)
(2019) pp. 17.5.1–17.5.4.

222B. Patra, R. M. Incandela, J. P. G. van Dijk, H. A. R. Homulle, L. Song,
M. Shahmohammadi, R. B. Staszewski, A. Vladimirescu, M. Babaie,
F. Sebastiano, and E. Charbon, “Cryo-CMOS circuits and systems for
quantum computing applications,” IEEE Journal of Solid-State Circuits
53, 309–321 (2018).

223T.-Y. Yang, A. Ruffino, J. Michniewicz, Y. Peng, E. Charbon, and
M. F. Gonzalez-Zalba, “Quantum transport in 40-nm MOSFETs at deep-
cryogenic temperatures,” IEEE Electron Device Letters 41, 981–984
(2020).

224B. Cardoso Paz, M. Cassé, C. Theodorou, G. Ghibaudo, T. Kammler,
L. Pirro, M. Vinet, S. de Franceschi, T. Meunier, and F. Gaillard, “Per-
formance and low-frequency noise of 22-nm FDSOI down to 4.2 K for
cryogenic applications,” IEEE Transactions on Electron Devices 67, 4563–
4567 (2020).

225H. Ying, J. W. Teng, U. S. Raghunathan, J. P. Moody, and J. D. Cressler,
“Variability of p-n junctions and SiGe HBTs at cryogenic temperatures,”
IEEE Transactions on Electron Devices 68, 987–993 (2021).

226E. Cha, N. Wadefalk, G. Moschetti, A. Pourkabirian, J. Stenarson, and
J. Grahn, “Inp hemts for sub-mw cryogenic low-noise amplifiers,” IEEE
Electron Device Letters 41, 1005–1008 (2020).

227H. Y. Wong, “Calibrated Si mobility and incomplete ionization models
with field dependent ionization energy for cryogenic simulations,” in 2020
International Conference on Simulation of Semiconductor Processes and
Devices (SISPAD) (2020) pp. 193–196.

228M. J. Gong, U. Alakusu, S. Bonen, M. S. Dadash, L. Lucci, H. Jia, L. E.
Gutierrez, W. T. Chen, D. R. Daughton, G. C. Adam, S. Iordanescu,
M. Pasteanu, N. Messaoudi, D. Harame, A. Muller, R. R. Mansour, and
S. P. Voinigescu, “Design considerations for spin readout amplifiers in
monolithically integrated semiconductor quantum processors,” in 2019
IEEE Radio Frequency Integrated Circuits Symposium (RFIC) (2019) pp.
111–114.

229L. L. Guevel, G. Billiot, X. Jehl, S. De Franceschi, M. Zurita, Y. Thonnart,
M. Vinet, M. Sanquer, R. Maurand, A. G. M. Jansen, and G. Pillonnet,
“19.2 a 110mK 295µW 28nm FDSOI CMOS quantum integrated circuit
with a 2.8GHz excitation and nA current sensing of an on-chip double
quantum dot,” in 2020 IEEE International Solid- State Circuits Conference
- (ISSCC) (2020) pp. 306–308.

230D. R. W. Yost, M. E. Schwartz, J. Mallek, D. Rosenberg, C. Stull, J. L.
Yoder, G. Calusine, M. Cook, R. Das, A. L. Day, E. B. Golden, D. K.
Kim, A. Melville, B. M. Niedzielski, W. Woods, A. J. Kerman, and W. D.
Oliver, “Solid-state qubits integrated with superconducting through-silicon
vias,” npj Quantum Information 6, 59 (2020).

231J. L. Mallek, D.-R. W. Yost, D. Rosenberg, J. L. Yoder, G. Calusine,
M. Cook, R. Das, A. Day, E. Golden, D. K. Kim, J. Knecht, B. M.
Niedzielski, M. Schwartz, A. Sevi, C. Stull, W. Woods, A. J. Kerman,
and W. D. Oliver, “Fabrication of superconducting through-silicon vias,”
(2021), arXiv:2103.08536 [quant-ph].

232C. Thomas, J. Charbonnier, A. Garnier, N. Bresson, F. Fournel, S. Renet,
R. Franiatte, N. David, V. Thiney, M. Urdampilleta, T. Meunier, and
M. Vinet, “Die-to-wafer 3D interconnections operating at sub-Kelvin tem-
peratures for quantum computation,” in 2020 IEEE 8th Electronics System-
Integration Technology Conference (ESTC) (2020) pp. 1–7.

