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C
ellular base stations for 
5G/6G networks, as well 
as satellites and long-range 
radar for commercial, aero-
space, and defense systems 

all demand power amplifiers (PAs) with high 
output power density and high efficiency. 
While silicon (Si), silicon germanium (SiGe), 
and gallium arsenide (GaAs) technologies  
are well established, it is now impossible to 
overlook gallium nitride (GaN) in applica-
tions where maximizing output power with 
minimal footprint is paramount. Backed by  
its deployment for solid-state lighting, 
power converters, and PAs, GaN technol-
ogy has seen tremendous advancements in 
the last 20–30 years. The principal device for  
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microwave and millimeter-wave (mm-wave) applica-
tions is the AlGaN/GaN high-electron-mobility tran-
sistor (HEMT), which is most commonly fabricated on 
either silicon carbide (SiC) or Si substrates. AlGaN/GaN 
HEMTs with an output power density of 40 W/mm [1] 
have been reported up to the X band, while highly scaled 
transistors with ft/fMAX of >450 GHz have also been 
achieved [2]. In the last decade, a new wave of innova-
tions has also emerged, such as the replacement of Al-
GaN barriers with scandium aluminum nitride (ScAlN) 
and the development of N-polar GaN technology with 
8-W/mm power density at 94 GHz [3].

Fundamentally, these achievements are driven by 
GaN’s properties as a wide-bandgap (WBG) semi-
conductor, which allow it to sustain high electric 
fields and operate at high temperatures, simplifying 
system cooling requirements and facilitating deploy-
ment in extreme environments. The success of the 
“WBG revolution,” in part driven by GaN’s popu-
larity, has prompted significant private and public 
investment in GaN HEMT technology. To main-
tain competitive superiority, an important question 
is now looming: “Is there a technology capable of 
outperforming GaN?” The answer may be found in 
ultrawide-bandgap (UWBG) semiconductors, nota-
bly gallium oxide (Ga2O3), Al-rich compositions of 
aluminum gallium nitride (AlxGa1–xN), aluminum 
nitride (AlN), diamond, and cubic boron nitride 
(c-BN). UWBG semiconductors (UWBGSs) are ben-
efiting from accelerated advances in substrate qual-
ity and availability, epitaxy, and fabrication process 
technologies, leading to initial high-frequency 

device demonstrations. Thus, the objective of this 
article is to review the current status of UWBGSs as 
candidates for the next generation of microwave and 
mm-wave PAs.

What Makes AlGaN/GaN HEMTs  
Attractive for Microwave PAs?
To assess the prospects of UWBGS transistors for 
high-power amplifiers, it is important to first appreci-
ate what characteristics have permitted AlGaN/GaN 
HEMTs to surpass incumbent technologies and what 
challenges limit performance. A cross-sectional sche-
matic of a typical AlGaN/GaN HEMT is provided in 
Figure 1. The conducting channel is located on the 
GaN side of the AlGaN/GaN heterojunction within 
a quantum well or 2D electron gas (2DEG). Unlike 
modulation-doped field-effect transistors (MOD-
FETs) realized in conventional III–V technology, 
spontaneous and piezoelectric polarization effects 
permit channel formation without impurity doping 
in the III-nitride layers. The gate, typically a T-gate to 
enable high-frequency performance with short gate 
length (LG), is a Schottky contact that can optionally 
involve barrier recess etching or gate insulator depo-
sition prior to metal deposition. The device’s speed 
is captured by the transit delay time ( ),Tx  or the time 
it takes an electron to traverse the channel, which is 
dependent on the applied electric field and the elec-
tron’s velocity. 

By adopting the assumptions that LG represents the 
entire channel and that the semiconductor is pushed to 
its critical electric field (EC) where electrons experience 
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Figure 1. A cross section and an equivalent circuit model of an HEMT. Specific materials are provided by way of example for 
an AlGaN/GaN HEMT. Two different ohmic contact schemes can be used to form the source and drain regions, namely, alloyed 
contacts or etch-and-regrown contacts. 2DEG: 2D electron gas.
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velocity saturation ( ),so  the Johnson figure of merit 
(JFOM) can be defined to compare semiconductor 
materials in high-frequency transistors:

	 f V E
2JFOM  T
C s

BR
r
o

= = � (1)

where fT is the transit frequency, and VBR is the device’s 
breakdown voltage. When one compares GaN to GaAs 
in terms of EC (3.4 MV/cm versus 0.4 MV/cm) and so  
(2.4 × 107 cm/s versus 0.9 × 107 cm/s), the allure of a 
GaN channel is quickly appreciated. Of course, the pic-
ture is not so simplistic in practice, and a variety of par-
asitic effects have had to be addressed over the years.

