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Ultrawide-bandgap (UWBG) semiconductors, with bandgaps significantly wider than the 3.4 eV of GaN, represent an 
exciting and challenging new area of research in semiconductor materials, physics, devices, and applications. Because 
many figures-of-merit for device performance scale nonlinearly with bandgap, these semiconductors have long been known 
to have compelling potential advantages over their narrower-bandgap cousins in high-power and RF electronics, as well 
as in deep-UV optoelectronics, quantum information, and extreme-environment applications. Only recently, however, have 
the UWBG semiconductor materials, such as high Al-content AlGaN, diamond and Ga2O3, advanced in maturity to the 
point where realizing some of their tantalizing advantages is a relatively near-term possibility. In this article, the materials, 
physics, device and application research opportunities and challenges for advancing their state of the art are surveyed.
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1. Introduction

Modern semiconductor technologies are only 70 years old, 
but have already transformed human society. At the heart 
of the technologies are the physical characteristics of the 
semiconductor materials themselves: their fundamental 
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electronic and optical properties that enable electrons, 
holes and photons to interact and control each other 
in a wide variety of device architectures and operating 
environments.

In this introductory Section 1, we give a short review of the 
history of the materials on which various semiconductor tech-
nologies are based, so as to place in a larger historical context 
the emerging ultrawide bandgap (UWBG) materials of interest 
to the larger article. Our review begins with the narrower 
bandgap materials Ge, Si and the III-As and III-P families and 
continues with the more recent wide bandgap materials InGaN/
GaN and SiC. We then introduce the topic of this article, the 
emerging UWBG materials such as AlGaN/AlN, diamond and 
Ga2O3.

1.1. Ge, Si, and the “Conventional” III-Vs

For the first 40 years of semiconductor technology, through the 
late 1980s, the major semiconductor materials were Ge, Si and 
the “conventional” III-Vs.

The Ge- and Si-based technologies were spawned in 1947 
by the demonstration of the first transistor.[1] The early devices 
were discrete and modest, but further development enabled 
the replacement of bulky, inefficient, and slow-turn-on vacuum 
tubes in applications that began with civilian radios and walkie-
talkies but quickly expanded to police radios and later military 
communications satellites. Shortly thereafter, these devices 
were followed by integrated microelectronics, enabling the rise 
and spread of computer technology. By 2015, Si technology, 
dominated by Si complementary metal-oxide semiconductor 
(CMOS) architectures, had a direct economic impact measured 
by industry revenue of ≈US$330B per year,[2] and a far larger 
indirect impact on human society through its enabling of 
today’s information economy.

The “conventional” III-Vs refer to the narrower-bandgap 
subset of compound semiconductors composed of elements 
from columns III and V of the periodic table. An example is 
GaAs, in which half the atoms are gallium and half are arsenic, 
arranged in alternating positions within the atomic lattice. 
These III-Vs, dominated by the III-P’s and III-As’s, have been 
of interest since the 1950s, when fundamental measurements 
showed not only that their electron mobilities were superior 
to those of Si and Ge, but also that their bandgaps were direct 
(implying stronger electron/hole/photon interactions, useful 
for optoelectronic devices), wider (implying higher breakdown 
voltages useful for electronic devices), and might be amenable 
to compositional modulation (or “engineerable” as in so-called 
“bandgap engineering”).[3]

In electronics, the discovery[4] in the 1970s that the AlGaAs/
GaAs heterojunction could give rise to a two-dimensional elec-
tron gas (2DEG) was pivotal, enabling the first high-electron-
mobility transistors (HEMTs) in GaAs[5] and thin pseudomor-
phic strained InGaAs[6] channels. In the 1980s, these devices 
and their cousins, GaAs- and InGaAs-based heterojunction 
bipolar transistors (HBTs), quickly began setting records for 
unity-current-gain frequency (fT) and output power above 
10 GHz. In 1989, recognizing these benefits, the U.S. Defense 
Advanced Research Projects Agency (DARPA) launched its 

GaAs-based monolithic microwave integrated circuits (MIMIC) 
program.[7]

In optoelectronics, the invention[8] in the 1960s of the laser 
diode was just as pivotal. A long chain of progress led, among 
other devices, to the single-mode InP-based laser diodes that 
now power the broadband dense-wavelength-division-multi-
plexed (DWDM) optical fiber networks, and which in turn are 
the backbone of the modern Internet.

1.2. Wide-Bandgap InGaN: Optoelectronics

Until the late-1980s, semiconductor technology was limited 
to Ge, Si, and the “conventional” III-Vs, all having relatively 
narrow bandgaps of less than ≈2.3 eV. The wider bandgap 
semiconductors had proven extremely challenging to develop, 
despite their obvious potential advantages—light emission in 
the visible for optoelectronics and higher breakdown voltages 
for electronics.

In the late 1980s and early 1990s, a series of pivotal materials 
breakthroughs were made by Isamu Akasaki, Hiroshi Amano, 
and Shuji Nakamura, for which they were awarded the 2014 
Nobel Prize in Physics.[9,10] Their breakthroughs, built upon 
the efforts of many earlier researchers, were completely unex-
pected: seemingly “magic” AlN and GaN buffer layers on sap-
phire that dramatically reduced dislocation densities; methods 
to activate p-type Mg doping of GaN; and a remarkable resil-
ience of InGaN quantum well luminescence against structural 
defects.

These breakthroughs unleashed, beginning in the late 1990s, 
huge worldwide research efforts into InGaN-based light-emit-
ting-diode (LED) technologies. The research benefitted from 
government support, particularly for longer-term “precompeti-
tive” challenges whose science and technological components 
were closely intertwined. Key milestones include the establish-
ment of the “Next Generation Lighting Initiative”[11] and Solid-
State Lighting program[12] by the U.S. Department of Energy’s 
(DOE’s) Office of Building Technologies, as well as the Energy 
Frontier Research Centers[13] established by the DOE’s Office 
of Science. The research also benefited from massive indus-
trial support,[14] particularly for shorter-term challenges whose 
technological and use components were closely intertwined: 
for example, there is now a huge InGaN industrial ecosystem, 
anchored by a few very large InGaN LED chip companies 
such as Nichia, Samsung LED, Osram Opto Semiconductors, 
Lumileds, Seoul Semiconductor, Epistar and Cree.

At the time this is being written, in the late 2010s, InGaN 
has become the second most important semiconductor mate-
rial after Si.[9] It is the basis for solid-state lighting (SSL), which 
is rapidly displacing conventional lighting and has the long-
term potential for direct savings in world electricity consump-
tion of 10% (equivalent to ≈US$100B per year)[14] as well as 
the emergence of new “smart and connected lighting” oppor-
tunities for enhanced human productivity.[15] Most importantly, 
SSL is driving the development of an infrastructure that spans 
substrates, epitaxy, processing, devices, packaging, and applica-
tions[16]—an infrastructure that can also be harnessed for other 
device architectures (electronics and optoelectronics) and mate-
rials (other wide-bandgap semiconductors).



www.advancedsciencenews.com
www.advelectronicmat.de

1600501  (4 of 49) © 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Electron. Mater. 2018, 4, 1600501

1.3. Wide-Bandgap SiC and GaN: Electronics

While InGaN-based optoelectronics has been the main driver 
for the development of wide-bandgap (WBG) semiconductor 
materials, interest in electronics has also been high. Indeed, 
for electronics, some of the semiconductor material constraints 
that apply to optoelectronics are relaxed. Most importantly, 
bandgaps do not need to be direct, so SiC becomes a viable 
material; and light emission efficiency is not important, so GaN 
and AlGaN, not just InGaN, become workable materials. Of the 
two materials, SiC and GaN/AlGaN, SiC has the longer history.

Sustained investment in SiC electronics began in the late 
1970s through the U.S. Department of Defense Office of Naval 
Research (program manager Max Yoder[17]), which catalyzed 
fundamental advances in SiC materials synthesis and quality, 
along with steady progress in a variety of device technologies. 
These included pn-junctions and Schottky diodes, metal–oxide-
semiconductor and junction field-effect transistors (MOSFETs 
and JFETs) and bipolar junction transistors (BJTs). While 
Schottky diodes were the first devices to be commercialized in 
SiC (by Infineon in 2001), as of today all of the above device 
technologies have been commercialized in SiC.

Sometime thereafter, sustained investment in GaN elec-
tronics began, also through the U.S. Department of Defense 
Office of Naval Research.[17] That investment was driven in part 
by improvements in SiC material quality leading to the suc-
cessful demonstration of SiC as a substrate for high quality epi-
taxial growth of GaN, and by the demonstration of high-quality 
GaN on sapphire substrates. Availability of epitaxial GaN tech-
niques enabled the demonstration of the first AlGaN/GaN 
HEMT in 1993.[18] It quickly became recognized that GaN-based 
transistors had a significant power advantage over GaAs-based 
transistors, due to a much higher critical breakdown field and 
electron sheet density. Thus, beginning in the 2000s and accel-
erating in the 2010s, U.S. government investment in GaN elec-
tronics research deepened within the Department of Defense, 
especially by DARPA,[19] whose support enabled improved-relia-
bility AlGaN/GaN HEMTs.[20] U.S. government investment also 
broadened to include the U.S. Department of Energy. Perhaps 
just as importantly, GaN-based electronics also began to take 
advantage of synergistic advances in InGaN optoelectronics and 
especially the huge InGaN manufacturing infrastructure driven 
by solid-state lighting.

All told, WBG SiC and GaN electronics are maturing rapidly, 
with a 2015 combined market size of ≈US$210M per year[21] 
and a significant ecosystem of small and large companies sup-
plying devices for civilian and military applications. Recently, 
GaN RF/microwave HEMTs have been inserted into commer-
cial cellular base stations. Significant future market growth is 
anticipated, particularly for power electronics applications in 
hybrid and electric vehicles, power supplies, and photovoltaic 
(PV) inverters.

1.4. Ultrawide-Bandgap Semiconductors: The Next Frontier

Even as the WBG semiconductor materials continue to mature, 
on the horizon are the ultrawide-bandgap (UWBG) semicon-
ductor materials. These include AlGaN/AlN, diamond, Ga2O3 

and cubic BN, and perhaps others not yet discovered. These 
materials have bandgaps significantly wider than the 3.4 eV 
of GaN—in the case of AlN as wide as ≈6.0 eV. Furthermore, 
because many of the figures-of-merit for device performance 
scale with increasing bandgap in a highly non-linear manner, 
these UWBG materials have the potential for far superior per-
formance than conventional WBG materials have.

For example, in the simple case of a low-frequency unipolar 
vertical power switch, the widely used Baliga figure of merit 
(BFOM)[22] is defined as V2

BR/RON-SP. Here, VBR is the break-
down voltage (the maximum voltage the switch can block when 
it is off), and RON-SP is the specific on-resistance (the inverse 
of the conductance per unit area when the switch is on). The 
higher the BFOM, the higher the voltage the device can block 
when off and/or the higher its conductivity per unit area when 
on. Because both breakdown voltage and conductivity depend 
on background doping and depletion width, which in turn 
depend on the critical electric field, EC, at which avalanche 
breakdown occurs, the BFOM can be expressed in terms of 
that critical field: ¼εµ C

3E , where ε is the electric permittivity 
and µ is the majority carrier mobility. The critical electric field, 
in turn, scales approximately as the square of the semicon-
ductor bandgap, so the BFOM scales approximately as the sixth 
power of the semiconductor bandgap. In other words, moving 
from GaN to AlN gives an increase in bandgap by a factor of 
1.8 ≈ 6.0 eV/3.4 eV, but a nonlinear increase in the BFOM  
of ≈ 34 ≈ (1.8)6.

This nonlinear increase is illustrated in Figure 1, in which 
lines of constant BFOM are drawn on a log-log specific on-
resistance versus breakdown voltage plot. The lines drawn cor-
respond to various conventional, WBG and UWBG semicon-
ductors; the lines corresponding to the UWBG semiconductors 
trend towards the higher performance lower-right region of 
the plot. Note that for high-frequency high-power applications, 
the Johnson figure of merit (JFOM),[23] which can be written 

Figure 1.  Contours of constant Baliga figure-of-merit (BFOM) for various 
conventional, WBG and UWBG semiconductors, drawn on a log-log spe-
cific on-resistance versus breakdown voltage plot. This is the figure-of-
merit of interest for low-frequency unipolar vertical power switches; the 
lower right region represents higher BFOM, hence higher performance.
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as vsatEC/2π, where vsat is the saturated carrier 
velocity, is more appropriate than the Baliga 
figure of merit. One finds for this figure of 
merit as well that UWBG semiconductors 
offer significantly higher performance, as 
discussed later in Section 4.

Despite such tremendous potential for rev-
olutionary device performance improvement, 
UWBG semiconductors are immature. While 
some of the UWBG semiconductors have 
been a topic of research for a decade or two, 
only recently have there been demonstrations 
of devices, and even then only in a small 
number of laboratories around the world. 
Thus, the UWBG semiconductors currently 
find themselves at a stage of development 
similar to that of the WBG semiconductors 
GaN and SiC in the 1980s—emerging mate-
rials with many research challenges, but also with opportuni-
ties for orders-of-magnitude improvement in performance both 
for existing applications and for application domains heretofore 
considered impossible to address.