233A. E. Dane, A. N. McCaughan, D. Zhu, Q. Zhao, C.-S. Kim, N. Calan-
dri, A. Agarwal, F. Bellei, and K. K. Berggren, “Bias sputtered NbN and
superconducting nanowire devices,” Applied Physics Letters 111, 122601
(2017), https://doi.org/10.1063/1.4990066.

234J. B. Varley, A. Janotti, and C. G. Van de Walle, “Defects in AlN as can-
didates for solid-state qubits,” Phys. Rev. B 93, 161201 (2016).

235S. J. Pearton, C. R. Abernathy, G. T. Thaler, R. M. Frazier, D. P. Nor-
ton, F. Ren, Y. D. Park, J. M. Zavada, I. A. Buyanova, W. M. Chen, and
A. F. Hebard, “Wide bandgap GaN-based semiconductors for spintronics,”
Journal of Physics: Condensed Matter 16, R209–R245 (2004).

236X. Wang, M. Zhao, Z. Wang, X. He, Y. Xi, and S. Yan, “Spin-polarization
of VGaON center in GaN and its application in spin qubit,” Applied Physics
Letters 100, 192401 (2012), https://doi.org/10.1063/1.4712595.

237X. Li, J. Casamento, P. Dang, Z. Zhang, O. Afuye, A. B. Mei,
A. B. Apsel, D. G. Schlom, D. Jena, D. C. Ralph, and H. G.
Xing, “Spin-orbit torque field-effect transistor (SOTFET): Proposal for a
magnetoelectric memory,” Applied Physics Letters 116, 242405 (2020),
https://doi.org/10.1063/5.0002909.

238O. Ambacher, J. Smart, J. R. Shealy, N. G. Weimann, K. Chu, M. Mur-
phy, W. J. Schaff, L. F. Eastman, R. Dimitrov, L. Wittmer, M. Stutzmann,
W. Rieger, and J. Hilsenbeck, “Two-dimensional electron gases induced
by spontaneous and piezoelectric polarization charges in n- and ga-face
algan/gan heterostructures,” Journal of Applied Physics 85, 3222–3233
(1999), https://doi.org/10.1063/1.369664.

239S. Chen, C. Luo, Y. Zhang, J. Xu, Q. Hu, Z. Zhang, and G. Guo, “Current
gain enhancement for silicon-on-insulator lateral bipolar junction transis-
tors operating at liquid-helium temperature,” IEEE Electron Device Letters
41, 800–803 (2020).

240K. J. Chen, J. Wei, G. Tang, H. Xu, Z. Zheng, L. Zhang, and W. Song,
“Planar GaN power integration – the world is flat,” in 2020 IEEE Interna-
tional Electron Devices Meeting (IEDM) (2020) pp. 27.1.1–27.1.4.

241A. Chatterjee, P. Stevenson, S. De Franceschi, A. Morello, N. P. de Leon,
and F. Kuemmeth, “Semiconductor qubits in practice,” Nature Reviews
Physics 3, 157–177 (2021).

242Q. Xie, N. Chowdhury, A. Zubair, J. Lemettinen, M. Sánchez Lozano,
M. Colangelo, O. Medeiros, I. Charaev, K. K. Berggren, P. Gumann,
D. Pfeiffer, and T. Palacios, “NbN-gated GaN transistor for application
in quantum computing systems,” in 2021 Symposium on VLSI Technology
(2021).

243M. Weiß, C. Friesicke, R. Quay, and O. Ambacher, “Low-power differen-
tial input to single-ended output GaN RF-DAC for RF-signal generation,”
IEEE Transactions on Microwave Theory and Techniques 69, 1646–1653
(2021).

244X. Li, K. Geens, W. Guo, S. You, M. Zhao, D. Fahle, V. Odnoblyudov,
G. Groeseneken, and S. Decoutere, “Demonstration of GaN integrated
half-bridge with on-chip drivers on 200-mm engineered substrates,” IEEE
Electron Device Letters 40, 1499–1502 (2019).