First, source access resistance (RS) and drain access 
resistance (RD) must be considered because they 
contribute to increased ohmic losses and increased 
charging delays linked to the parasitic contact resis-
tance (RC) elements depicted in Figure 1. The most 
common method for ohmic contact formation is 
through alloying, typically achieved by the rapid 
thermal annealing (RTA) of Ti/Al/Ni/Au contacts 
deposited on top of the AlGaN barrier. As shown in 
Figure 1, RS is, thus, the sum of RC and the source-to-
gate channel resistance (RSG). In GaN, RC is typically 
0.3–0.5 Ω∙mm, which is significant compared to what 
is achievable in state-of-the-art GaAs or InP tech-
nologies. RSG is proportional to the sheet resistance 
(RSH) and the source-to-gate distance (LSG). Typical 
channel mobilities (µ) and sheet charge densities (NS) 
are ~1,500 cm2/Vs and ~1013 cm−2, respectively, corre-
sponding to sheet resistances of ~400 Ω/ .

To reduce RS, highly doped (n+-GaN) access regions 
can be introduced by ion implantation of Si or etch and 
regrowth. The latter is now the preferred approach 
because contacts can be deposited directly onto n++-
GaN, and the thermal budget is more favorable, which 
is both compatible with self-aligned gate processes and 
does not deteriorate channel mobility due to the need 
for high temperature annealing. In this implementa-
tion, RC can be reduced to 0.03 Ω∙mm, while the regrown 
region has a sheet resistance of 40–50 Ω/ . These 
achievements demonstrate the importance of efficient 
doping to push the limits of performance.

Surface engineering represents another key area 
for AlGaN/GaN HEMTs. For example, the passiv-
ation of surface states is required to reduce drain lag, 
which impacts output power and efficiency at high 
frequency. The most common solution is plasma-
enhanced chemical vapor deposition (PECVD) silicon 
nitride (SiN). To reduce surface leakage current, the 
bandgap of the dielectric passivation material must 
be sufficiently large compared to the semiconduc-
tor, a requirement that becomes challenging when 
UWBGSs are considered. The JFOM assumes that 
electrons pass through the channel at a constant so  

while experiencing a constant field. In reality, the 
field varies across the channel, with the peak located 
on the drain side of the gate electrode. The reduction 
of LSG and use of highly doped source access struc-
tures (Figure 1) can reduce the source-side electric 
field and improve transconductance [4], [5]. However, 
LGD is directly proportional to breakdown voltage 
and cannot be reduced without consequence. Field 
plate structures are thus needed, but these introduce 
parasitic capacitances that make them impractical at 
mm-waves and beyond. 

Recently, the use of very-high-permittivity (k) 
dielectrics has also been proposed to increase the 
breakdown field [6]. It is additionally well documented 
that thermal dissipation plays a major role in limiting 
output power densities. The superior bulk thermal 
conductivity of SiC makes it a more attractive substrate 
than, for example, sapphire. Moreover, efforts are 
underway to “wrap” AlGaN/GaN HEMTs in diamond, 
with polycrystalline diamond deposited on the top 
surface and wafer bonding used to transfer devices to 
bulk diamond substrates. Nonetheless, it is now widely 
understood that significant thermal boundary resis-
tance introduced by heterogeneous nucleation, as well 
as buffer and interface layers, remains a bottleneck [7]. 
Ideally, homoepitaxy can be used to form devices on 
low-cost, large-area substrates with high thermal con-
ductivity and high electrical resistivity.

UWBGS Property Overview
From this discussion, it should be clear that not only 
must the intrinsic properties of the semiconductor be 
compelling to pursue its adoption in high-power, high-
frequency transistors, but pathways toward an ecosys-
tem of technologies that address parasitics must also 
exist. To assess this, Table 1 includes a comparison of 
many relevant material properties for the most popu-
lar UWBGSs. In addition to the JFOM, the Keyes FOM 
(KFOM) and Baliga FOM (BFOM) are introduced to 
further capture tradeoffs. The KFOM, which empha-
sizes thermal conductivity, is defined as

	  vc
4KFOM s

s
th $

$
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where thl  is bulk thermal conductivity, c is the speed of 
light, and sf  is the semiconductor’s dielectric permittiv-
ity. The BFOM, which is relevant to devices used in low-
frequency power conversion applications, is defined as