In recognition of both the challenges and opportunities, 
a nascent community of UWBG researchers held two recent 
workshops. The First Technical Exchange on Ultrawide-bandgap 
Semiconductors was held October 19–20, 2015 in Albuquerque, 
NM. The Second Technical Exchange on Ultrawide-bandgap 
Semiconductors: Research Opportunities and Directions was 
held April 24–25, 2016 in Arlington, VA, under Air Force Office 
of Scientific Research (AFOSR) and National Science Founda-
tion (NSF) sponsorship.

This article articulates the research challenges and oppor-
tunities identified in that second workshop and fleshed out in 
subsequent months, with the hope that it will help serve in the 
short term as a research agenda for the community, and in the 
long term as a catalyzing agent for the realization of the poten-
tial of UWBG semiconductor technology.

The remainder of the article is organized in the following 
manner. Section 2 reviews the UWBG materials landscape and 
its research opportunities and challenges, organized by mate-
rial family: AlGaN/AlN, diamond, Ga2O3, and others. Section 3 
reviews the UWBG physics landscape and its research oppor-
tunities and challenges. Section 4 reviews the UWBG devices 
and applications landscape and its research opportunities and 
challenges. Throughout, we call out a set of especially impor-
tant research opportunities and challenges, both scattered 
throughout the paper and compiled in summary in Section 5.

2. Materials

As mentioned in Section 1, it is only recently that control over 
UWBG materials synthesis and properties has advanced to the 
point where we can envision realizing some of their tantalizing 
advantages. A trio of materials has led the way—AlGaN/AlN, 
diamond, and Ga2O3—and these are the materials discussed in 
most detail in this Section 2. We emphasize, however, that the 
space of UWBG materials of potential future interest extends 
beyond these three, as will be touched on briefly in Section 2.4.

Here, to put just this trio of materials in context, Table 1 
shows a few of their physical properties along with the states-
of-the-art of three metrics important for device applications: the 
quality of their substrates as measured approximately by dislo-
cations cm−2 and substrate diameter; their ability to be p-doped; 
and their ability to be n-doped. Some devices can meet specific 
applications even without good values for all three metrics: 
for example, a unipolar majority-carrier field-effect transistor 
(FET) may have reasonable performance without high substrate 
quality and with only one type of doping. But the widest range 
of devices are enabled by good values for all three; perhaps the 
most prototypical examples are the bipolar junction transistor 
(BJT) and the laser diode (LD), each of which requires both 
types of doping as well as high substrate quality to minimize 
parasitic recombination of minority carriers.

One can see that each of the three UWBG materials pres-
ently has poor performance in their states-of-the-art in at least 
one of the three important metrics: AlN and Ga2O3 cannot (or 
can only poorly) be p-doped; and diamond has limited size or 
relatively poor quality substrates. One of our hopes with this 
article is to catalyze research that improves these metrics.

In the first three sub-sections of this Section 2, we discuss 
the three materials that are leading the way, and the research 
opportunities and challenges associated with advancing our 
control over their materials synthesis and properties. In the last 
two sub-sections of this Section 2, we discuss novel alternatives 
to these three materials, as well as a topic, doping, that cross-
cuts all the UWBG materials.

2.1. AlGaN/AlN

The AlGaN alloys have exceptionally good fundamental phys-
ical properties. From an electronics perspective, they have 
(1) direct bandgaps spanning a wide range (3.4 to ≈6.0 eV), 
(2) high breakdown fields (>10 MV cm−1 for AlN), (3) high elec-
tron mobility (bulk mobilities up to 1000 cm2 V−1 s−1), (4) high 
saturation velocities (>107 cm s−1), and (5) relative ease at being 
doped n-type with Si, which has a relatively small donor ioniza-
tion energy up to ≈80–85% Al content.[24–32] From an optoelec-
tronics perspective, these alloys offer direct access to emission 

Table 1.  Selected materials properties of WBG and UWBG semiconductors, including 
present-day states-of-the-art in key metrics of material quality and manipulability: substrate 
dislocation density, substrate diameter, and bulk p- and n-type doping levels. With respect to 
doping levels, by “good/moderate/poor/no” we mean relative to levels desirable for device 
technologies. More extensive sets of materials properties are given in Section 4.

Material WBG UWBG

GaN 4H-SiC AlGaN/AlN β-Ga2O3 Diamond

Bandgap (eV) 3.4 3.3 Up to 6.0 4.9 5.5

Thermal Conductivity (W m−1 K−1) 253 370 253–319 11–27 2290–3450

State-of-the-art substrate quality 

(dislocations per cm2)
≈104 ≈102 ≈104 ≈104 ≈105

State-of-the-art substrate diameter 

(inches)

8 (on Si) 8 2 4 1

Demonstrated p-type dopability Good Good Poor No Good

Demonstrated n-type dopability Good Good Moderate Good Moderate
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wavelengths shorter than about 365 nm, that is, into the UV-A, 
-B, and -C bands.

Moreover, AlGaN shares the same crystal structure as, and 
has overall material compatibility with, InGaN. Thus, it can 
readily take advantage of the huge global investment in the 
knowledge and manufacturing infrastructure associated with 
InGaN LEDs. Also, in common with InGaN, it is a ternary alloy, 
and thus can exploit the power of heterostructures and bandgap 
engineering just as have many other ternary alloys (AlGaAs, 
InGaAs, InGaP, etc.) in the III-V materials family. (Note that, 
though technically a ternary alloy, it is a so-called pseudo-binary 
alloy in that only the column III (Al,Ga) composition changes.)

However, the AlGaN alloys face three major challenges. The 
first challenge, control over doping, might be addressed in part 
by research approaches common to all the UWBG materials, 
and is discussed in Section 2.5. The second two challenges are 
addressed by research approaches more unique to AlGaN, and 
are discussed here. These are (1) the absence of readily available 
single-crystal substrates with the quality necessary for epitaxial 
growth; and (2) the immaturity of the scientific understanding 
required for control of heteroepitaxy on such substrates.

2.1.1. Single-Crystal Substrates

The starting point of almost all mature semiconductor technolo-
gies is a high-quality substrate, lattice-matched or nearly lattice-
matched to the active semiconductor material of interest that 
will be epitaxially grown upon it. InGaN optoelectronics tech-
nologies are unique in that they have succeeded despite their 
common use of non-lattice-matched foreign substrates (such as 
sapphire and SiC) and the resulting high (≈108 cm−2) defect den-
sities.[33,34] However, even these now-ubiquitous InGaN opto
electronics technologies improve markedly when they make use 
of low-defect-density single-crystal GaN substrates. We cannot 
discount the possibility that AlGaN technologies could be devel-
oped with similarly good performance on non-lattice-matched 
foreign substrates, despite high defect densities. But it is over-
whelmingly more likely that a high-quality lattice-matched or 
nearly-lattice-matched substrate will be needed.[35–38] Two pos-
sible such substrates are being considered.

GaN substrates are the obvious possibility, as they are 
already being developed for InGaN optoelectronics and GaN 
power electronics technologies. However, high-quality epitaxial 
growth on GaN substrates is limited to lower-Al-content AlGaN 
suitable for WBG, not UWBG, applications (e.g., for lasers 
emitting at wavelengths longer than the middle of the UV-A 
band, about 365 nm). For higher Al-content AlGaN, the lattice 
mismatch between the epitaxial layers and the GaN substrate 
becomes increasingly large, and when strained epitaxial layers 
exceed their critical thickness, threading dislocations with some 
misfit component can be generated, which dramatically lowers 
device performance. Worse, AlGaN layers grown on GaN sub-
strates are under tensile stress and are susceptible to forming 
extended cracks, which render the heterostructure useless. 
Indeed, this cracking is a common form of relaxation for the 
AlGaN alloys.[39]

AlN substrates are the more promising current possibility.[40,41] 
On such substrates, higher-Al-content AlGaN heterostructures 

can be grown with relatively lower strain. And, even if the 
residual strain becomes significant, the strain is compres-
sive rather than tensile and so does not tend to cause extended 
cracks. AlN substrates for epitaxy have made much progress, 
with multiple commercial suppliers in existence, including  
HexaTech and Crystal IS. Such substrates are expensive and 
limited in availability, however, and these practical factors are 
currently restricting the rate of progress in the development of 
high-performance UWBG electronic and optoelectronic devices.

Moreover, it is insufficient for the substrates just to have 
high crystalline quality and be large in diameter. They must 
also have low lattice “bow.” This is because heteroepitaxy is 
extremely sensitive to the atomic terrace and step structure of 
the growth surface (as discussed in the “Heteroepitaxy” sub-
section below). Ideally, a growth surface has a low (one to two 
tenths of a degree) offcut away from a specific crystallographic 
direction. This offcut promotes a bilayer step-flow growth mode 
that enables uniform alloy and dopant composition of the epi-
taxial layers.[42,43] If substrates have a significant lattice bow, 
the offcut of the growth surface will vary laterally, causing the 
bilayer step-flow growth mode to also vary laterally. In such a 
case, the alloy and dopant composition of the epitaxial layers 
will be non-uniform across the wafer.

To avoid this non-uniformity, the offcut deviation across a 
5-cm wafer must be low, less than 0.1°.[42,43] From geometric 
considerations, the bow radius for a 5-cm wafer must be greater 
than 30 m; and for a 10-cm wafer must be greater than 60 m. 
These large bow radii are very difficult to achieve in practice. A 
key research opportunity/challenge, thus, is:

1.	 Materials: Large (>5 cm) diameter single-crystal AlN sub-
strates with low (<104 cm−2) dislocation densities and negligi-
ble bowing (radius of curvature >30 m).

A major obstacle to such AlN substrates is the extreme dif-
ficulty of growing AlN boules from a melt, which is the tradi-
tional approach to forming crystalline semiconductor boules 
free of dislocations, impurities, and bow. Except at very high 
pressures, AlN decomposes before it melts, so this method of 
substrate formation is not viable. Rather, alternative growth 
approaches are more actively being developed: for the III-
nitrides, these are vapor-phase and solution-growth approaches. 
Because vertical epitaxy on a foreign substrate or on seed 
crystals leads to the bow mentioned above and illustrated in 
Figure 2, gradual crystal-size expansion of microscopic native 
seeds through iterative re-growth is preferred. However, since 
such expansion is slow, crystal size and production volumes 
remain low and wafer price is high. Note, though, that the 
approach to initial formation of the microscopic seeds does not 
need to be the same as that for lateral expansion to large areas 
or volumes. This raises the possibility of a mixed, or hybrid, 
approach. Indeed, very high quality homoepitaxial HVPE-
grown GaN has recently been demonstrated using GaN seeds 
grown by the ammonothermal method.[44]

2.1.2. Heteroepitaxy

To realize the potential of AlGaN/AlN-based devices, it is not 
sufficient to have access to high quality, negligibly-bowed 
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single-crystal AlN substrates. In addition, the growth of preci-
sion “bandgap engineered”[3] heterostructures on these sub-
strates is also necessary, and this requires precise control over 
the evolution of the atomic terrace and step structure of the sur-
face during growth.

The degree of control differs considerably from the case 
of InGaN heteroepitaxial growth on sapphire and other non-
native substrates, where the surface kinetic growth mecha-
nism is simple spiral growth mediated by screw dislocations 

that are present at a high density. Instead, for growth on low-
dislocation-density native substrates, the surface kinetic growth 
mechanism is determined by an interplay (1) between the steps 
themselves (e.g., bilayer versus bunched steps), (2) between 
the adatoms and the steps (step-flow growth), and (3) between 
the adatoms themselves (nucleation on terraces). These three 
modes of interplay appear to be particularly difficult to con-
trol for AlGaN/AlN heteroepitaxy. For example, Figure 3 
shows a wide range of steady-state surface morphologies as a 

Figure 2.  a) Schematic of a bowed substrate: initially grown by one-dimensional (vertical) epitaxy on either a lattice-mismatched or thermal-expansion-
mismatched foreign substrate or seed; then released from that foreign substrate or seed by some chemical or physical process; upon which relaxation 
to its natural lattice constant takes place along with bowing. b) Even if that bowed substrate is polished flat, its lattice is still bowed, with the conse-
quence that terrace widths decrease (step density increases) from the center to the edge of the wafer. c) An alternative approach might be growth on 
a native seed by iterative crystal expansion.