245Q. Xie, N. Wang, C. Sun, A. B. Randles, P. Singh, X. Zhang, and
Y. Gu, “A passively temperature-compensated dual-frequency AlN-on-

http://dx.doi.org/ 10.1038/s41586-018-0719-5
http://dx.doi.org/10.1103/PhysRevB.97.205443
http://dx.doi.org/10.1103/PhysRevB.97.205443
http://dx.doi.org/10.1063/5.0018818
http://dx.doi.org/10.1063/5.0018818
http://arxiv.org/abs/https://doi.org/10.1063/5.0018818
http://dx.doi.org/10.1038/nature25768
http://dx.doi.org/10.1126/sciadv.abf1388
http://arxiv.org/abs/https://advances.sciencemag.org/content/7/8/eabf1388.full.pdf
http://dx.doi.org/10.1063/1.4801972
http://arxiv.org/abs/https://doi.org/10.1063/1.4801972
http://dx.doi.org/10.1109/TASC.2016.2631841
http://dx.doi.org/10.1109/IEDM19573.2019.8993528
http://dx.doi.org/10.1109/JSSC.2017.2737549
http://dx.doi.org/10.1109/JSSC.2017.2737549
http://dx.doi.org/10.1109/LED.2020.2995645
http://dx.doi.org/10.1109/LED.2020.2995645
http://dx.doi.org/ 10.1109/TED.2020.3021999
http://dx.doi.org/ 10.1109/TED.2020.3021999
http://dx.doi.org/ 10.1109/TED.2021.3054358
http://dx.doi.org/10.1109/LED.2020.3000071
http://dx.doi.org/10.1109/LED.2020.3000071
http://dx.doi.org/ 10.23919/SISPAD49475.2020.9241599
http://dx.doi.org/ 10.23919/SISPAD49475.2020.9241599
http://dx.doi.org/ 10.23919/SISPAD49475.2020.9241599
http://dx.doi.org/10.1109/RFIC.2019.8701847
http://dx.doi.org/10.1109/RFIC.2019.8701847
http://dx.doi.org/10.1109/ISSCC19947.2020.9063090
http://dx.doi.org/10.1109/ISSCC19947.2020.9063090
http://dx.doi.org/ 10.1038/s41534-020-00289-8
http://arxiv.org/abs/2103.08536
http://dx.doi.org/ 10.1109/ESTC48849.2020.9229657
http://dx.doi.org/ 10.1109/ESTC48849.2020.9229657
http://dx.doi.org/10.1063/1.4990066
http://dx.doi.org/10.1063/1.4990066
http://arxiv.org/abs/https://doi.org/10.1063/1.4990066
http://dx.doi.org/ 10.1103/PhysRevB.93.161201
http://dx.doi.org/10.1088/0953-8984/16/7/r03
http://dx.doi.org/10.1063/1.4712595
http://dx.doi.org/10.1063/1.4712595
http://arxiv.org/abs/https://doi.org/10.1063/1.4712595
http://dx.doi.org/10.1063/5.0002909
http://arxiv.org/abs/https://doi.org/10.1063/5.0002909
http://dx.doi.org/10.1063/1.369664
http://dx.doi.org/10.1063/1.369664
http://arxiv.org/abs/https://doi.org/10.1063/1.369664
http://dx.doi.org/ 10.1109/LED.2020.2985674
http://dx.doi.org/ 10.1109/LED.2020.2985674
http://dx.doi.org/10.1109/IEDM13553.2020.9372069
http://dx.doi.org/10.1109/IEDM13553.2020.9372069
http://dx.doi.org/10.1038/s42254-021-00283-9
http://dx.doi.org/10.1038/s42254-021-00283-9
http://dx.doi.org/10.1109/TMTT.2020.3047661
http://dx.doi.org/10.1109/TMTT.2020.3047661
http://dx.doi.org/ 10.1109/LED.2019.2929417
http://dx.doi.org/ 10.1109/LED.2019.2929417


38

silicon resonator for accurate pressure sensing,” in 2017 IEEE 30th In-
ternational Conference on Micro Electro Mechanical Systems (MEMS)
(2017) pp. 977–980.

246Q. Xie, N. Wang, C. Sun, A. B. Randles, P. Singh, X. Zhang, and Y. Gu,
“Effectiveness of oxide trench array as a passive temperature compen-
sation structure in aln-on-silicon micromechanical resonators,” Applied
Physics Letters 110, 083501 (2017).

247G. Wu, J. Xu, E. J. Ng, and W. Chen, “MEMS resonators for frequency
reference and timing applications,” Journal of Microelectromechanical
Systems 29, 1137–1166 (2020).