	  .EBFOM Cs
3

f n= � (3)

In addition to the electron mobility (µn), the hole mobil-
ity (µp) is also included in Table 1. While unipolar 
(n-channel) HEMTs are most established, µp is relevant 
to assessing the prospects of adopting UWBGSs in 
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bipolar devices, such as heterojunction bipolar transis-
tors (HBTs). Generally, a large bandgap, high critical 
electric breakdown field, high carrier mobility and sat-
uration velocity, low dielectric constant, and high ther-
mal conductivity are desirable. Each material included 
herein has its own inherent strengths, weaknesses, and 
research limitations, which are discussed in the rest of 
this section.

With AlGaN/GaN HEMTs firmly established for 
high-power RF applications, it is natural to consider 
the transition to AlGaN and AlN technologies. By con-
trolling the Al composition, the bandgap can be tuned 
between 3.4 eV (GaN) and 6 eV (AlN), which directly 

correlates with the material’s EC and, therefore, its abil-
ity to produce high output power via voltage scaling. 
Since EC increases with Al content, one might expect 
a monotonic increase in JFOM as a function of Al con-
tent. However, as shown in Figure 2, it is predicted that 

so  follows a “bathtub curve” relationship as a func-
tion of Al content, which means that the lowest JFOM 
value for AlxGa1–xN-channel structures actually exists 
at x = 0.23 [18]. It is important to note that the roll-off of 
µn as a function of Al content is even more aggressive 
than that for .so  This has important implications for 
access resistance in RF devices as well as for on resis-
tance in power devices. AlN’s high thl  is also attractive 

1,500

1,000

C
ar

rie
r M

ob
ilit

y
(c

m
2 /

Vs
)

Aluminum Mole Fraction 
(a) (b)

Aluminum Mole Fraction 

5,00

0
0 0.2 0.4 0.6 0.8 1 0

0

10

20

30

40

50

60

0.2

JF
O

M
 (T

H
zV

)

Sa
tu

ra
tio

n 
Ve

lo
ci

ty
 (1

07 
cm

/s
)2.5

2

1.5

1
0.4 0.6 0.8 1

In
su

ffi
ci

en
t ∆

E
C

 fo
rH

EM
T

Figure 2. (a) The carrier mobility (at NS = 1013 cm−2) in a GaN/AlGaN heterostructure’s 2DEG and the saturation velocity in 
AlGaN as functions of the aluminum content. (Source: adapted from [18]; used with permission.) (b) The JFOM as a function 
of Al content in AlGaN for HEMTs. Mole fractions (x) of x > 0.85 are excluded because the conduction band offset between a 
channel of that composition, and an AlN buffer layer would be insufficient to form a 2DEG. (Source: adapted from [18]; used 
with permission.)

TABLE 1. The relevant material properties at room temperature. 

Property Si GaAs [10] 4H-SiC GaN b -Ga2O3 Diamond AlN c-BN

Eg (eV) 1.12 1.42 3.23 3.4 4.9 5.5 6 6.4

Bandgap type Indirect Direct Indirect Direct Direct Indirect Direct Indirect

Ec (MV/cm) 0.3 0.4 2.8 3.5 10.3 13 15.4 17.5

 rf (static) 11.7 13.1 9.66 8.7 10 5.7 8.5 7.1 [11]

thl (W/cm*K) 1.45 [12] 0.55 3.7 2.5 0.1–0.3* 22.9 [12] 2.85 9.4 [12]

v  s (107 cm/s) 1.02 [13] 0.9 1.9 2.4 2 [14] 2.3 1.4 2.7 [15]

nn  (cm2/Vs) 1,440 9,400 [16] 950 1,400 250 4,500 450 1,600 [15]

pn  (cm2/Vs) [17] 450 492 [16] 115 350 N/A 3,800 N/A 400 [15]

JFOM 1 1.38 302 754 2,734 9,548 4,964 23,843

BFOM 1 17 441 1,142 2,800 123,282 30,562 133,191

KFOM 1 0.3 3.83 3.07 0.31 33.98 2.7 13.54

Unless otherwise stated, data are from [8] or [9]. N/A: not available. 
*Anisotropic behavior: thermal conductivity in the [010] direction is higher than in the [100] direction [11].
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for high-power applications, and it is electrically highly 
insulating, which minimizes parasitics at microwave 
and mm-wave frequencies.