Figure 3.  Atomic force microscopy (AFM) images of six distinct types of surface morphology observed for AlN homoepitaxial layers grown in the 
absence of dislocations. All were obtained under identical growth conditions but different out-of-plane offcuts. a) Growth on an on-c-axis AlN substrate 
with wide, atomically smooth terraces; due to large distances between steps, 2D nuclei formed on these surfaces and grew into epitaxial 3D islands. 
d) Growth on a surface with bilayer steps more densely spaced than in (a) but far apart enough that 2D nucleation on the terraces is still favorable. 
b) Growth on a surface with closely spaced bilayer steps (c/2) that yielded an RMS (root mean square) roughness of less than 50 pm. c,f) Step-bunched 
morphologies where the step heights are many times greater than the bilayer height; the difference between the straight and jagged step-bunch edges 
is due to the in-plane offcut direction. Finally, e) a meandering step morphology, which is a transitional stage between the bilayer and step-bunched 
morphologies. Reproduced with permission.[43] Copyright 2016, Elsevier.
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function of terrace width (offcut angle) for the relatively simple 
homoepitaxial growth of AlN, all for the same nominal growth 
conditions.[42,43,45,46]

Moreover, since the surface kinetics of different adatom 
species of an alloy differ, the lateral compositional uniformity 
of ternary and quaternary alloys is directly related to the step 
structure. In particular, step-bunched surface morphology con-
tains seemingly abrupt and undesirable lateral compositional 
gradients that are correlated with the differences in step density 
across such a surface. Therefore, in order to achieve a uniform 
composition in alloy films, controlling the surface morphology 
during alloy growth is critical.

To illustrate the challenge, Figure 4 shows results from the 
growth of AlGaN films on two substrates with different offcut 
angles: one has a uniform composition, while the other shows 
phase separation into two different compositions. Since AlGaN 
forms a complete range of solid solutions without a miscibility 
gap, the observed apparent phase separation is believed to be 
related to surface kinetics. This kind of compositional inhomo-
geneity is highly detrimental to quantum well structures, as 
well as to carrier transport and breakdown fields that can be 
sustained across the structure.

Because the growth and morphology/composition co-
evolution “phase space” is so crucial and so complicated, a key 
research opportunity/challenge is a predictive framework to 
guide the grower: 

2.	 Materials: A predictive vapor-surface-film thermodynamic/
kinetic framework for the atomic-scale co-evolution of mor-
phology and composition during AlGaN heteroepitaxy.

Such a predictive framework would likely need to draw on a 
fundamental scientific understanding of the thermodynamics 
and kinetics of surfaces and adatoms. For example, what are 
the surface energies of the various crystallographic polar, 
non-polar, and semi-polar planes of interest? Accurately calcu-
lating the surface energies from first principles is challenging, 
requiring a precise depiction of the surface reconstruction 
under particular growth conditions, including the effects of 
the polar nature of the wurtzite crystal structure,[47] and of the 
vapor supersaturation. Vapor supersaturation, in turn, depends 
on a wide range of parameters—temperature, of course, but 
also V/III ratio, diluent gas, and total pressure.[48] A related 
question is that of the surface kinetics of (and interactions 
between) various growth species on these surfaces, which are 
currently mostly unknown.

2.2. Diamond

Diamond has extremely advantageous 
properties that enable UWBG applications 
such as high-power and high-frequency 
electronics, radiation detectors, electron 
emitters for ultra-high voltage vacuum 
switches and traveling wave tube cathodes, 
and thermionic emitters for energy conver-
sion. Some of diamond’s outstanding elec-
tronic properties include: a breakdown field 
of >10 MV cm−1, high electron and hole 
mobilities >2000 cm2 V−1 s−1, and saturated 
drift velocities as high as 2.3 × 107 cm s−1 
for electrons and 1.4 × 107 cm s−1 for holes 
(see Section 4). Diamond also has the highest 
known thermal conductivity of any material, 
of particular importance because in so many 
power electronics and optoelectronics appli-
cations device operation is limited by heat 
removal. Some additional unique proper-
ties include: excellent electron emissivity on 
hydrogen terminated surfaces,[49,50] surface-
transfer doping enabled by these hydrogen-
terminated surfaces,[51] room-temperature UV 
exciton emission, and optical defect centers 
due to the nitrogen-vacancy (N-V) and sil-
icon-vacancy (Si-V) complexes. These defect 
centers have been proposed, as discussed in 
Section 4.5, as a physical qubit platform for 
emergent quantum information systems.[52]

Unlike AlGaN/AlN, which can borrow 
from a considerable body of InGaN/GaN 
materials knowledge and manufacturing 

Figure 4.  AFM images of surfaces after AlGaN growth (during the same run) on a low (upper 
left) and high (upper right) offcut (from c-axis) AlN native substrate. The sample on the left 
shows bilayer steps, while the sample on the right is step-bunched. Although high-resolution 
X-ray diffraction (HRXRD) did not show any noticeable difference in the crystalline quality 
between the two films, low-temperature photoluminescence (PL) revealed for the bilayer 
growth mode a single emission peak (lower left), whereas the step-bunched film showed two 
distinct peaks corresponding to two different AlGaN compositions (lower right). Reproduced 
with permission.[42] Copyright 2016, Elsevier.
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infrastructure, diamond is more unique and cannot borrow, for 
example, from the even larger body of knowledge and manu-
facturing infrastructure of the material it is most similar to in 
crystal structure, Si. Nevertheless, two materials breakthroughs 
have stimulated much recent excitement over the diamond 
materials system.

The first breakthrough was the realization of single-crystal 
man-made substrates. Just as with AlGaN discussed above, the 
lack of large-area, low-defect-density, single-crystal diamond 
substrates has historically limited device concept demonstra-
tion. In the past few years, however, a number of approaches 
have been developed that enable both relatively low defect 
density (<105 cm−2) substrates, as well as new synthesis strat-
egies for larger substrates. Single-crystal diamond substrates 
with dimensions greater than 1 × 1 cm2 can now be prepared 
by high-growth-rate chemical vapor deposition (CVD) on (100) 
crystal faces, and are commercially available.[108] On the horizon 
are a number of potential approaches to larger-area substrates 
that could approach 50 mm in diameter: lateral tiling of smaller 
substrates created through smart-cut-like extraction from small-
size, high-pressure, high-temperature (HPHT) grown boules; 
homoepitaxial growth using an iridium nucleation layer; 
repeated CVD overgrowth on existing small-size HPHT grown 
boules; and higher pressure and temperature HPHT boule 
growth.[104–107] Given that the typical CVD growth temperature 
is relatively low (≈850 °C) and the cost of high-purity elemental 
material is low, it may even be projected that substrate costs 
will be substantially reduced in the future. Even if larger sub-
strates ultimately prove difficult to develop, “Minimal Fab” 
strategies for manufacturing on 12 mm diameter substrates are 
also being considered as viable options.[109–111]

The second breakthrough is efficient doping. Doped dia-
mond layers are generally prepared by gas-phase doping during 
plasma-enhanced CVD growth on single-crystal diamond sub-
strates. In the past decade, substantial progress has been made 
in p-type doping with boron, and just in the past few years n-type 
doping with phosphorus has been demonstrated at a number 
of laboratories. While dopant levels are deep (0.3 eV for B and 
0.57 eV for P), impurity concentrations greater than 1020 cm−3 
can be achieved, which provides low room-temperature resis-
tivities through hopping conduction, and enables low-resistance 
electrical contacts. Moreover, as temperature increases, resis-
tivity is reduced, making the performance of diamond devices 
potentially better at high operating temperatures, as well as 
potentially eliminating the thermal runaway often observed 
in other semiconductors at elevated temperature and/or high 
power operation.

With these two breakthroughs—the advent of substrates 
(albeit limited in diameter and availability, and at relatively high 
cost), and the demonstration of bipolar doping (albeit limited in 
achievable doping densities and resistivities)—there has been 
an explosion of diamond device studies. Unipolar Schottky 
diodes prepared with p-type diamond have demonstrated >5 kV  
breakdown voltage; bipolar pin diodes have demonstrated for-
ward current densities greater than 500 A cm−2 and breakdown 
voltages greater than 1000 V; and vertical bipolar junction tran-
sistors (BJTs) have been demonstrated on (100) and (111) sub-
strates.[112] Both the bipolar pin diodes and BJT devices take 
advantage of the high electron and hole mobilities of diamond.

Additional excitement has been generated by new approaches 
to controlling and exploiting surfaces, as well as excitonic and 
defect-center properties.

The key surface property of diamond—the low electron 
affinity of its hydrogen-terminated surface (H termination)—is 
often associated with electron emission. Indeed, diamond sur-
faces have demonstrated thermionic energy conversion, while 
pin diodes with H-terminated surfaces have shown efficient 
electron emission at room temperature and have been used in 
high voltage (≈10 kV) vacuum switches.[50] But the low electron 
affinity of diamond also enables surface doping on intrinsic 
diamond surfaces (similar to polarization doping in AlGaN/
GaN). Early studies established that air adsorbates could lead 
to a two-dimensional hole gas (2DHG) with a sheet charge den-
sity in the 1014 cm−2 range.[113] While these air-exposed surfaces 
are notably unstable, lateral metal–oxide-semiconductor field-
effect-transistor (MOSFET) devices have now been fabricated 
with atomic-layer-deposited (ALD) dielectric layers, as illus-
trated in Figure 5. These have exhibited sheet charge densities 
greater than 1013 cm−2, stability to ≈400 °C, and high-voltage 
and high-frequency operation.[51]

The key excitonic property of diamond is its high (80 meV) 
exciton binding energy. Because diamond, like Ge and Si, is an 
indirect-bandgap semiconductor, its light emission per se is 
unlikely to be very efficient; however, its large exciton binding 
energy has enabled room-temperature UV emission from pin 
diodes.[114]

The key defect-center property of diamond is its notable N-V 
and Si-V defect centers with their long spin-relaxation times. 
These defect centers show promise for use in quantum infor-
mation and communication (single photon source) applications, 
and have now been incorporated in diamond devices in which 
applied voltages can change the charge state of the center.[115]

Diamond is now in an exciting “exploration” phase, in which 
the challenge is to build a toolkit of processes for controlling 
materials synthesis and properties. This would further build on 
and extend the substrate and doping breakthroughs mentioned 
above. A key research opportunity/challenge, thus, is: 

3.	 Materials: A complete set of synthesis and processing tools 
for control of substrate diameter, defects, doping, carrier con-
finement, contacts, and heterostructures in diamond-based 
materials.

Figure 5.  Right: Hydrogen termination of diamond lowers its ionization 
energy, driving electron transfer from the valence band at the surface into 
electronic states in adsorbates. Left: The resulting p-type surface con-
ductivity, with holes confined to a subsurface layer of a few nanometers 
thickness, enables “surface-transfer-doped” field-effect transistors. Repro-
duced with permission.[51] Copyright 2014, Cambridge University Press.
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This toolkit would ideally address the full range of impor-
tant materials challenges, including: (1) growth of larger-area 
diamond films on disparate substrates such as Si, or larger 
freestanding diamond plates; (2) reducing defect and impurity 
densities in substrates and epitaxial layers; (3) preparing stable 
dielectric interfaces that can sustain high-mobility 2D hole and 
electron channel conduction; (4) preparing low-resistance con-
tacts to both p- and n-type diamond; and (5) formation of heter-
ostructures (e.g., with c-BN) for high-mobility devices and III-V 
integration. As research progresses on all of these topics, new 
device concepts can be anticipated based on the outstanding, 
extreme, and unique properties of diamond materials.

2.3. β-Ga2O3

Of the UWBG materials currently of active interest, β-Ga2O3 is 
the newest and least mature. It is intriguing, however, because 
of (1) its fundamental materials properties, (2) the availability 
of affordable native substrates, and especially (3) the recent 
fabrication of a metal–semiconductor field-effect transistor 
(MESFET) with interesting properties.[62]

From an optoelectronics perspective, Ga2O3, like the other 
UWBG semiconductors, has a bandgap in the deep-ultraviolet 
(DUV) region. Thus, on the one hand, Ga2O3-based opto-
electronic devices such as solar-blind DUV photodetectors are 
expected to be useful for a variety of applications (e.g., flame 
detectors). On the other hand, the complexity of optical pro-
cesses in β-Ga2O3, as well as the inability to dope the material 
p-type, has so far prevented its application to bipolar devices 
such as light emitters.

From an electronics perspective, and in particular with 
respect to unipolar power device applications, Ga2O3 has some 
outstanding attributes. First, it has a bandgap wider than 4.5 eV, 
leading to a high breakdown electric field of ≈9 MV cm−1.[62,116–119]  
Second, it displays good controllability of n-type conduc-
tion over a wide range of n ≈ 1015–1019 cm−3 through Si or 
Sn doping,[86,120,121] and an even more widely tunable resis-
tivity spanning the range ≈ 10−3–1012 Ω·cm. Third, as seen in 
Figure 1, its estimated Baliga figure of merit (BFOM) is higher 
than those of WBG SiC and GaN (despite its relatively lower 
mobility), though not as high as those of UWBG AlN, diamond, 
and c-BN. This has provided strong motivation for the develop-
ment of Ga2O3 power devices.

From the perspective of device functionality beyond elec-
tronics or optoelectronics, other attractive applications for 
Ga2O3 include high-temperature signal processing, harsh-
environment electronics, and wireless communication devices/
circuits. With respect to harsh-environment operation, the 
inherent stability of Ga2O3 (as an oxide semiconductor) against 
oxidation and its wide bandgap are both important properties.