248L. Jia, L. Shi, C. Sun, S. Liu, and G. Wu, “AlN based piezoelectric
micromachined ultrasonic transducers for continuous monitoring of the
mechano-acoustic cardiopulmonary signals,” in 2021 IEEE 34th Interna-
tional Conference on Micro Electro Mechanical Systems (MEMS) (2021)
pp. 426–429.

249Y. Liu, B. Hu, Y. Cai, J. Zhou, W. Liu, A. Tovstopyat, G. Wu, and C. Sun,
“Design and performance of scaln/aln trapezoidal cantilever-based mems
piezoelectric energy harvesters,” IEEE Transactions on Electron Devices ,
1–6 (2021).

250S. Rassay, D. Mo, C. Li, N. Choudhary, C. Forgey, and R. Tabrizian,
“Intrinsically switchable ferroelectric scandium aluminum nitride lamb-
mode resonators,” IEEE Electron Device Letters , 1–1 (2021).

251J. Miller, J. Wright, H. G. Xing, and D. Jena, “All-epitaxial bulk
acoustic wave resonators,” physica status solidi (a) 217, 1900786 (2020),
https://onlinelibrary.wiley.com/doi/pdf/10.1002/pssa.201900786.

252L. Shen, D. Zhang, X. Cheng, L. Zheng, D. Xu, Q. Wang, J. Li, D. Cao,
and Y. Yu, “Performance improvement and current collapse suppression
of Al2O3/AlGaN/GaN HEMTs achieved by fluorinated graphene passiva-
tion,” IEEE Electron Device Letters 38, 596–599 (2017).

253G. Zhou, Z. Wan, G. Yang, Y. Jiang, R. Sokolovskij, H. Yu, and G. Xia,
“Gate leakage suppression and breakdown voltage enhancement in p-GaN
HEMTs using metal/graphene gates,” IEEE Transactions on Electron De-
vices 67, 875–880 (2020).

254B. Ren, M. Liao, M. Sumiya, J. Li, L. Wang, X. Liu, Y. Koide, and
L. Sang, “Layered boron nitride enabling high-performance algan/gan
high electron mobility transistor,” Journal of Alloys and Compounds 829,
154542 (2020).

255H.-Y. Lee, T.-W. Chang, E. Y. Chang, N. Rorsman, and C.-T. Lee, “Fab-
rication and characterization of gan-based fin-channel array metal-oxide-
semiconductor high-electron mobility transistors with recessed-gate and
ga2o3 gate insulator layer,” IEEE Journal of the Electron Devices Society
(2021).

256S. Hong, K. Shim, and J. Yang, “Reduced gate leakage current in al-
gan/gan hemt by oxygen passivation of algan surface,” Electronics Letters
44, 1091–1093 (2008).

257X. Lu, H. Jiang, C. Liu, X. Zou, and K. M. Lau, “Off-state leakage cur-
rent reduction in algan/gan high electron mobility transistors by combining
surface treatment and post-gate annealing,” Semiconductor Science and
Technology 31, 055019 (2016).

258W. Lu, V. Kumar, R. Schwindt, E. Piner, and I. Adesida, “A comparative
study of surface passivation on algan/gan hemts,” Solid-State Electronics
46, 1441–1444 (2002).

259M. Mi, X.-H. Ma, L. Yang, Y. Lu, B. Hou, J. Zhu, M. Zhang, H.-S. Zhang,
Q. Zhu, L.-A. Yang, et al., “Millimeter-wave power algan/gan hemt using
surface plasma treatment of access region,” IEEE Transactions on Electron
Devices 64, 4875–4881 (2017).

260B. Song, M. Zhu, Z. Hu, M. Qi, K. Nomoto, X. Yan, Y. Cao, D. Jena, and
H. G. Xing, “Ultralow-leakage algan/gan high electron mobility transistors
on si with non-alloyed regrown ohmic contacts,” IEEE Electron Device
Letters 37, 16–19 (2015).

261H.-P. Lee and C. Bayram, “Improving current on/off ratio and subthreshold
swing of schottky-gate algan/gan hemts by postmetallization annealing,”
IEEE Transactions on Electron Devices 67, 2760–2764 (2020).

262L. Wan, P. Sun, X. Liu, D. Chen, X. Que, S. Yao, and G. Li, “A highly
efficient method to fabricate normally-off algan/gan hemts with low gate
leakage via mg diffusion,” Applied Physics Letters 116, 023504 (2020).