Diamond has been the subject of great interest 
because it has comparatively large electron and hole 
mobilities, high saturation velocities for both carrier 
types, a high critical electric field, and the highest 
thermal conductivity of any known material. Having 
the highest thermal conductivity all but guarantees 
diamond’s adoption in electronics as the backbone of 
future thermal management systems [7], [19]. It also 
results in diamond having the highest KFOM of all 
examined materials, more than an order of magnitude 
higher than GaN and AlN. Diamond’s high critical 
electric field of 13 MV/cm, combined with very high 
electron mobility, also contributes to it having a very 
high BFOM, second only to that of c-BN and still more 
than 4× greater than that of AlN and 100× greater 
than that of GaN. In JFOM, diamond is still strong, at 
nearly 2× that of AlN and 3.5× that of ,-Ga O2 3b  but 
it is less than half that of c-BN. Realizing those high 
electron and hole mobilities in devices has proven to 
be a significant challenge and remains a limiting factor 
between current diamond devices and their extremely 
high potential illustrated by the FOMs.

Gallium oxide is another strong contender for the 
next standard in RF electronics. It grows in many dif-
ferent phases, but the monoclinic beta phase ( )-Ga O2 3b  
is the most developed because of its stability. -Ga O2 3b  
can be grown with methods similar to those used for 
traditional Si boules. This compatibility with well-
understood growth techniques like float zone, Czo-
chralski, vertical Bridgman, and edge-defined film-fed 
growth means that high-quality, large (4-in) native sub-
strates are readily available, despite the relative infancy 
of the material’s interest as a semiconductor [20]. 

-Ga O2 3b  performs well in FOMs, beating the existing 
WBG materials by 4–8× in JFOM and 2.5–7× in BFOM, 
though its FOMs are outstripped by the other UWBG 
materials discussed in this article. Its extremely low 
thermal conductivity of just 0.1–0.3 W/cm*K, depend-
ing on the direction, leads to an especially low KFOM. 
It is clear that high-power applications of -Ga O2 3b  will 
also need strong thermal management setups imple-
mented into their design at the device level.

c-BN is also rapidly gaining attention as a poten-
tial future candidate for RF applications. It has the 
second highest thermal conductivity of any known 
material, behind only diamond, and its small lattice 
mismatch with diamond (1.3%) may enable c-BN and 
diamond heterostructures [21] or may allow c-BN to 
be an effective interfacial layer between diamond and 
other materials like III-nitrides [8]. Both the critical 
electric field of c-BN and electron saturation velocity 
are expected to be the highest among the materials 

discussed here, at 17.5 MV/cm and 2.7 × 107 cm/s, 
respectively. These factors mean c-BN has, by far, the 
highest JFOM of all discussed material families, out-
performing its nearest competitor (diamond) by a fac-
tor of 2.5× and GaN by nearly 32×. Electron and hole 
mobilities similar to those observed in Si combine 
with the high critical electric field to also give c-BN 
a slight edge in BFOM over diamond. These factors, 
combined with its thermal conductivity being second 
behind only diamond, make c-BN a very interesting 
material to pursue.

The State of the Art for UWBGS-Based  
RF Devices
As noted, UWBGSs are currently available in vary-
ing degrees of maturity. This section aims to establish 
currently preferred device topologies and approaches 
for each material system, except for c-BN, with which 
devices have yet to be realized. Due to their relative 
simplicity and high speed, the focus is placed on lateral 
unipolar devices, such as metal–semiconductor field-
effect transistors (MESFETs) and HEMTs.

UWBG III-Nitride Devices
Two device categories are considered in this technol-
ogy space: those with UWBG AlGaN channels and 
hybrid devices in which WBG GaN channels are 
formed on UWBG AlN substrates and/or buffer layers. 
While the latter category does not strictly adhere to the 
definition of an UWBG device, it is worth discussing 
since initial reports hint at the potential to outperform 
conventional GaN-on-SiC HEMT technology.

In the first category, the exclusive use of UWBG III-
nitrides has proven to be an effective pathway toward 
increasing breakdown fields (EB) in HEMTs. HEMTs 
with >50%-Al-content AlGaN channels on bulk AlN 
substrates have achieved an EB of >11 MV/cm, but rela-
tively large RSH (>2,000 Ω/ ) and RC (>4 Ω∙mm) remain 
challenges [22], [23]. Due to cost constraints, however, 
most device demonstrations thus far have been on sap-
phire substrates. Approaches to ohmic contacts can 
be grouped into four categories: 1) conventional con-
tact alloying, 2) molecular beam epitaxy (MBE)-based 
etch and regrowth, 3) a recessed channel using a sin-
gle growth step with compositionally reverse-graded  
contact layers, and 4) constricted channel geometries. 