Perhaps the greatest advantage of Ga2O3 lies, as mentioned 
above, in the availability of affordable, high-quality, large native 
substrates, with the good material workability of Ga2O3 being 
an important feature for such economical mass substrate pro-
duction. Today’s 2″ Ga2O3 substrates are priced similarly to 2″ 
GaN substrates (≈$2K per substrate in low volume), though cur-
rently their delivered volume is much lower than that of GaN. 
Thus, should Ga2O3 devices begin to take off commercially, 

the market price of Ga2O3 is expected to drop, perhaps even 
approaching that of sapphire at high volumes. The situation 
for Ga2O3 is thus very different from that for UWBG AlGaN or 
diamond, whose progress has been hampered by a lack of such 
substrates. Indeed, the availability of β-Ga2O3 substrates has 
also spawned efforts to use them as substrates for III-nitride 
epitaxial growth, due to the hexagonal symmetry and the rela-
tively small lattice mismatch of less than 5% between GaN and 
Ga2O3. In fact, high-power InGaN-based LEDs have already 
been demonstrated on Ga2O3 substrates—taking advantage of 
these substrates’ high electrical conductivity and high optical 
transparency in the visible and UV ranges.[122]

At this point in time, Ga2O3 wafers can be fabricated in large 
volumes and at reasonable cost—with even lower costs possible 
should demand materialize. These wafers are fabricated from 
bulk single crystals synthesized by a variety of melt-growth 
techniques such as float-zone,[120,123] Czochralski,[124,125] ver-
tical Bridgman,[126] and edge-defined film-fed growth (EFG) 
methods.[127–129]

To date, EFG has an advantage over the other melt-growth 
methods in producing such wafers. Figure 6 displays a photo
graph of a 4-inch-diameter single-crystal Ga2O3 wafer produced 
from an EFG-grown bulk crystal. The EFG Ga2O3 wafers have 
exhibited very high crystal quality, with a full-width at half-
maximum of the X-ray diffraction rocking curve as narrow as 
17 arcsec and a dislocation density on the order of ≈103–104 cm−2. 
Commercial substrates now have full-width at half-maxima of 
150 arcsec,[130] as well as in-plane Sn doping concentrations and 
resistivities ±20%, acceptable for practical vertical devices. Note 
that the growth direction of EFG Ga2O3 growth is [010], with 
arbitrary orientations around the [010] likely possible by opti-
mizing growth conditions. This growth direction naturally gives 
(–201) wafer surface orientations; other orientations are possible 

Figure 6.  Photograph of transparent 4″-diameter single-crystal Ga2O3 
wafer. Copyright Tamura Corporation via Masataka Higashiwaki, National 
Institute of Information and Communications Technology.
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but with smaller diameters. Thus, other melt-growth methods 
may have advantages, depending on progress in device perfor-
mance for these other wafer surface orientations.[131]

Two main drawbacks of Ga2O3 are often pointed out, how-
ever, in discussions about the material’s power device potential.

First, in contrast to n-type material, there has been no report 
of successful p-type doping and thus of effective hole conduc-
tion in Ga2O3. Self-trapping of holes, which prohibits effective 
p-type conductivity due to the resultant low mobility, has been 
predicted by first-principles calculations.[132]

Second, Ga2O3 has poor thermal conductivity and therefore 
poor heat-dissipation capability. This low thermal conductivity 
is perhaps the single most serious potential weakness of Ga2O3 
for power devices. The experimental thermal conductivity 
values of Ga2O3 fall in the range of ≈10–27 W m−1 K−1 at room 
temperature, which is one or two orders of magnitude lower 
than those of other UWBG semiconductors.[91]

The first drawback, the absence of p-type doping, and the dif-
ficulty of doping in general in the UWBG semiconductors, is 
discussed in Section 2.5. The second drawback, however, repre-
sents a separate, but key, research opportunity/challenge: 

4.	 Materials: Novel synthesis, processing, and architectural 
routes for circumventing the low thermal conductivity of 
Ga2O3.

Among these routes might be those based on thin-film sepa-
ration methods or nanomembranes,[133] which enable exploita-
tion of the favorable electronic and optoelectronic properties of 
Ga2O3 in conjunction with the thermal conductance properties 
of other materials such as poly-diamond or Cu. It might also 
be possible to grow Ga2O3 directly on high thermal conduc-
tivity substrates such as SiC and diamond (single crystal and 
polycrystalline). Additional opportunities include polymorph 
control (since Ga2O3 can be stable in multiple phases), and 
the development of heterostructures, potentially with Al2O3 or 
In2O3.[134]

2.4. Other UWBG Materials

While AlGaN/AlN, diamond, and Ga2O3 are the UWBG mate-
rials that have generated the most interest in recent years, all 
UWBG materials are relatively immature, and many others are 
worthy of exploration. For example, MgGa2O4,[135] Al2O3, II-
IV-N materials such as ZnSiN2 and MgSiN2,[136] and possibly 
various 2D materials, are all of interest.

Of special interest, though, is BN. Of its sp2-bonded hexag-
onal structures (hexagonal (h-BN),[137] rhombohedral (r-BN),[138] 
and turbostratic (t-BN)[139]), the wide bandgap of h-BN and the 
ability to synthesize single layers make it especially attractive 
for two-dimensional electronics or as an interlayer for heter-
oepitaxy. In its sp3-bonded structure, BN can occur in multiple 
polymorphs, including zinc blende cubic (c-BN).[140,141]

In its wurtzite structure, wz-BN can potentially be alloyed 
with AlN or GaN to achieve wider band gaps. Though BN does 
not naturally occur in the wurtzite structure,[142] for low concen-
trations of B, BGaN and BAlN alloys may maintain the wurtzite 
structure of GaN and AlN (although recent work has demon-
strated the formation by MOCVD growth of a cubic phase of 

BGaN for low (≈1%) B composition).[143] BN thus might serve 
as a natural extension of the nitride family of semiconductors 
that consists of InN, GaN, and AlN. Among the interesting 
applications of BAlN alloys are as hetero-barriers for BAlN/AlN 
majority-carrier structures, and as quantum barriers for AlN 
quantum wells (e.g., BAlN/AlN/BAlN), potentially enabling 
optoelectronics in the ultra-deep-UV range.

In its cubic structure,[144] c-BN is isoelectronic with diamond. 
Doping is obtained with Si and Be for n-type and p-type charac-
ters, respectively. c-BN has a bandgap of 6.4 eV and is predicted 
to have a breakdown field greater than 15 MV cm−1. It has the 
second-highest thermal conductivity of all materials (theoreti-
cally ≈2145 W m−1 K−1 for isotopically pure material)[94] and a 
small (1.4%) lattice mismatch with diamond that may enable, 
with the c-BN acting as an intermediary layer, integration of 
diamond with other III-V semiconductors.

Cubic BN faces challenges, however, particularly with regard 
to synthesis. Like carbon and as mentioned above, BN also 
possesses sp2-bonded phases. And, just like graphite versus 
diamond, the hexagonal phase of BN is more stable than the 
cubic phase and any growth process needs to avoid forming 
sp2-bonded regions.

c-BN films have been synthesized using several techniques 
including pulsed laser deposition,[145] ion-beam-assisted depo-
sition,[146] e-beam evaporation,[147] various types of plasma-
assisted chemical vapor deposition,[148,149] and physical vapor 
deposition.[150] In general, it is believed that the nucleation 
of c-BN requires energetic bombardment of the growing sur-
face with charged or neutral ions, regardless of the synthesis 
approach. Degree of ion bombardment, strain, concentration of 
impurities (notably H), growth temperature, and issues related 
to adhesion to the substrate are all important factors that will 
determine the overall crystal structure and crystal quality in the 
c-BN films. A detailed discussion of the various approaches, 
along with extensive material characterization and analysis was 
reviewed by Samantaray and Singh.[151]

Because of these c-BN materials challenges, except for an 
early promising demonstration of a UV emitter,[152] progress 
toward realizing device technologies has been slow. A recent 
review of these efforts has been given by Zhang.[144]

A key research opportunity/challenge thus encompasses 
both the novel and much less explored UWBG materials, such 
as the various BN materials: 

5.	 Materials: Exploration of novel UWBG materials (beyond 
AlN/AlGaN, diamond, and β-Ga2O3), including h-BN for 2D 
devices, wz-BN as an AlGaInN-alloying heterostructure-ena-
bling material, and c-BN as a heterostructure with diamond 
and as a stand-alone material.

2.5. Doping

Since the birth of semiconductors, controlled shallow donor 
and acceptor doping has been the singular necessary step that 
transforms a semiconductor material from scientific curiosity 
to technological relevance. Though much progress has been 
made, breakthroughs similar to Mg acceptor p-type doping of 
GaN have not yet been achieved even for the most mature of 
the UWBG semiconductors: AlN, diamond, and Ga2O3. This is 
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in part due to the presence of three obstacles not present in the 
traditional narrower gap semiconductors.

The first is the fact that most dopant ionization energies 
increase with bandgap. As ionization energy increases, the frac-
tion of carriers that are thermodynamically “activated” from 
bound to free states decreases, making it difficult to achieve the 
UWBG free carrier concentrations at room temperature neces-
sary for many devices.

Second, the wide bandgaps of UWBG materials can make 
them prone to self-trapping of carriers. In particular, the local-
ized nature of valence-band states derived from elements of the 
first row of the periodic table (notably oxygen) can lead to for-
mation of small hole polarons, in which a hole is self-trapped 
due to lattice distortions.[132] Even if suitable shallow acceptors 
could be identified, this tendency for carrier localization will 
suppress mobility.

Third, there is a prevalent tendency of dopants in UWBG 
semiconductors to undergo compensation via impurities, 
native defects, or defect complexes. This tendency is illustrated 
in Figure 7 for n-type doping of AlGaN by Si. As Si concen-
tration increases, free carrier concentrations initially increase, 
but then reach a maximum and decrease—a signature of com-
pensation, where vacancies and their complexes determine the 
net free-carrier density. Such compensation is universal to all 
UWBG semiconductors, not just AlGaN, since in general the 
formation energies of compensating defects decrease with 
increasing bandgap.

While the first and second obstacles are inextricably linked 
to fundamental materials properties, the third can benefit from 
materials engineering and merits closer inspection. Consider 
compensation by point defects. The equilibrium concentra-
tion of point defects is determined by the defect free energy 
of formation, which in turn depends on the atomic and elec-
tronic chemical potentials. Traditional synthesis approaches 

typically control defect concentration by changing the atomic 
chemical potentials via control of growth conditions (species 
supersaturation) and temperature. The electronic chemical 
potential, or Fermi level, is controlled through the addition of 
impurity dopants with shallow defect states in the host mate-
rial. Increasing the concentration of these impurities leads to 
a commensurate change in the Fermi level as extrinsic car-
riers are added to the system. Although this holds true for all 
materials, the sizeable energy gap in UWBG materials leads 
to a significant change in the electronic chemical potential of 
compensating defects (ionized donors or acceptors for p- and 
n-type dopants, respectively). Unfortunately, charge neutrality 
can then be caused by having roughly equal concentrations of 
dopant impurities and compensating defects, effectively pin-
ning the Fermi level far from the band edges and thwarting 
efforts to tailor conductivity.

Managing and achieving low compensation in UWBG mate-
rials is thus challenging, though mandatory in order to supply 
devices with needed free carriers. Novel synthesis approaches 
coupled with advanced characterization may be necessary. For 
example, might new synthesis approaches be possible, such as 
maintaining non-equilibrium growth conditions, which would 
prevent the crystal from generating compensating defects? 
Moreover, because the synthesis phase space is so large, new 
theory for the relationship between synthesis and dopant 
properties must be developed to provide critical experimental 
guidance. Here, we call special attention to the development 
and exploitation of such theory in a research opportunity/
challenge: 

6.	 Materials: A first-principles theory of doping in UWBG semi-
conductors in conjunction with new synthesis and doping ap-
proaches (e.g., based on broken symmetries at surfaces and 
hetero-interfaces) that enables improved understanding and 
control of conventional doping methods.

Indeed, first-principles theory has contributed a framework 
for understanding and studying doping and compensation, and 
has already addressed a number of important problems.[153,154] 
Additional developments will be necessary, for instance to 
address non-equilibrium situations, to more rigorously calcu-
late free energies, and to analyze self-trapping.

In addition to the overarching research opportunity/chal-
lenge for a solution to doping that cuts across all the UWBG 
semiconductors, we now briefly mention here research oppor-
tunities/challenges that are specific to particular UWBG semi-
conductors and devices.

For AlGaN/AlN, which possesses spontaneous and piezo-
electric polarization, new strategies that exploit broken crystal 
symmetries, such as polarization-induced doping, can poten-
tially extend traditional chemical substitutional doping and 
offer significant opportunities for heterostructure engineering. 
Modulation doping may be useful for generating confined car-
riers at heterointerfaces. However, the heterostructure composi-
tions and band offsets over which such modulation doping can 
be effective will remain limited due to the deep-level defects in 
the wider-bandgap layers. Utilization of quasi-electric fields in 
graded bandgap layers could aid in ionizing dopants.

For diamond, which does not have the luxury of polarization 
doping, other strategies may be possible.