263K. Li, E. Yagyu, H. Saito, K. H. Teo, and S. Rakheja, “Compact modeling
of gate leakage phenomenon in gan hemts,” in 2020 International Con-
ference on Simulation of Semiconductor Processes and Devices (SISPAD)
(IEEE, 2020) pp. 225–228.

264J. Bergsten, M. Thorsell, D. Adolph, J.-T. Chen, O. Kordina, E. Ö. Svein-
björnsson, and N. Rorsman, “Electron trapping in extended defects in
microwave AlGaN/GaN HEMTs with carbon-doped buffers,” IEEE Trans-
actions on Electron Devices 65, 2446–2453 (2018).

265M. J. Uren, S. Karboyan, I. Chatterjee, A. Pooth, P. Moens, A. Banerjee,
and M. Kuball, ““leaky dielectric” model for the suppression of dynamic
rON in carbon-doped algan/gan hemts,” IEEE Transactions on Electron De-
vices 64, 2826–2834 (2017).

266Y. Chen, K. Zhang, M. Cao, S. Zhao, J. Zhang, X. Ma, and Y. Hao, “Study
of surface leakage current of AlGaN/GaN high electron mobility transis-
tors,” Applied Physics Letters 104, 153509 (2014).

267G. Koley, V. Tilak, L. F. Eastman, and M. G. Spencer, “Slow transients
observed in algan/gan hfets: effects of sin/sub x/passivation and uv illumi-
nation,” IEEE Transactions on Electron Devices 50, 886–893 (2003).

268A. Koudymov, V. Adivarahan, J. Yang, G. Simin, and M. A. Khan, “Mech-
anism of current collapse removal in field-plated nitride HFETs,” IEEE
Electron device letters 26, 704–706 (2005).

269Q. Hu, B. Hu, C. Gu, T. Li, S. Li, S. Li, X. Li, and Y. Wu, “Improved
current collapse in recessed AlGaN/GaN MOS-HEMTs by interface and
structure engineering,” IEEE Transactions on Electron Devices 66, 4591–
4596 (2019).

270V. Joshi, S. D. Gupta, R. R. Chaudhuri, and M. Shrivastava, “Physical
Insights Into the Impact of Surface Traps on Breakdown Characteristics
of AlGaN/GaN HEMTs—Part I,” IEEE Transactions on Electron Devices
68, 72–79 (2020).

271R. Reed, P. McNulty, W. Beauvais, W. Abdel-Mader, E. Stassinopoulos,
and J. Barth, “A simple algorithm for predicting proton seu rates in space
compared to the rates measured on the crres satellite,” IEEE transactions
on nuclear science 41, 2389–2395 (1994).

272R. A. Weller, M. H. Mendenhall, R. A. Reed, R. D. Schrimpf, K. M. War-
ren, B. D. Sierawski, and L. W. Massengill, “Monte carlo simulation of
single event effects,” IEEE Transactions on Nuclear Science 57, 1726–
1746 (2010).

273P. J. McNulty, G. E. Farrell, and W. P. Tucker, “Proton-induced nuclear re-
actions in silicon,” IEEE Transactions on Nuclear Science 28, 4007–4012
(1981).

274Y. Tosaka, S. Satoh, and T. Itakura, “Neutron-induced soft error simulator
and its accurate predictions,” in SISPAD’97. 1997 International Confer-
ence on Simulation of Semiconductor Processes and Devices. Technical
Digest (IEEE, 1997) pp. 253–256.

275P. C. Murley and G. Srinivasan, “Soft-error monte carlo modeling pro-
gram, semm,” IBM Journal of Research and Development 40, 109–118
(1996).

276H. H. Tang and E. H. Cannon, “Semm-2: A modeling system for single
event upset analysis,” IEEE Transactions on Nuclear Science 51, 3342–
3348 (2004).

277T. Beutier, E. Delage, M. Wouts, O. Serres, and P.-F. Peyrard, “Fastrad
new tool for radiation prediction,” in Proceedings of the 7th European
Conference on Radiation and Its Effects on Components and Systems,
2003. RADECS 2003. (IEEE, 2003) pp. 181–183.