Using the first strategy, Al0.85Ga0.15N/Al0.7Ga0.3N 
HEMTs with LG = 80 nm were fabricated, achieving fT/
fMAX of 28.4/18.1 GHz and, at 3 GHz, Pout of 0.38 W/mm 
and power-added efficiency (PAE) of 11% [24]. Using 
the second strategy, Al0.75Ga0.25N/Al0.6Ga0.4N HEMTs 
with LG  =  130 nm were fabricated, terminating the 
ohmic regions with GaN and resulting in an RC of 
7.5 Ω·mm [25]. High-frequency testing resulted in 
fT/fMAX of 40/58 GHz and, at 10 GHz, Pout of 1.8 W/mm 
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and PAE of 22%. To reduce the contact resistance, the 
same authors adopted the third strategy and applied 
it to Al0.7Ga0.3N/Al0.5Ga0.5N, consequently achieving an 
RC of 3.9 Ω·mm [26]. They argued that exactly match-
ing the exact Al composition of the AlGaN channel via 
etch and regrowth is difficult and explained that com-
positional mismatch at the regrown interface can intro-
duce energy barriers that increase RC. Using an LG of 
160 nm, fT/fMAX values of 20/40 GHz were achieved. The 
EB of 2.8 MV/cm exceeds that of GaN-channel HEMTs. 

Finally, constricted channel (or microchannel) 
devices have been used to reduce the impact of high 
RC [Figure 3(a) and (b)], in turn enabling the majority 
of the applied VDS to be dropped across the channel. 
Al0.65Ga0.35N/Al0.4Ga0.6N HEMTs with a microchan-
nel width (WCH) of 1 µm and LG of 100 nm achieved 
IMAX = 900 mA/mm; f T/f MAX of 20/36 GHz; and, at 
10 GHz, Pout of 2.7 W/mm [27] [Figure 3(c)]. It should be 
additionally noted that a variant of the AlGaN chan-
nel is the compositionally graded AlGaN channel [28], 
which may also provide linearity benefits.

Clearly, parasitic effects, such as low channel 
mobility and high contact resistance, still limit the 
output power of AlGaN-channel HEMTs, despite the 
record breakdown fields that have been reported in 
these devices. By fabricating devices with varying LG, 
the effective saturation velocity in Al0.45Ga0.55N- and 
Al0.7Ga0.3N-channel HEMTs has been estimated to be 
0.27 × 107 cm/s [29] and 0.38 × 107 cm/s [30], respec-
tively. These values are lower than in GaN and lower 
than theory has predicted for AlGaN [31]. Nonethe-
less, if taken at face value, they indicate that a pathway 
toward high performance exists via voltage scaling, 
assuming parasitics can be eliminated. This argument 
is especially intriguing when combined with reports 
that the transport properties of AlGaN and AlN are 
less temperature sensitive than those of GaN [29], 

[32], which has motivated studies of high-temperature 
(>300 °C) studies of UWBG III-nitride HEMTs [33] and 
MESFETs [34].

The second approach is an evolution of current 
GaN HEMT technology, aiming to marry the benefits 
of GaN’s high mobility in the channel with the large 
EC of UWBG Al(Ga)N as the substrate and/or in the 
back barrier/buffer layers. Strictly speaking, this 
does not adhere to the definition of a UWBG device 
since GaN is employed as the channel. However, as is 
described, it appears that novel ways of integrating 
UWBG III-nitrides may improve performance com-
pared to traditional designs. Thus, we have included 
them in this discussion. 

Using thick AlN buffers layers grown on 6H-SiC 
substrates, AlN/GaN/AlN HEMTs with Ns = 3 × 1013 cm−2, 
µ  =  723 cm2/Vs, and RSH  =  293 Ω/  [35]. By employ-
ing regrown n+-GaN contacts (Rc  =  0.15 Ω∙mm) and 
a highly scaled LG of 50 nm, record fT/fMAX values of 
123/233 GHz were achieved. Load-pull characteriza-
tion at 10 GHz to identify input/output impedances 
at maximum PAE demonstrated gain (GT) and Pout of  
8.3 dB and 22 dBm (3 W/mm), respectively. In a sepa-
rate publication, the authors reported an EB of 1–2 MV/
cm with a maximum JFOM of 2.2 THz-V [36]. 