Figure 7.  Room-temperature carrier concentration as a function of sil-
icon doping for AlGaN alloys with various Al percentages. As Si doping 
increases, free carrier concentrations initially increase, but then reach a 
maximum and decrease—a signature of compensation.
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For example, a high surface conductivity can be achieved with 
surface transfer doping due to surface adsorbates.[51] This pro-
cess, illustrated in Figure 5 and discussed in more detail in Sec-
tion 2.2, can lead to a two-dimensional hole gas (2DHG) with 
hole densities above 1014 cm−2. The surface transfer doping is 
related to surface states, surface adsorbates and defects in the 
dielectric layer. The details of the interaction are an active area 
of research.

Or, for example, an additional approach to fabricating a pnp 
BJT in diamond using bulk doping might be to use B doping 
for the emitter and collector, and heavy B doping (≈1020 cm−3) 
for the emitter and collector Ohmic contacts. Such highly 
doped contact regions exhibit hopping conduction, which pro-
vides low-resistance contacts without “classical” doping (i.e., 
holes excited to the valence band where they can freely con-
duct). Doping the base with a P concentration of 1019 cm−3 
is thought to be the optimum value since the donor ioniza-
tion is light.[112] A low-contact-resistance Ohmic contact to the 
base can be made by regrowing a thin contact layer doped to 
>1020 cm−3 with P, although this increases the cost and com-
plexity of the device.

For Ga2O3, there are a number of interesting doping ques-
tions. Can stoichiometric Ga2O3 be routinely grown? Is the 
donor depth of the preferred n-type dopant (Sn) acceptably 
shallow, and can it routinely be inserted in the Sn+4 state as 
opposed to the Sn+2 state? Is its seemingly low measured 
mobility of 153 cm2 V−1 s−1[155] the maximum value, and if so, 
is that sufficient? Can 2DEGs be created using heterostructures 
with oxides based on other group-III metals like Al and In?

For cubic BN, among the doping challenges are the fol-
lowing. Although not as deep as in diamond, at least one donor 
(Si) and two acceptor (Be and Mg) levels are >200 meV deep.[144] 
As mentioned in Section 2.4, control of chemical stoichiometry 
during synthesis can be difficult, and this is critical because 
boron vacancies act as acceptors and nitrogen vacancies act as 
donors. Also as mentioned in Section 2.4, BN has many dif-
ferent phases, making it challenging to retain the cubic struc-
ture during thermal removal of damage created by implanted 
dopants.

3. Physics

As discussed in Section 2, tantalizing progress is being made 
in UWBG materials synthesis and properties. Progress is now 
to the point where devices are being fabricated and tested, ena-
bling the physics underlying device performance to be probed 
and explored. Because UWBG devices’ raison d’etre is to 
operate in new domains beyond those possible for conventional 
WBG or narrower-gap devices, our understanding of the solid-
state physics underlying their operation is critical for advance-
ment of the technology.

Perhaps the most important way in which this emerging 
UWBG device frontier depends on advances in our physics 
understanding will be in the very high electric fields at which 
the devices will operate. These high fields will drive physical 
phenomena much farther from equilibrium than in devices 
based on conventional semiconductor materials. Just as in other 
physical domains, probing regimes that have never before been 

accessed can be anticipated to lead to the discovery of new phe-
nomena. Fundamental concepts—in carrier dynamics and trans-
port, doping and impurity scattering, electron–phonon coupling, 
photon emission and absorption, photoelectron emission, inter-
face electronic band structure, and thermal conduction—may all 
undergo significant reexamination and refinement.

In addition, the interaction of electrons in UWBG semi-
conductors with high-energy photons (exceeding ≈4 eV) and 
high-energy phonons (e.g., ≈0.16 eV in diamond) may lead to 
novel effects not seen in traditional semiconductors, including 
internal photoemission (since the photon energy is larger than 
the electron affinity) and robust superconductivity. Ultimately, 
we anticipate that this new solid-state physics understanding 
will enable a new generation of device designs with unprece-
dented levels of performance.

In this Section 3, we articulate some of the research opportu-
nities and challenges associated with exploration of these new 
physical domains, collectively captured with the following over-
arching research opportunity/challenge: 

7.	 Physics: Exploration of extreme high-field and non-equilib-
rium physics regimes opened up by UWBG semiconduc-
tors—regimes that will likely lead to re-evaluation of standard 
models for the fundamental properties of, and interactions 
between, the various carriers of energy (electrons, holes, pho-
nons and photons).

In the following three subsections, we identify more spe-
cific research challenges and opportunities regarding electronic 
transport, carrier confinement, and thermal transport.

3.1. Electronic Transport

Among the most important of electronic properties are the 
transport of electrons and holes in response to internal and 
externally applied electric fields. This area of physics is rich, 
governed by a wide range of carrier relaxation processes, all 
interacting in three different electric-field regimes (i) when 
electric fields are low and carrier velocities are linear in field, 
(ii) when electric fields are high and carrier velocities saturate, 
and (iii) when electric fields are so high that “breakdown” by 
avalanche multiplication occurs.

In this Section 3.1, we discuss what is known and not known 
about the physics of electronic transport in UWBG materials in 
these three different electric field regimes. The broad research 
opportunity concerning transport is: 

8.	 Physics: A comprehensive understanding of the carrier and 
lattice dynamics underlying electron and hole transport—at 
low and high fields and in the breakdown regime—across the 
range of polar and non-polar UWBG semiconductors.

3.1.1. Low-Field Transport

With respect to the most basic transport property, low-field car-
rier mobility, there are uncertainties with respect to all of the 
UWBG semiconductors.

In the III-N’s, transport in the least explored BN (both 
the hexagonal and cubic forms) materials remains largely 
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unexplored. But uncertainties exist even for the relatively more 
mature III-N’s. Indeed, the III-N’s, taken to include the ternary, 
quaternary, or quinary (B,Al,Ga,In)N alloys, represent a rich 
yet untilled field for transport studies, both experimental and 
theoretical.

Experimentally, room-temperature electron mobilities in 
excess of ≈1000 cm2 V−1 s−1 can be achieved in very lightly 
doped bulk GaN, and hole mobilities of ≈24 cm2 V−1 s−1 can be 
attained in Mg-doped GaN samples.[29,65,74] The corresponding 
numbers are not yet clearly known in UWBG AlN, how-
ever, primarily because control over doping levels has not yet 
reached the level of maturity it has in GaN. For degenerate elec-
tron populations for which electron transport is not limited by 
impurity scattering (such as two-dimensional electron gases), 
the mobility in AlGaN is primarily limited by alloy and phonon 
scattering. In this case, the electron mobility drops significantly 
as the alloy composition is varied from GaN towards AlGaN, or 
AlN to AlGaN, and for mole fractions of Al or Ga larger than 
≈10%, the electron mobility is dominated mainly by alloy scat-
tering. As reported by Bajaj et al, electron mobilities can be 
factors of 2× or 3× lower than in GaN, based on conventional 
models.[156] Electron mobilities in doped AlGaN layers approach 
hundreds of cm2 V−1 s−1, and are slightly higher in polarization-
induced 2DEGs.[54,66,157]

Theoretically, electron and hole transport properties are 
likely to require fundamentally new concepts and approaches, 
because of the highly mismatched electronic properties of the 
binary constituents. For example, consider the AlInN material 
system. The ≈6 eV energy bandgap of AlN is ≈10× the ≈0.6 eV 
bandgap of InN. Electronic states in narrower-gap AlGaAs or 
InGaAs ternaries can sometimes be treated as “averages” in 
the virtual crystal sense. They probably cannot be considered 
averages in that same sense for AlGaN, BGaN or the other 
UWBG III-N ternaries, however, because of the very large scat-
tering potentials. Coupled with the randomly varying polariza-
tion fields, low-field transport in UWBG ternaries is likely to be 
much more complicated than in narrower-gap ternaries.

Uncertainties in transport are even more pronounced in the 
relatively less mature β-Ga2O3 and diamond semiconductors.

In bulk β-Ga2O3, transport has recently begun to be 
explored—in particular, electron transport in material n-doped 
by Si and Sn, which form shallow donor states. Measured elec-
tron mobilities are in the 100–200 cm2 V−1 s−1 range at room 
temperature, up to about 500 cm2 V−1 s−1 in the 100–200 K  
range for low-doped bulk material,[158,159] and up to even  
5000 cm2 V−1 s−1 at 80 K in high-quality HVPE-grown epitaxial 
layers.[160] As illustrated in Figure 8, mobility in Ga2O3 appears 
to be limited by optical phonon scattering at high temperature 
and ionized impurity scattering at low temperature.[161] Hole 
transport has not yet been explored, since, as mentioned in 
Section 2.3, acceptor p-type doping is a severe challenge in this 
material system. It can be anticipated that the combination of 
a very heavy valence band effective mass and a strong Fröhlich 
interaction will lead to formation of polarons with very low 
conductivity.[162]

In β-Ga2O3-based alloys and heterostructures, transport is 
completely unexplored. 2D electron gases in heterostructures 
are yet to be created in this material system, though this is 
expected to happen as the material matures. Ternary alloys of 

β–(AlxGa1−x)2O3/Ga2O3 have been reported;[164] however, in that 
study surface roughness arising from step bunching prevented 
carriers from forming a high mobility two-dimensional electron 
gas (2DEG). Nevertheless, first-principles calculations[134,165] 
have indicated that β–(Ga1−xInx)2O3 can be stable for low con-
centrations of In, thus potentially enabling heterostructure 
devices using In-containing instead of Al-containing barrier 
layers.

In diamond, room-temperature electron and hole mobilities 
of ≈2000 cm2 V−1 s−1 are often reported, while electron mobili-
ties above 4000 cm2 V−1 s−1 have been claimed from observa-
tions of high-purity samples.[72] Moreover, cyclotron resonance 
measurements on ultra-pure substrates have shown low-tem-
perature mobilities >106 cm2 V−1 s−1 and extrapolated room 
temperature values that exceed 5000 cm2 V−1 s−1 for holes and 
7000 cm2 V−1 s−1 for electrons.[73] As highly crystalline diamond 
materials continue to become more available, low-field-trans-
port measurements will perhaps probe regimes dominated by 
diamond’s exceptionally high threshold for phonon scattering, 
and explore the extremes of properties that follow from C 
residing at the top of the periodic table and possessing the most 
covalent of all bonds.

3.1.2. High-Field Transport

At high electric fields, electrons lose energy by optical phonon 
emission. This process governs the saturation of carrier veloci-
ties in steady state (DC, or direct current) transport, and velocity 
overshoot in non-equilibrium situations. In addition, an under-
standing of high-field ballistic transport in UWBG materials 
could spur their heterogeneous integration in applications for 
which a thin, wide bandgap material is required.

For polar UWBG semiconductors such as the nitrides, 
electron–phonon coupling is exceptionally strong, and drives 
a very high phonon-emission rate. This, combined with the 

Figure 8.  Temperature dependence of the drift mobilities calculated for 
Ga2O3.[161,163] IO and NI indicate ionized and neutral impurity scattering; 
DP, NOP and PO indicate non-polar acoustic, non-polar optical and polar 
optical phonon scattering; the dotted line (NOP) represents the single 
NOP mobility. The bold solid line is the total drift mobility for all scat-
tering mechanisms. Reproduced with permission.[161] Copyright 2016, 
IOP Publishing.
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large mass difference between N and Ga, leads to a large gap 
in the phonon density of states between the acoustic and optical 
branches.[166–171] Such analysis typically implies an electron-
density-dependent saturation velocity in the materials. These 
high-field transport properties have been investigated experi-
mentally in WBG GaN, but not yet in UWBG AlGaN.[91,172] 
Saturation velocities of the order 107 cm s−1 are measured at 
electric fields above 0.1 MV cm−1 in GaN. High-field carrier 
saturation in the oxides and diamond are expected to follow 
similar trends since the effective mass is similar to that of GaN.

Improved understanding of transport physics would be of 
great benefit in the quest for high voltage (>20 kV) and RF 
ultrawide-bandgap devices, beginning with first-principles cal-
culations and experimental verification of the high-field satu-
ration velocities, impact ionization, and their dependences on 
carrier density and temperature. An example of an initial com-
prehensive analysis of scattering mechanisms in Ga2O3, per-
formed by Parisini and Fornari,[161] was discussed above and 
illustrated in Figure 8. A similar comprehensive analysis at 
high fields would be illuminating.

3.1.3. Breakdown

The principal promise of UWBG semiconductors lies in the 
high breakdown fields they can sustain. While critical break-
down fields in GaN have been measured[59,60] to be in excess of 
≈4 MV cm−1, those in AlN, BN, Ga2O3, and diamond are yet to 
be accurately determined. While the fields sustainable in these 
UWBG materials are expected to far exceed those in GaN and 
SiC, the physical mechanisms responsible for breakdown will 
likely involve new physics, for the following reason.

Because the bandgaps of most UWBG materials are larger 
than the electron affinity, breakdown mechanisms such as the 
onset of the avalanche process by impact ionization require 
carriers in the conduction band to have a kinetic energy larger 
than the electron affinity. This implies the carrier momentarily 
spends time in vacuum states before causing impact ionization. 
This sort of physics is new and unique to UWBG semiconduc-
tors, and would have intriguing consequences for device design 
and operation.