278H. Wang, M. Xiao, K. Sheng, T. Palacios, and Y. Zhang, “Switching per-
formance analysis of vertical GaN FinFETs: Impact of inter-fin designs,”
IEEE Journal of Emerging and Selected Topics in Power Electronics 9,
2235–2246 (2020).

279Z. A. Jian, S. Mohanty, and E. Ahmadi, “Switching performance analysis
of 3.5 kV Ga2O3 Power FinFETs,” IEEE Transactions on Electron Devices
68, 672–678 (2021).

280X. Li, N. Amirifar, K. Geens, M. Zhao, W. Guo, H. Liang, S. You,
N. Posthuma, B. D. Jaeger, S. Stoffels, B. Bakeroot, D. Wellekens,
B. Vanhove, T. Cosnier, R. Langer, D. Marcon, G. Groeseneken, and
S. Decoutere, “GaN-on-SOI: Monolithically integrated all-GaN ICs for
power conversion,” in 2019 IEEE International Electron Devices Meeting
(IEDM) (2019) pp. 4.4.1–4.4.4.

281X. Li, K. Geens, D. Wellekens, M. Zhao, A. Magnani, N. Amirifar,
B. Bakeroot, S. You, D. Fahle, H. Hahn, M. Heuken, V. Odnoblyudov,
O. Aktas, C. Basceri, D. Marcon, G. Groeseneken, and S. Decoutere, “In-
tegration of 650 V GaN power ICs on 200 mm engineered substrates,”
IEEE Transactions on Semiconductor Manufacturing 33, 534–538 (2020).

282U. Radhakrishna, P. Choi, L. Peh, and D. Antoniadis, “MIT virtual source
RF model as a tool for GaN-based LNA and oscillator design,” in 2015

http://dx.doi.org/ 10.1109/MEMSYS.2017.7863574
http://dx.doi.org/ 10.1109/MEMSYS.2017.7863574
http://dx.doi.org/10.1109/JMEMS.2020.3020787
http://dx.doi.org/10.1109/JMEMS.2020.3020787
http://dx.doi.org/10.1109/MEMS51782.2021.9375135
http://dx.doi.org/10.1109/MEMS51782.2021.9375135
http://dx.doi.org/10.1109/TED.2021.3072612
http://dx.doi.org/10.1109/TED.2021.3072612
http://dx.doi.org/10.1109/LED.2021.3078444
http://dx.doi.org/https://doi.org/10.1002/pssa.201900786
http://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/pssa.201900786
http://dx.doi.org/ 10.1109/JESTPE.2020.2980445
http://dx.doi.org/ 10.1109/JESTPE.2020.2980445
http://dx.doi.org/10.1109/TED.2020.3043988
http://dx.doi.org/10.1109/TED.2020.3043988
http://dx.doi.org/ 10.1109/IEDM19573.2019.8993572
http://dx.doi.org/ 10.1109/IEDM19573.2019.8993572
http://dx.doi.org/10.1109/TSM.2020.3017703
http://dx.doi.org/10.1109/CSICS.2015.7314515


39

IEEE Compound Semiconductor Integrated Circuit Symposium (CSICS)
(2015) pp. 1–4.

283P. Choi, U. Radhakrishna, D. Antoniadis, and E. A. Fitzgerald, “GaN
device-circuit interaction on RF linear power amplifier designed using the
MVSG compact model,” in 2017 IEEE Compound Semiconductor Inte-
grated Circuit Symposium (CSICS) (2017) pp. 1–4.

284S. You, X. Li, K. Geens, N. Posthuma, M. Zhao, H. Liang, G. Groe-
seneken, and S. Decoutere, “GaN power IC design using the MIT vir-
tual source GaNFET compact model with gate leakage and VT instability
effect,” Semiconductor Science and Technology 36, 035008 (2021).

285S. D. Mertens, “Status of the gan hemt standardization effort at the com-
pact model coalition,” in 2014 IEEE Compound Semiconductor Integrated
Circuit Symposium (CSICS) (IEEE, 2014) pp. 1–4.

286S. Mertens, “Gan hemt spice model standard for power & rf,” in MOS AK
Workshop (2015).

287A. Dasgupta, S. Ghosh, Y. S. Chauhan, and S. Khandelwal, “Asm-hemt:
compact model for gan hemts,” in 2015 IEEE International Conference
on Electron Devices and Solid-State Circuits (EDSSC) (IEEE, 2015) pp.
495–498.