More recently, Al0.31Ga0.69N/GaN HEMTs on AlN 
substrates with carefully designed buffer layers have 
been reported [Figure 4(a)] with sheet resistance RSH of 
283 Ω/  (Ns = 1.3 × 1013 cm−2, µ = 1,700 cm2/Vs) and 
Rc of 0.1 Ω∙mm, with the latter once again enabled by 
regrown contacts [37]. Using LG/LGD of 250 nm/3 µm, fT/
fMAX values of 24.1/52 GHz where achieved, along with 
a VBR of 258 V (EB < 1 MV/cm). This corresponds to a JFOM 
of 6.22 THz-V. Pulsed load pull with a 1% duty cycle ( )d  
at 8 GHz using a quiescent VDS,Q =  110 V resulted in 
GT  =  7.5 dB and Pout  =  43 dBm (20 W/mm) at a peak 
PAE of 46.8% [Figure 4(b)]. Figure 4(c) benchmarks the 
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performance of the GaN-on-AlN HEMT against con-
ventional GaN HEMTs realized on Si or SiC substrates.

A confounding factor in the high-power perfor-
mance reported for the aforementioned GaN-on-AlN 
HEMT [37] is the use of an improved deposition strat-
egy for SiN surface passivation. The authors reported 
an EB of ~6 MV/cm when using low-pressure chemi-
cal vapor deposition (LPCVD) SiN versus ~3 MV/cm 
for PECVD SiN, as shown in Figure 5(a) and conse-
quently claim that this increases the HEMT’s overall 
VBR. It is, thus, necessary to understand whether the 
AlN substrate [with UWBG Al(Ga)N buffer layers] or 
the enhanced SiN drive performance. In another report 

of GaN-on-AlN HEMTs [38], it was demonstrated that 
higher breakdown voltages can be achieved with AlN 
substrates versus SiC substrates [Figure 5(b)]. The 
authors attributed this result to improved thin film 
quality on AlN versus SiC due to the smaller lattice 
constant mismatch presented by AlN. A similar result 
was independently observed by another group when 
comparing carbon-doped GaN buffer layers versus 
undoped AlN buffer layers. 

As shown in Figure 5(c), the VBR scaling for GaN 
HEMTs made on a UWBG AlN buffer layers was  
140 V/µm, which represented an improvement over  
100–120-V/µm VBR scaling observed in devices grown 
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on GaN buffer layers [39]. Moreover, the use of 
undoped buffer layers reduced trapping effects that 
cause current collapse and reduce Pout. These results 
suggest that “wrapping” the GaN channel with UWBG  
Al(Ga)N can increase EB significantly [40]. In con-
flict with these results, however, a very recent study 
achieved Pout  =  31 W/mm at the X  band in InAlN/
GaN HEMTs on SiC substrates [41]. The authors once 
again highlighted the importance of high-temperature 
SiN deposition for improved breakdown voltage and 
reduced access resistance, i.e., high µ and NS. These 
results underline the complexity of optimizing III-
nitride HEMTs. The design space is further expanded 
when considering solutions for thermal management 
with diamond passivation and/or substrates [19], [42]. 
Nonetheless, it is clear that more performance can be 
extracted from GaN HEMTs by integrating materi-
als with high EB (e.g., UWBG III-nitrides) and further 
improving dielectric/semiconductor interfaces. As 
these avenues are pursued, the performance will need 
to be carefully benchmarked against HEMTs with 
UWBG channels.

These discussed studies were all implemented using 
metal-polar crystal orientations. However, the high per-
formance of N-polar GaN HEMTs [3] has also inspired 
the development of UWBG N-polar devices, where the 
benefits of gate scaling, contact resistance, and a natural 
back barrier remain relevant. Once again, studies using 
AlGaN [43, [44], [45] and GaN channels [46] have both 
emerged. In the latter case, shown in Figure 6, N-polar 
GaN/AlGaN/AlN HEMTs were realized on bulk AlN 
substrates [46]. Using LG = 60 nm, fT/fMAX of 68/100 GHz 
were achieved, which is promising. Breakdown and 
large-signal measurements are forthcoming, which 
will be key to confirming hopes that these structures 
offer superior E-field and thermal management.