In this area of avalanche breakdown, a key research opportu-
nity/challenge is thus: 

9.	 Physics: New theoretical descriptions and models of high-
energy carrier transport and avalanche breakdown in UWBG 
materials, coupled with experimental verification.

3.2. Carrier Confinement

As with devices based on narrow-bandgap semiconductors, 
those based on UWBG semiconductors will benefit greatly from 
their ability to confine carriers (electrons and holes)—either for 
simple passivation or for engineering the active region (e.g., 
FET gate dielectrics).

For the highly desirable normally-off power devices 
discussed later in Section 4.2, gate insulators would enable 
carrier confinement and hence the normally-off MOSFET-like 
devices that are commonplace in narrow-gap Si, and that have 

been demonstrated in WBG SiC and GaN.[173] Towards that 
end, materials such as Al2O3 (itself an UWBG semiconductor 
in its crystalline form), SiO2, and Si3N4 have been used in con-
ventional AlGaN/GaN power HEMTs to limit gate leakage in 
normally-off, gate-recessed structures (in these structures the 
gate dielectric is deposited on the AlGaN barrier layer).[174] Also, 
Al2O3 deposited on AlGaN has been shown to affect HEMT 
properties such as 2DEG density and mobility.[175,176] More 
exotic dielectrics such as MgCaO, a crystalline material that can 
be lattice-matched to InAlN and AlGaN over a range of compo-
sitions, have also shown promise.[177,178]

In general, the wider the bandgap of the semiconductor, the 
more difficult is the carrier confinement. For thin semicon-
ductors where quantum confinement and bandgap widening 
occurs, this is extremely important. Indeed, the WBG and 
UWBG semiconductors have recently sprung a few surprises 
in the limit of extreme thinness: 2D GaN and quasi-2D Ga2O3 
have been fabricated by sublimation or mechanical exfoliation, 
respectively,[133,179] potentially enabling significant increases in 
energy gap as fewer monolayers of material are isolated (e.g., 
5.28 eV for 2D GaN). These ultrawide bandgaps, comparable 
even to the 5–6 eV of h-BN, will likely motivate research in 
advanced techniques for layer-by-layer epitaxial growth of both 
WBG and UWBG semiconductors.

Indeed, it is rather remarkable from a fundamental physics 
standpoint that these ultrathin (≈0.9 monolayers) GaN 
quantum wells and ultrasmall (≈0.56 nm) GaN quantum dots, 
by sheer quantum confinement between AlN barrier layers, can 
push bandgaps up to 5 eV or more.[180,181] This is even higher 
than what is claimed for a 2D version of GaN, and is enabled 
by the very large band offsets offered by UWBG semiconductor 
heterostructures, able to confine severely quantized states 
within the wells. This sort of engineering of quantized states 
also expands the scope of bandgap-engineered physics and 
devices, and offers unique opportunities in ultra-fast tunneling 
and inter-sub-band devices, possibly in the 1.55 µm regime of 
importance for free-space and optical-fiber communications.

Despite these tantalizing advances, challenges to carrier 
confinement abound. As the bandgap of the semiconductor 
increases, the number of suitable semiconductors or insula-
tors with large enough band offsets available for carrier con-
finement decreases. As illustrated in Figure 9, the UWBG 
semiconductors have conduction bands that trend towards the 
vacuum level. There are few dielectric layers with a predicted 
band alignment that will confine electrons in AlN, BN or dia-
mond. In contrast, there are a number of dielectric layers that 
will confine holes, with Al2O3 and SiO2 having shown good 
results for diamond. New UWBG materials such as AlF3 could 
also be considered for gate dielectric or passivation applica-
tions. The most fundamental obstacle is that any dielectric with 
a large bandgap will tend to have a low dielectric constant—and 
vice versa. This problem restricts the possibility of the high-k 
dielectrics desirable for realizing high-performance UWBG 
MOSFETs in the future, and is an extremely important research 
opportunity/challenge.

Note, however, that it is not sufficient for the band offsets 
of the confining semiconductor or insulator to be theoretically 
large enough to enable confinement. From a practical point of 
view, both the confining layer and the interface between the 



www.advancedsciencenews.com
www.advelectronicmat.de

1600501  (16 of 49) © 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Electron. Mater. 2018, 4, 1600501

active semiconductor and the confining layer must be relatively 
defect free. The absence of defects would enable gate dielectrics 
to exhibit minimal hysteresis when subjected to IV sweeps of 
opposite polarity, and also to have good reliability (especially 
threshold voltage stability). The presence of defects, in contrast, 
leads to charge trapping either at the insulator–semiconductor 
interface or within the dielectric itself; thus, bulk and interface 
state density must be minimized. For example, SiC/SiO2 MOS-
FETs have suffered from poor channel mobility and threshold 
voltage stability, due primarily to issues with defects at the SiC/
SiO2 interface.[186]

Similar issues are expected for the UWBG semiconductors; 
indeed, the issues are expected to be more severe, both for epi-
taxial and non-epitaxial insulators. For confinement by epitaxial 
insulators, trapping effects associated with gate insulators have 
been documented numerous times for power HEMTs based on 
the epitaxially “simplest” AlGaN/GaN interface, and are at pre-
sent a significant area of study in the reliability physics commu-
nity.[187] For confinement by non-epitaxial insulators, the prime 
example is the Si/SiO2 interface. However, SiO2 cannot be ther-
mally grown with as high-quality an oxide on non-Si-containing 
materials as it can be on Si or SiC. This is a potentially rich area 
of materials science and device physics, as researchers search 
for the thus-far elusive semiconductor/insulator system that 
displays the astounding robustness of the Si/SiO2 interface. 
Note that Figure 9 includes Al2O3 in both crystalline and amor-
phous forms, with the interesting possibility that Al2O3 could 
be both a dielectric (amorphous form) and an UWBG semicon-
ductor (crystalline form).[188]

In general, surface states are likely present in all UWBG 
materials, and there have been studies that have explored 
their role in interface band structure and defect formation. For 

dielectric–nitride interfaces, near-interface states are sometimes 
termed border traps, and appear to be influenced by polariza-
tion fields.[189] Polarization fields, in turn, can potentially be 
manipulated, both to influence the interface and/or border 
states, and to enhance confinement.

In this area of carrier confinement, key research opportuni-
ties/challenges are: 

10.	Physics: Exploration of the physics of carrier confinement 
under extreme conditions (e.g., ultrathin heterostructures 
whose confinement requires UWBG semiconductors).

11.	Physics: High-k, ultrawide-bandgap dielectrics with low- 
interface-state-density interfaces to UWBG semiconductors.

3.3. Thermal Transport

The performance of many semiconductor devices is limited 
by heat removal. This is expected to be all the more critical for 
UWBG semiconductor devices, which will be driven “harder” 
(at higher current densities) than their narrower-gap cousins. 
Further, to fabricate devices with the desired electronic proper-
ties, UWBG devices may make use of a number of materials 
and device building blocks: binary, ternary, and quaternary com-
pounds; tailored doping; interfaces between dissimilar mate-
rials; and UWBG materials that exhibit the highest thermal 
conductivity of all crystals (e.g. diamond, BN) as well as UWBG 
materials that exhibit among the lowest (e.g., Ga2O3). The result 
will be a complex set of internal impedances to heat conduction 
and removal, in some cases limiting device performance. As 
one simple example, Figure 10 shows how the creation of alloy 
semiconductors from the SiGe[190] and AlGaN[191] material sys-
tems results in thermal conductivities far lower than those of 
their end-point materials—Si and Ge, or AlN and GaN, respec-
tively—due to increased alloy scattering of phonons.

With these challenges comes opportunity, however. Are there 
architectures that can exploit this large range of properties as 
well as the wide variety of ways in which those properties can be 

Figure 9.  Schematic of band alignment of WBG and UWBG semiconduc-
tors (left side) and possible passivating dielectric materials (right side). 
The alignments are based on calculated charge neutrality levels or from 
experimental reports. The energy zero in the schematic is the charge neu-
trality level. The numbers above each conduction band minimum (CBM) 
line represent the bandgap, and the numbers below each valence band 
maximum (VBM) line represent the position of the charge neutrality 
level relative to the VBM. References: (a) Monch;[182] (b) Fonseca, Liu 
and Robertson;[183] (c) König, Scholz, Zahn and Ebest;[184] and (d) Izumi, 
Hirai, Tsutsui and Sokolov.[163] Adapted with permission.[185] Copyright 
2006, AIP Publishing.

Figure 10.  Thermal conductivity of SiGe and AlGaN alloys as functions 
of Ge and Al content. The plot shows experimental data as well as predic-
tions of the virtual crystal model (VCA) which shows the strong depend-
ence on alloy composition.
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integrated into a device? If so, can one manipulate thermal proper-
ties to nearly the same level of precision as electrical properties, and 
ultimately tailor both in the device design and modeling process?

We are far from having in hand such methods for co-design 
of both thermal and electrical properties, however. At present, 
detailed models exist for electrical transport including full-band 
Monte Carlo down to continuum-scale hydrodynamic codes. 
However, most of these models treat thermal transport very 
simply, neglecting important interface and non-continuum 
effects, and even at a continuum level do not take into account 
the interplay between electrical and thermal responses at the 
relevant spatial and time scales.

Moreover, it will be necessary to develop a more sophisti-
cated theoretical and experimental understanding of thermal 
transport in these materials and device architectures.

Our theoretical understanding of thermal transport in the 
UWBG semiconductors is relatively immature: the framework of 
the phonon gas model, which has been used to correlate thermal 
conductivity of semiconductor alloys, has not shown sufficient 
predictive capability to determine which UWBG materials will 
have large or small thermal conductivities. Recently, though, 
a molecular dynamics framework (the Green–Kubo modal 
analysis, or GKMA method) has shown a remarkable ability 
to predict the thermal conductivity of crystals and alloys.[192] A 
key research opportunity is thus to apply this and other atom-
istic modeling approaches to better understand the phonon 
and vibrational-mode physics in UWBG materials and at their 
interfaces. One practical example is as follows: current efforts to 
use CVD diamond to remove heat from nitride devices appear 
to be limited by the quality of the interface between GaN and 
diamond.[193] Understanding such interfaces will become impor-
tant as device designers begin to transfer and bond low-thermal-
conductivity devices to higher-thermal-conductivity substrates.

Our experimental understanding of UWBG materials is also 
relatively immature. For example, while the thermal conductivity 
of Ga2O3 is known to be in the vicinity of 27 W m−1 K−1 at room 
temperature,[91] very little is known about doped materials and 
ternary systems made with Ga2O3. Moreover, because it will not 
always be feasible to fabricate special structures designed solely 
for the measurement of thermal properties, there is a need to 
develop thermal metrology approaches that can extract the spatial 
and temporal distribution of the thermal gradients in working 
UWBG devices. Indeed, over the past decade a number of tech-
niques have been developed to measure the thermal response 
in GaN RF and power devices, improving the accuracy over that 
obtained using IR thermography.[194–199] The most prominent 
of these methods is Raman spectroscopy—a thermal metrology 
method that has been used to measure vertical temperature gra-
dients inside UV-C LEDs and AlGaN/GaN HEMTs.[200] More 
recently, methods based on transient Raman spectroscopy and 
transient thermoreflectance have enabled measurements of 
the thermal response in AlGaN/GaN HEMTs with a time reso-
lution <100 ns and temperature resolution less than several 
degrees.[201,202] Such techniques can yield real-time, in-situ data 
on specific heat, thermal conductivity, and thermal boundary 
resistance—all of which are parameters needed for accurate 
electro-thermal modeling of devices under transient operation.

Overall, these new space- and time-resolved thermal 
metrology methods are expected to yield critical information on 

temperature rise and other thermal phenomena for both power 
and RF devices, and will help to refine electro-thermal models 
of UWBG devices with experimental data that is on the same 
time-scale and spatial resolution as the simulation techniques. 
Going forward, however, it will be important to better under-
stand the accuracy and limits of these new techniques.

Thus, in this area of thermal transport, a key research oppor-
tunity/challenge is: 

12.	Physics: New techniques for monitoring space- and time-var-
ying temperature profiles, and for modeling and co-designing 
devices for combined electrical and thermal performance.

4. Devices and Applications

The ultimate goal of UWBG semiconductors is to enable 
devices that improve, even revolutionize, applications, 
including new applications that do not yet exist. The ability to 
handle large amounts of power is certainly one common theme 
for UWBG applications, but there are many other themes. 
In this Section 4, we review the landscape of known UWBG 
devices and applications, and articulate some of the key device-
level research opportunities and challenges that might enable 
them. However, we emphasize that we survey only the known 
applications—with the understanding that the new technology 
capabilities represented by UWBG semiconductors will surely 
create applications that do not yet exist.

We organize this Section 4 in the following way. In 
Section 4.1, we provide a much more comprehensive version 
of the summary of materials properties in Table 1 at the begin-
ning of Section 2. In Section 4.2, we review high-power elec-
tronics technology, in which high voltages and/or high currents 
are switched. In Section 4.3, we review RF power/switching 
technologies, in which the intent is to transmit and receive RF 
power at high frequencies for long-distance communication 
or imaging. In Section 4.4, we review deep-UV optoelectronic 
technologies relevant to a variety of applications. In Section 4.5, 
we review quantum information applications. In Section 4.6, 
we review a particularly important cross-cutting feature of all 
UWBG technologies—their robustness and thus ability to 
operate in extreme environments, including high-radiation 
environments. Finally, in Section 4.7, we discuss device pro-
cessing, modeling/calibration, and packaging.