288J. G. Rathmell and A. E. Parker, “Circuit implementation of a theoretical
model of trap centres in gaas and gan devices,” in Microelectronics: De-
sign, Technology, and Packaging III, Vol. 6798 (International Society for
Optics and Photonics, 2007) p. 67980R.

289S. A. Albahrani, A. Parker, and M. Heimlich, “Circuit model for single-
energy-level trap centers in fets,” Solid-State Electronics 126, 143–151
(2016).

290In the non-degenerate limit, the carrier mean free path is given as λ =
2φt µeff/vT0, where µeff is the low-field diffusive mobility and vT0 is the
carrier thermal velocity. Using vT0 = 1.2×107 cm/s for electrons in GaN,
the room-temperature λ = 64.5 nm (86 nm) for µeff = 1500 cm2/V s (2000
cm2/Vs). Under degeneracy, the mean free path increases.

291L. Wei, O. Mysore, and D. Antoniadis, “Virtual-source-based self-
consistent current and charge FET models: From ballistic to drift-diffusion
velocity-saturation operation,” IEEE Transactions on Electron Devices 59,
1263–1271 (2012).

292A. Mouis and S. Barraud, “Velocity distribution of electrons along the
channel of nanoscale mos transistors,” in European Solid-State Device Re-
search, 2003. ESSDERC’03. 33rd Conference on (IEEE, 2003) pp. 147–
150.

293M. Manfra, L. Pfeiffer, K. West, H. Stormer, K. Baldwin, J. Hsu,
D. Lang, and R. Molnar, “High-mobility algan/gan heterostructures grown
by molecular-beam epitaxy on gan templates prepared by hydride vapor
phase epitaxy,” Applied Physics Letters 77, 2888–2890 (2000).

294R. Landauer, “Transport as a consequence of incident carrier flux,” in Lo-
calization, interaction, and transport phenomena (Springer, 1985) pp. 38–

50.
295J. McKelvey, R. Longini, and T. Brody, “Alternative approach to the so-

lution of added carrier transport problems in semiconductors,” Physical
Review 123, 51 (1961).

296K. Li and S. Rakheja, “An analytic current-voltage model for quasi-
ballistic III-nitride high electron mobility transistors,” Journal of Applied
Physics 123, 184501 (2018), https://doi.org/10.1063/1.5025339.

297K. Li and S. Rakheja, “A unified static-dynamic analytic model for ultra-
scaled III-nitride high electron mobility transistors,” Journal of Applied
Physics 125, 134503 (2019), https://doi.org/10.1063/1.5064385.

298Y. Tang, K. Shinohara, D. Regan, A. Corrion, D. Brown, J. Wong,
A. Schmitz, H. Fung, S. Kim, and M. Micovic, “Ultrahigh-speed GaN
high-electron-mobility transistors with ft/ fmax of 454/444 ghz,” IEEE
Electron Device Letters 36, 549–551 (2015).

299I. Angelov, H. Zirath, and N. Rosman, “A new empirical nonlinear model
for HEMT and MESFET devices,” IEEE Transactions on Microwave The-
ory and Techniques 40, 2258–2266 (1992).

300I. Angelov, L. Bengtsson, and M. Garcia, “Extensions of the Chalmers
nonlinear HEMT and MESFET model,” IEEE Transactions on Microwave
Theory and Techniques 44, 1664–1674 (1996).

301S. H. Joglekar, S. Bajaj, T. Razzak, D. J. Meyer, and S. Rajan, “Design of
graded AlGaN channel transistors for improved large-signal linearity,” in
Proc. CSMantech 2018 (2018).

302V. Cerantonio, M. Giuffrida, C. Miccoli, A. Chini, and F. Iucolano, “From
T-CAD simulations to large signal model for GaN RF device,” in 2020
AEIT International Conference of Electrical and Electronic Technologies
for Automotive (AEIT AUTOMOTIVE) (2020) pp. 1–6.

303J. Xu, R. Jones, S. A. Harris, T. Nielsen, and D. E. Root, “Dynamic FET
model - DynaFET - for GaN transistors from NVNA active source injec-
tion measurements,” in 2014 IEEE MTT-S International Microwave Sym-
posium (IMS2014) (2014) pp. 1–3.

304A. Huang, Z. Zhong, W. Wu, and Y. Guo, “An artificial neural network-
based electrothermal model for GaN HEMTs with dynamic trapping ef-
fects consideration,” IEEE Transactions on Microwave Theory and Tech-
niques 64, 2519–2528 (2016).