Ga2O3

The ability to manufacture high-quality substrates at 
scale using melt growth techniques combined with 
its inherently large EC has made Ga2O3 a compelling 
competitor to UWBG III-nitrides. In one of the first RF 
device reports, a Ga2O3 MOSFET with LG/LGD of 0.7/1.6 µm was 
fabricated, achieving fT/fMAX of 3/11 GHz for VDS = 25 V 
[47]. At 800 MHz, PSAT was 13.7 dBm, corresponding to 
0.23 W/mm. Since then, advances in epitaxial growth 
and doping have made it possible to improve channel 
mobility as well as RC. Using a 60-nm thin channel, 
degenerately doped (n++)-source/drain (regions and 
an atomic layer disposition (ALD) SiO2 gate oxide, the 
channel’s RSH and µ were measured to be 14.2 kΩ/  and 
80 cm2/Vs, respectively [48]. While RC to the metal-
organic chemical vapor deposition-based contact lay-
ers was extremely low at 0.078 Ω·mm, the FET’s total 
resistance (RON) suffered from a high interface resis-
tance (RINT). Using LG/LGD of 175 nm/0.355 µm, fT/fMAX 
of 11/48 GHz and VBR of 192 V (EB of 5.4 MV/cm) were 
obtained, corresponding to a JFOM of 2.1 THz-V, with 
results depicted in Figure 7. In unpublished work 
from the same authors, it has been claimed that, by 
reducing the large RINT, a JFOM of 3.4 THz-V has been 
obtained [49].

Using a unique approach, Ga2O3 MOSFETs with 
NS = 3.2 × 1013 cm−2 and µ = 23 cm2/Vs were obtained 
with shallow Si implantation followed by RTA [50]. 
Using LG = 0.15 µm, the resulting fT/fMAX of 29/35 GHz 
and VBR of 193 V correspond to a JFOM of 5.6 THz-V, 
which is certainly competitive with GaN technol-
ogy. Large-signal measurements at VDS  =  10 V were, 
however, performed on devices with LG  =  0.5 µm 
and achieved a maximum output power of 11.2 dBm 
(65 mW/mm). More studies are needed to understand 
if this approach can be used effectively, in particular 
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to overcome incomplete ionization with postimplanta-
tion annealing. In a bid to improve thermal dissipa-
tion, the same group also transferred Ga2O3 to SiC 
substrates [51]. This unlocked a 2–3× improvement 
in IMAX, which also permitted Pout to increase to 
296 mW/mm. Heterogeneous integration of Ga2O3 
and SiC for superior thermal management represents 
a highly active research topic at this time [52], [53]. 
Package-level solutions to the same problem are also 
being developed [54].

( ) /Al Ga O Ga Ox x1 2 3 2 3b -  (“AlGo/Go”) heterojunc-
tion transistors have also been developed in an effort 
to improve performance at high frequency. Since polar-
ization effects are not present in this material system, 
modulation doping is required to produce a 2DEG. 
Temperature-dependent Hall measurements of such an 
MBE-grown heterojunction unveiled channel mobilities 
of 143 cm2/Vs and 1,520 cm2/Vs at room temperature 
(RT) and 50 K, respectively [55]. Measurements of two-
terminal constricted channel structures at 50 K allowed 

so  to be estimated as 1.1 × 107 cm/s, which is compa-
rable to GaN. Reflecting the mobility’s large temperature 
dependence, MODFETs with LG/LGD of 0.91/0.38 µm 
were also measured at RT and 50 K, resulting in fT/fMAX 
of 3/17.6 GHz and 12.2/52.3 GHz, respectively. At RT, a 
VBR of 122.4 V was measured, corresponding to an EB 
of 3.22 MV/cm. Assuming VBD is temperature insensi-
tive, effective JFOMs for these devices are 0.37 and 
1.49 THz-V at RT and 50 K, respectively. 

In more recent work, Schottky-gated Ga2O3 MOD-
FETs with aggressively scaled source access regions 

were fabricated to overcome the low mobility [56], 
leading to fT/fMAX of 30/37 GHz and VBR of 23 V. The 
resulting JFOM is ~0.7 THz-V, which is not only infe-
rior to GaN but also to Ga2O3 MOSFETs. This is attrib-
uted to the low NS of approximately 2 × 1012 cm−2, 
which is about 10× smaller than what is achievable in 
GaN HEMTs. To address this, theoretical studies of 

/AlN Ga O2 3b  HEMTs have been carried out [57], [58], 
but serious challenges relating to epitaxy remain to 
realize these structures experimentally.