4.1. Materials/Device Types and Properties

As an aid to navigating the UWBG materials and device land-
scape, in this Section 4.1 we summarize the results of a compre-
hensive survey and analysis of the room-temperature materials 
properties most relevant to electronic applications. Our intent is 
to provide the most current and accurate properties available at 
the time of writing. It was necessitated in part by the fact that 
many material properties in common use (even for GaN) were 
determined by measurements performed decades ago on mate-
rial that was highly defective by today’s standards.

The results of the survey and analysis are summarized in Table 2  
and discussed below. We consider first the materials/device 
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types (the columns in Table 2), then the materials/device prop-
erties (the rows in Table 2). We discuss both properties that are 
more fundamental as well as those that are less fundamental 
(e.g., doping levels) but are evolving in time as the technology 
for materials synthesis and control advances. Finally, based on 
the current state-of-the-art values for their properties, we give 
an informal assessment of the maturity level of the various 
materials.

4.1.1. Materials/Device Types (Table 2 Columns)

The columns in Table 2 are organized by materials/devices.
The first column (A) for WBG GaN is given for comparison 

with the later columns for UWBG materials.
The third materials column (C) is for AlN, which, together 

with GaN, brackets the variable-composition alloy AlxGa1−xN 
(column B). For parameters such as bandgap, as well as some 
others, interpolation between the endpoint values for GaN and 
AlN (with appropriate bowing parameter) can be used to esti-
mate the desired value for a given composition of AlxGa1−xN.

The fourth materials column (D) lists the parameters for a 
state-of-the-art AlGaN/GaN HEMT having a GaN channel, again 
to provide a baseline reference for comparison with the UWBG 
materials. The mobility of the 2DEG listed for this device is 
1200 cm2 V−1 s−1,[53] but GaN-based HEMTs having a different 
barrier structure have shown 2DEG mobilities as high as  
2200 cm2 V−1 s−1.[203]

The fifth through seventh materials columns (E)–(G) are for 
β-Ga2O3, cubic BN, and diamond, respectively.

The eighth (and last) materials column (H) reports some of 
the work in diamond metal–oxide-semiconductor (MOS) sys-
tems, where surface-transfer doping via hydrogen termination 
is used to form a 2D hole gas (2DHG) just under the surface, 
and then the surface is passivated with a gate insulator such as 
Al2O3.

4.1.2. Materials/Device Properties (Table 2 Rows)

The rows in Table 2 are organized by materials/device 
properties.

The first materials/device properties row lists bandgaps, as 
generally accepted by the community for some time, with the 
exception of AlN whose “historical” bandgap of 6.2 eV (based on 
older absorption measurements) was redefined more accurately 
in 2010 to ≈6.0 eV using high-resolution photoluminescence.[55] 
Ga2O3 has both a direct and an indirect bandgap with nearly 
identical values,[56] and cubic BN and diamond both have indi-
rect gaps.

The second materials/device properties row reports projected 
bulk values of the critical electric field (EC) at avalanche break-
down for each UWBG material starting with AlN (the HEMT 
column is a measured result). The projection uses the experi-
mentally derived EC for GaN[59] as the baseline (corrected for 
the updated values of mobility and permittivity in the table), as 
this is the highest known EC for any GaN or SiC diode. These 
projections follow the method described in detail in Hollis and 
Kaplar,[60] and, to ensure a level playing field for all materials, Pa
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assume a non-punched-through p+/n diode having an ionized 
donor concentration of 1016 cm−3 in the n-region.

The third materials/device properties row reports sheet 
carrier density (ns): the 2D sheet density for electron or hole 
gases and the doping × thickness product for the Ga2O3 device 
(a doped-channel metal-semiconductor FET, i.e. MESFET). 
Most GaN HEMTs achieve sheet densities just above 
1 × 1013 cm−2, which have been approximately matched by the 
Ga2O3 MESFET and a high-breakdown Ga2O3 MOSFET.[204] 
Further, a recent developmental AlN/Al0.85Ga0.15N HEMT 
has demonstrated ns = 6 × 1012 cm−2.[157] All of these devices 
are exceeded by about 3× or more in this category by the 
surface-transfer-doped diamond MOSFETs reported in the last 
column, many of which have shown credible high-frequency 
performance.[81,205]

The fourth materials/device properties row reports elec-
tron drift mobility, where the best-known values for low-
doped materials are given. The value for GaN represents the 
bulk value at a donor concentration of ≈1016 cm−3, which 
differs markedly from Hall mobilities as high as 2200 cm2 
V−1 s−1[206] reported for 2DEGs formed in regions that have 
a similar background donor level. This apparent discrepancy 
is due to the complexity of the Hall factor in GaN (which 
enables conversion of a Hall mobility to a drift mobility) 
as a function of different types of carrier scattering mech-
anisms,[67,207] as well as a reduction in density of scat-
tering states as bulk transport is confined to 2D transport. 
It should also be mentioned that two studies that derived 
the drift mobility for GaN using fits to I–V characteristics 
report higher values for the bulk mobility: 1200 (obtained 
by extrapolating to a doping level of 1016 cm-3 in Fig. 14 
of Kizilyalli, et al.[208]), and 1470 for an electron concentra-
tion of 2 × 1015 cm-3 in highly compensated material.[74] As 
I–V fits generally have more assumptions and uncertainties 
than direct Hall measurements, we chose to use the Hall-
derived bulk drift mobility of 1000 to extract the critical field 
for GaN in row 2; since the critical field varies as the cube 
root of mobility in such calculations, the differences are not 
large. Finally, in several instances in the table the reported 
mobilities are Hall mobilities, as the Hall conversion factor 
is unknown for those materials.

The fifth materials/device properties row reports hole 
drift mobilities. Note that the mobilities are not really of sig-
nificance except in BN and diamond: for diamond a bipolar 
transistor has been demonstrated leveraging the parity in elec-
tron and hole mobilities.[112] Note also that, to date, diamond 
MOS work has mostly focused on 2D hole gases induced 
using H-termination; the reported mobilities for these 
2DHGs are substantially below the measured bulk values for 
low-doped material. The reasons for this may involve hole 
scattering due to surface roughness, surface charges (Cou-
lombic), lattice defects, and even phonons in the insulator, 
and requires further investigation. A similar effect is seen in 
Si MOSFETs where the channel electron mobility is limited to 
<600 cm2 V−1 s−1 while the bulk value for low-doped material 
is >1400 cm2 V−1 s−1.[209] As discussed in Sections 2.2 and 2.4,  
the growth of a high-quality c-BN/diamond heterostruc-
ture could in principle mitigate this mobility reduction and  
produce very-high-mobility transistors.

The sixth materials/device properties row reports saturated 
carrier velocities for both electrons and holes, where avail-
able. Values are typically in the 1–2 × 107 cm s−1 range for all 
materials except for the AlN/GaN HEMT, which benefits from 
velocity overshoot with a very short gate. Some developers of 
diamond MOSFETs do not report their intrinsic unity-current-
gain frequency (fT) values de-embedded from parasitic pad 
capacitances, and in these cases the vsat value for the diamond 
p-MOSFET was estimated by making the common assump-
tion that half of the capacitance in the reported extrinsic fT is 
parasitic.

The seventh materials/device properties row reports relative 
permittivity. Surprisingly for GaN there are at least five different 
sets of permittivity values in common use, and an important 
outcome of this study has been to establish the best values for 
GaN and AlN based on our thorough literature search and on 
recent measurements of AlN by the U.S. Naval Research Labo-
ratory. As indicated in the table, the accurate permittivity values 
for GaN, AlGaN, and AlN depend on the alignment of the elec-
tric field with respect to crystal orientation, which is expected, 
given their highly anisotropic crystal structure.

The eighth materials/device properties row reports bulk 
thermal conductivities. Cubic BN and diamond are the dra-
matic standouts, especially if grown in an isotopically pure 
form, which greatly minimizes scattering of the acoustic pho-
nons that transfer the majority of the thermal energy. It should 
be noted that if a thin device layer is grown on a disparate sub-
strate, the thermal conductivity of that layer can be substantially 
less than the bulk value listed due to phonon scattering at the 
interface(s); for example, a 2-µm GaN HEMT channel layer 
grown on a SiC substrate exhibits a lower effective thermal con-
ductivity of about 140 W m−1 K−1 at 300 K.[210] It should also be 
noted that the thermal conductivity of β-Ga2O3 is quite aniso-
tropic, as given in the references.

4.1.3. Maturity Assessments

The last few rows, 9 and 9a–9c, of Table 2 comprise a mate-
rials maturity assessment across the categories of doping, 
volume/cost, and substrate size/availability, with an overall 
assessment of “Mature” or “Immature.” For the row 9a doping 
category, there are three general methods for inducing car-
riers in the various materials: (1) traditional doping using 
donors or acceptors, ideally with shallow enough activation 
energies to produce sufficient carriers at room temperature, 
(2) polarization-induced 2DEGs, and (3) surface-transfer 
doping as described in Sections 2.2 and 2.5.[63,64,76,81] For the 
row 9b volume/cost category, we assess whether a given mate-
rial system has a broad commercial market (dual use/low-cost) 
or only specialized or government markets (low-volume/high-
cost), recognizing the leverage that large commercial markets 
(such as LED lighting for WBG InGaN) can bring to a material 
system.

In the following, we discuss maturity assessments for each 
material system in turn.

GaN and AlGaN: This system has greatly benefitted from the 
large worldwide investment in LED lighting—layers of GaN 
and its AlGaN alloys are readily available on large SiC and Si 
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substrates, and the technology for doping GaN both n and p 
type using Si and Mg is well established. AlGaN can be doped 
with Si up to an Al fraction of ≈80–85%, but doping with Mg 
is more difficult even for low Al fractions because it rapidly 
becomes a deep acceptor.[54] Both GaN and most of the AlGaN 
range is judged as dual-use/low-cost due to availability of large-
area substrates and relative ease of doping, at least for n type 
up to ≈80–85% Al fraction. But the AlGaN alloys are judged 
as immature since high-quality growth and spurious oxygen 
incorporation become increasingly problematic for higher Al 
fractions.

AlN: The growth of boules of AlN has been demonstrated by 
multiple developers, as mentioned in Section 2.1. The available 
size of substrates cut from them is still limited, but is expected 
to increase with time as shown in the table. Doping of AlN is 
still in its infancy, with no known acceptors available and sulfur 
postulated as the only likely shallow donor.[97] For the next sev-
eral years, bulk AlN is judged as an immature, low-volume/
high-cost technology, at least until substrate sizes become 
larger and optoelectronic and/or electronic markets adopt AlN 
as a substrate.

AlGaN/GaN HEMT: The representative AlGaN/GaN HEMT 
in the next column is judged mature, because the MBE and 
MOCVD growth technology for such devices is established 
and similar devices (with lower Al fraction) have been fielded 
in electronic markets over the past several years. This general 
technology is judged mid-to-low-volume/mid-to-high-cost, as 
these devices tend to serve specialty and government mar-
kets, where the volumes are dramatically smaller (and epi-
taxial costs are higher) than for large markets such as LED 
lighting.

Ga2O3: Ga2O3 is judged immature as it is still in the early 
phase of its research and development cycle. It has available 
donors (Sn, Si, Ge),[357] but no acceptors. Possibly its greatest 
advantage is the availability of reasonably-sized substrates, 
thanks to the growth technologies described in Section 2.3. 
It is judged as a possible candidate for dual-use/low-cost as 
it is the most transparent conductor known and this, com-
bined with the available substrate sizes, could enable penetra-
tion into the high-volume LED markets. Indeed, LEDs have 
already been demonstrated on it. As discussed earlier, its 
greatest challenges appear to be low thermal conductivity and 
low mobility.

c-BN: c-BN is the least mature materials technology in this 
table, with substrates of c-BN now produced only by the high-
pressure, high-temperature (HPHT) method that historically 
has produced most industrial diamonds. There is an available 
shallow donor, but the known acceptors are deep. This tech-
nology will remain a low-volume/high-cost one for some time 
until methods for producing larger substrates are established 
or until methods for growing epitaxial c-BN on dissimilar sub-
strates are developed.

Diamond: Doping for p-type bulk diamond is accom-
plished using boron as an acceptor which, though fairly deep 
at 0.36 eV, has about 1% activation at room temperature. For 
n-type, phosphorus is used, which is deeper (0.57 eV) and 
has a lower activated fraction of only ≈10−5 at 300 K. Both 
dopants can be incorporated into the diamond lattice at well 
over 1020 cm−3 concentration, and for doping levels above 

mid-1019 cm−3 the conduction mechanism for both changes 
to low-resistivity hopping conduction which is advantageous 
for Ohmic contacts.