305J. Cai, J. B. King, J. Su, C. Yu, S. Chen, L. Sun, H. Wang, and
J. Liu, “Bayesian inference-based behavioral modeling technique for GaN
HEMTs,” IEEE Transactions on Microwave Theory and Techniques 67,
2291–2301 (2019).

306I. R. Rahman, M. I. Khan, and Q. D. Khosru, “A rigorous investigation of
electrostatic and transport phenomena of gan double-channel hemt,” IEEE
Transactions on Electron Devices 66, 2923–2931 (2019).

307M. I. Khan, I. K. M. R. Rahman, and Q. D. M. Khosru, “Surface potential-
based analytical modeling of electrostatic and transport phenomena of
GaN nanowire junctionless MOSFET,” IEEE Transactions on Electron De-
vices 67, 3568–3576 (2020).

http://dx.doi.org/10.1109/CSICS.2015.7314515
http://dx.doi.org/ 10.1109/CSICS.2017.8240430
http://dx.doi.org/ 10.1109/CSICS.2017.8240430
http://dx.doi.org/10.1088/1361-6641/abdbc1
http://dx.doi.org/10.1063/1.5025339
http://dx.doi.org/10.1063/1.5025339
http://arxiv.org/abs/https://doi.org/10.1063/1.5025339
http://dx.doi.org/10.1063/1.5064385
http://dx.doi.org/10.1063/1.5064385
http://arxiv.org/abs/https://doi.org/10.1063/1.5064385
http://dx.doi.org/10.1109/22.179888
http://dx.doi.org/10.1109/22.179888
http://dx.doi.org/ 10.1109/22.538957
http://dx.doi.org/ 10.1109/22.538957
http://dx.doi.org/ 10.23919/AEITAUTOMOTIVE50086.2020.9307389
http://dx.doi.org/ 10.23919/AEITAUTOMOTIVE50086.2020.9307389
http://dx.doi.org/ 10.23919/AEITAUTOMOTIVE50086.2020.9307389
http://dx.doi.org/10.1109/MWSYM.2014.6848293
http://dx.doi.org/10.1109/MWSYM.2014.6848293
http://dx.doi.org/10.1109/TMTT.2016.2586055
http://dx.doi.org/10.1109/TMTT.2016.2586055
http://dx.doi.org/10.1109/TMTT.2019.2906304
http://dx.doi.org/10.1109/TMTT.2019.2906304
http://dx.doi.org/ 10.1109/TED.2020.3011645
http://dx.doi.org/ 10.1109/TED.2020.3011645

	Title Page
	page 2

	
	Emerging GaN technologies for power, RF, digital, and quantum computing applications: recent advances and prospects
	Abstract
	Introduction
	GaN for Power Electronics
	Current Status
	Medium- and High-Voltage GaN Devices: Vertical or Lateral?
	Ultra-Low-Voltage Power Devices: Room for GaN?
	GaN Devices in Switching: A Unique Platform for Studying Dynamic Device Physics
	Superjunction: The Next GaN power device?

	GaN for RF Electronics
	RF Circuits and Applications
	Hardware-Software Co-design
	Device Architectures for RF
	RF linearity
	Other consideration for RF


	GaN for Digital Electronics
	GaN Integrated Circuits
	GaN for Quantum Computing Applications
	Highlights of III-N materials for application in quantum computing systems
	Grand vision of ``quantum computing-on-a-chip''
	Steps to achieving the vision of the III-N quantum computing platform

	Defects, Frequency Dispersion, and Reliability Considerations
	Gate Leakage
	Buffer Leakage
	Trap Dynamics and Impact on RF Operation
	Reliability and Physics of Operation in Extreme Environment

	Simulation Framework from Device-Level to Circuit-Level for Novel GaN Devices for RF and CMOS Applications
	Motivation for such a simulation framework
	Achieving a higher level of abstraction at each level
	Device-Circuit Interaction

	Three-step methodology from device-level to circuit-level simulation
	Compact Device Modeling

	Use of three-step methodology for novel GaN devices
	GaN vertical fin RF transistors
	GaN CMOS

	Accurate device-level models and scaling Up Simulation Frameworks for GaN PDKs

	Conclusions
	Authors' Contribution
	Data Availability Statement
	Acknowledgments