Diamond
As noted in Table 1, diamond provides a compelling mix-
ture of electrical and thermal properties—in this sense, it 
has often been referred to as the “ideal” semiconductor. 
The most common strategy for channel formation is to 
subject the surface to a hydrogen plasma, in turn termi-
nating the surface with H and inducing a quasi-2D hole 
gas. In an early demonstration 20 years ago, single-crystal 
homoepitaxial films were grown on 3 × 3-mm2 single-
crystal substrates, exhibiting a channel of µp of 150 cm2/
Vs and NS of 5 × 1012 cm−2, resulting in RSH of 8.3 kΩ/  
[59]. While this value is larger than the typical RSH obtain-
able in GaN- and AlGaN-channel devices, it is quite 
comparable to Ga2O3 technology. Alloyed Au contacts 
were used for ohmics at the S/D, while Al was used as a 
Schottky gate. Interestingly, while the authors observed a 
slight VTH shift in their devices over a six-month period of 
storage in ambient conditions, the resistance of the device 
remained largely unchanged. This indicates that, under 
ambient conditions, the H termination can be maintained 
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over an extended period. Using LG of 0.9 µm, fT/fMAX val-
ues of 24.6/80 GHz were obtained. 

With time, larger area (10 × 10 mm2) polycrystalline 
substrates became commercially available, exhibit-
ing grain sizes of 100 µm—large enough to fit a highly 
scaled RF device [60]. Indeed, by reducing the source 
access resistance (LSG = 0.5 µm) and moving to an LG 
of 100 nm, IMAX increased to 550 mA/mm, and fT/fMAX 
reached 38/120 GHz. This exceeds the high-speed tran-
sistor limits seen in Ga2O3 technology thus far.

Concerns over the long-term stability of the H termi-
nation has driven interest in surface passivation, notably 
using transition metal oxides, such as V2O5 and MoO3 [61], 
[62] as well as high-k dielectrics, such as Al2O3 and HfO2 
introduced via ALD [63], [64]. Diamond MOSFETs with 
Pout of >1 W/mm up to 2 GHz have, thus, been achieved 
[65], [66], [67], [68]. The highest reported Pout is 4.2 W/mm 
at 2 GHz [69], as shown in Figure 8. However, this resulted 
in fT and fMAX penalties, with reported values of 6.2 and 17 
GHz, respectively. Recently, highly doped (p++) regrown 
contacts have also been reported, but RINT remains a chal-
lenge [66]. Finally, it should be mentioned that c-BN/dia-
mond heterostructures have been predicted to provide 
the ultimate path toward high-power diamond-channel 
transistors [70], representing a shift away from H-termi-
nated strategies. c-BN promises to provide not only high 
EC but high thl  too, making it highly attractive. The chal-
lenge is that the cubic phase of BN is thermodynamically 
unfavorable. Recently, however, ion beam-assisted MBE 
has produced epitaxial c-BN-on-diamond films with 
>99% phase purity [21]. If this process can be harnessed at  
scale, it could represent a major shift in the prospects of 
diamond technology.

What About Vertical Transistors?
Examples of high-frequency vertical transistors imple-
mented with UWBGSs are rare. 
Conventionally, for example, 
a vertical topology is adopted 
for HBTs with n-p-n or p-n-p 
configurations. Besides dia-
mond, however, hole mobility 
in UWBGSs is very low. More-
over, both doping efficiency 
and RC are major challenges to 
achieving practical amplifica-
tion. To address this, research-
ers are investigating methods 
for heterogeneous integration 
at the material level, for ex-
ample, using GaAs/diamond 
junctions at the base-collector  
junction of HBTs [71]. Interface 
trap density and leakage cur-
rent remain challenges, but, if 

overcome, this approach would open the door to an ex-
pansive device design space.

Summary
The allure of tapping into the larger EC of UWBGSs 
has driven ever-growing interest in these materials 
for high-performance devices. Al(Ga)N, Ga2O3, and 
diamond represent the three most developed technol-
ogies, with each possessing varying degrees of techno-
logical maturity and performance strengths. Al(Ga)N 
represents the most advanced case and directly builds 
off the industry’s deep experience with and knowl-
edge of GaN technology. Ga2O3 benefits from low-cost 
native substrates, but low mobilities and sheet charge 
densities challenge performance. Diamond contin-
ues to intrigue the community, but it remains pro-
hibitively expensive for commercial applications, and 
H-terminated channels have yet to outperform GaN. 
In all cases, performance has yet to fulfill the poten-
tial predicted by the aforementioned FOMs. However, 
niche applications, such as high-temperature environ-
ments, may provide a foothold for commercialization. 
Moreover, novel solutions may be found via codesign 
strategies that incorporate both electronic and ther-
mal considerations at the materials level.
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