Diamond MOS: For the diamond MOS structures, doping 
is accomplished via a surface-transfer mechanism as described 
earlier, which can generate two-dimensional hole gases 
(2DHGs) with densities >1014 cm−2 at room temperature. Pro-
gress is being made by several developers worldwide toward 
larger diamond substrates as indicated. Figure 1 in Schreck[106] 
even shows a 2-micron-thick diamond film grown on an Ir film 
on a 100-mm Si wafer. While the presence of the conducting 
Ir film probably inhibits the use of such a diamond film for 
electronic applications, this group has recently shown a sepa-
rated free-standing thicker diamond layer that is 92 mm in its 
largest lateral dimension, which could open the door to low-
cost diamond electronics using such layers grown on inexpen-
sive Si wafers and then separated. Until this occurs, though, we 
judge diamond to be a low-volume/high-cost technology with 
an overall rating of immature.

4.2. High-Power Electronics (HPE)

Perhaps the UWBG technology with the widest application 
space is high-power electronics (HPE). High-power electronics 
feed all those applications that require power switching—
standing off high voltages when the switch is off, while con-
ducting high currents when the switch is on. Such applications 
will only become increasingly important in the future, as elec-
tricity—the most flexible and dispatchable power form—con-
tinues to become more important in our increasingly “smart” 
and sustainable energy economy. It could also enable radically 
new military technologies, such as electric armor.

Indeed, en route to the potential impact of UWBG tech-
nology, conventional WBG technology is already advancing 
power electronics in a critical and impactful way. Led by GaN-
on-Si and bulk SiC, it is competing to be the next viable alterna-
tive to silicon, even as silicon itself continues to evolve towards 
higher performance (with advances in superjunction MOS-
FETs, IGBTs, and other devices).

In particular, WBG technology presents the tantalizing pos-
sibility that losses in power switching can be reduced to a level 
at which thermal dissipation and heat sinks no longer deter-
mine sub-system and system design. Such an achievement 
would thereby reduce waste and cost, while enhancing personal 
mobility in grid-disconnected end uses. In this case, the con-
versation becomes less about performance/cost of the device 
and more about the performance/cost of the system the device 
enables.

For example, with their wider energy gap, WBG semiconduc-
tors can be doped more heavily for a given breakdown voltage, 
reducing conduction and switching losses and dramatically 
increasing the efficiency of power converters. Even if the effi-
ciency change appears to be small, the system impact can be 
large: replacing a 96%-efficient Si-based power converter with a 
98%-efficient WBG-based power converter decreases waste heat 
by half. Furthermore, WBG devices can in principle operate at 
higher temperatures (with the caveat that the thermal limit of 
the device might be set not by the semiconductor material but 
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by nearby non-semiconductor materials used for contacts, gate 
insulators, wire-bonding, die attachment, packaging, etc.).

For higher voltages (breakdown voltages VBR ≥ 1200 V), SiC 
vertical devices are at present preferred because very thick drift 
layers (tens of µm or more) can be grown homoepitaxially and 
controllably doped at low concentration (in the 1014 cm−3 range). 
In addition, present-day SiC vertical device processing technol-
ogies (e.g., selective-area doping via ion implantation) are more 
advanced than are GaN device processing technologies.

For lower voltages (breakdown voltages VBR < 650 V), GaN 
devices are increasingly preferred. These GaN devices at 
present differ considerably from traditional power devices: 
because of today’s processing-technology limitations (whose 
research opportunities/challenges are discussed in Section 4.7),  
they are lateral (HEMTs) rather than vertical devices; hence 
they can be viewed as relatives of RF GaN devices. They are 
fast (switching frequencies >1 MHz) due to their lack of pn 
junctions and low input and output capacitances, but their lat-
eral geometry makes electric-field management challenging 
and limits the achievable device breakdown voltage. They are 
also very efficient, due to their extremely low on-resistance 
(RON) enabled by a two-dimensional electron gas (2DEG) 
with a large electron concentration (nS ≈ 1013 cm−2) at the 
AlGaN/GaN hetero-interface and a high electron mobility of 
≈1700–2000 cm2 V−1 s−1, which is at least 20× larger than the 
channel mobility for SiC MOSFETs.

Even as WBG devices based on SiC and GaN technology 
become more mature, we can anticipate the subsequent devel-
opment of UWBG devices with the potential to extend further 
the electrical and thermal system performance envelope, for 
both higher and lower voltage applications. This is illustrated 
by the Baliga/unipolar figures-of-merit (BFOMs) plotted in 
Figure 1 in Section 1, and also by Table 3, which shows the 
underlying materials properties and sixth power dependence 
on bandgap that enables the very high FOMs for the UWBG 
semiconductors.

In the remainder of this Section 4.2, we discuss three aspects 
of high-power electronics.

The first two aspects are the potential of particular device 
opportunities and challenges associated with the continuous 

and pulsed power applications illustrated in Figure 11. This 
figure presents a broad view of the present and future applica-
tion spaces for WBG and UWBG materials, mapped by power 
and frequency for continuous-power applications, and by 
power, frequency, and voltage for pulsed-power applications. In 
particular, some of the highest power and voltage applications 
in pulsed power (e.g. vehicle survivability, i.e. electric armor) 
may require UWBG semiconductors, as opposed to today’s 
WBG materials.

The third aspect are the opportunities and challenges that 
the high switching speeds of UWBG devices bring to the pas-
sive components that surround the active devices.

4.2.1. Continuous Power

By continuous power, we mean applications in which elec-
trical power is routed, switched, or converted across all of its 
full range of voltages, currents, frequencies (AC/AC, DC/DC, 
AC/DC, DC/AC) and phases. Such conversion may be associ-
ated with a stationary application such as the modern electrical 
grid and the appliances connected to it; a small-scale mobile 
application such as an electric vehicle; or larger-scale mobile 
“micro-grids” such as those present on all- or mostly-electric 
aircraft and ships. For all of these applications (and espe-
cially for mobile applications), size, weight and power (SWaP) 
are important and can be favorably impacted by UWBG 
semiconductors.

For example, it has been suggested that neighborhood 
power transformer stations, currently school-bus-sized behe-
moths with a mass of 4500 kg or more, might be replaced 
with suitcase-sized switched power converters with a mass of 
only 450 kg (a “sub-station in a suitcase”; quote attributed to 
former US Department of Energy (DOE) Secretary Steve Chu). 
SWaP improvements of a similar magnitude are anticipated for 
voltage converters, where DC and/or AC voltages are converted 
from one level to another for use within an electronic system, 
and which are core components in aircraft, spacecraft, solar 
photovoltaic installations, electric vehicles, and military systems 
such as all-electric warships.

Table 3.  Baliga figures of merit (BFOMs) for the UWBG semiconductors. Mobility values for Si and SiC are taken from Baliga’s 2008 book. Permit-
tivities and mobilities for GaN, AlN, Ga2O3, and BN are taken from UWBG Materials-Properties Table 2. Mobility values for AlN, Ga2O3, and BN are 
estimates only, as there is no information to our knowledge about how mobility and Hall factor vary with doping for those materials. Mobility for 
diamond is taken from Landstrass’ measurement.[211]

Material Relative permittivity Electron drift mobility at ND = 1016 cm−3  
(cm2 V−1 s−1)

EC at ND = 1016 cm−3  
(MV cm−1)

Thermal conductivity  
(W m−1 K−1)

BFOM = ¼εµEC
3  

(106 V2 Ω−1 cm−2)

Si 11.9[212] 1240[90] 0.3[90] 145[212] 8.8

4H-SiC 9.7[90] 980[90] 3.1[213] 370[90] 6270

GaN 10.4//c axis 1000 4.9 253 27 900

AlN 9.76//c axis 426 est. 15.4 319 336 000

β-Ga2O3 10.0 150 est.[71] 10.3 27 36 300

c-BN 7.1 825 est. 17.5 940/2145 695 000

natural/isotop. pure

Diamond 5.7 2000[211] 13.0 2290/3450 554 000

natural/isotop. pure
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In general, for UWBG materials to have impact on these 
applications, vertical device structures[90,214,215] similar to 
those utilized today for Si and SiC will need to be developed. 
While lateral UWBG devices such as HEMTs or MESFETs 
may be quite useful for high-frequency switching applications 
(and preliminary devices of this type have been realized in the 
AlGaN[157] and (AlGa)2O3

[216] systems), lateral devices will likely 
be less useful for very high-voltage (defined somewhat arbi-
trarily as >5 kV) applications. However, practical realization of 
vertical device architectures in UWBG materials (and even in 
GaN) will require development of new processing technologies, 
as discussed in Section 4.7.

Amongst vertical devices there are several classes: two- and 
three-terminal devices, each of which can be either unipolar or 
bipolar.

Two-terminal diodes are the simplest vertical device. Of 
these, pin (p-type/intrinsic/n-type) and Schottky diodes are 
the simplest, though not ideal. While pin diodes offer high 
blocking voltages, their forward turn-on voltages are roughly 
equal to the bandgap, which results in significant power loss. 
While Schottky diodes circumvent the forward voltage turn-
on problem, they suffer from higher leakage currents due to 
various forms of carrier transport over or through the Schottky 
barrier. And, since their peak electric field is closer to the sur-
face than in a pn junction, and the dissimilar surfaces may 
create interface states that can be electrically active, they also 
are more susceptible to premature breakdown.

Instead, a more ideal diode would be the so-called junction-
barrier Schottky (JBS) or merged pin-Schottky (MPS) diode. In 
these hybrid devices the pn junction blocks the high reverse 
voltage, but the Schottky barrier governs forward-bias transport; 
in the MPS diode the pn junction also contributes to the for-
ward surge current. Moreover, the JBS/MPS diode can be a test 
vehicle for developing various important and more-advanced 
processing steps in UWBG materials: it is the simplest device 
that requires selective-area doping (in the core of the device, 
not just for edge termination), a prerequisite and hence a step-
ping-stone for the more advanced three-terminal vertical power 
devices we discuss next.

Three-terminal devices are more complex, but also are a 
more powerful class of vertical device, and here we empha-
size that for power applications it is challenging but highly 
desirable that these devices be normally-off. This is for safety 
and stability reasons: if a transient or voltage surge occurs 
while the power converter is powered off, it is important that 
no current travels through the inactive converter to reach 
equipment down the line. Thus, a high degree of electrical 
isolation should be present when the power converter is off, 
requiring that the power transistors themselves be off when 
no gate bias is applied. Thus, a key research opportunity/chal-
lenge here is: 

13.	Devices: Normally-off vertical power switches that combine 
ultra-high breakdown voltage with ultra-low on-resistance.

Figure 11.  Left: Map of current device families used in continuous power switching applications, organized by switching frequency and switching 
power. GTO = gate turn-off; IGCT = insulated-gate commutated thyristor; IGBT = insulated-gate bipolar transistor; IPM = intelligent power module; 
MOSFET = metal–oxide-semiconductor field-effect transistor. The regimes in which Si, SiC and GaN operate (or are anticipated to operate) are indi-
cated. The regimes in which the UWBG semiconductors are anticipated to operate are not shown, but would extend these considerably. Right: Map of 
applications for pulsed power devices, organized by switching frequency and power.
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Among the three-terminal devices, unipolar devices are the 
simplest and most likely to be realized first in any UWBG 
material. In most cases, such unipolar devices will be based 
on electrons, due to their higher mobility. They include device 
types such as junction field-effect transistors (JFETs), current-
aperture vertical electron transistors (CAVETs), and metal–
oxide-semiconductor field effect transistors (MOSFETs), as 
illustrated in Figure 12.

The vertical JFET (not shown) is the simplest of these, and 
has been demonstrated in WBG GaN (but not yet in UWBG 
semiconductors) by several groups. However, the JFET is in 
most cases a normally-on device, which as noted above is unde-
sirable. Its operating characteristics are also in large part deter-
mined by horizontal geometries that depend on more-difficult-
to-control lithography, as opposed to vertical geometries that 
depend on easier-to-control epitaxy.

The CAVET[217] shown in Figure 12a is a variant of the JFET 
in which the gate junction is a horizontal rather than a vertical 
layer, hence with its critical dimension determined epitaxially. 
Another variant of the CAVET is shown in Figure 12b: in this 
case, the device has an AlGaN/GaN high mobility 2D electron 
gas (2DEG) channel for high conductivity. In both cases, the 
high electric field is confined to the vertical drift layer, which is 
coupled to the channel by the current aperture. Similar devices 
can be realized with all-AlGaN or Ga2O3, with appropriate 
current blocking techniques, to access higher operating volt-
ages.[217–220] However, the CAVET suffers from its own prob-
lems; for example, it requires a number of etch-and-regrowth 
steps which to date have resulted in buried pn junctions with 
excessive leakage current, due to traps introduced at the etched 
surfaces. Nonetheless, normally-off devices may be easier to 
realize in a CAVET than in a vertical JFET, again due to the 
precise doping and layer thickness control afforded by epitaxy 
as opposed to lithography and implantation.

Finally, the MOSFET is highly desirable because it is a nor-
mally-off device and has several possible variants, including 
the D-MOSFET and trench MOSFET (the latter is shown in 
Figure 12c, and is also known as a U- or V-MOSFET, depending 
upon the profile of the trench). The research challenge required 
to achieve this, however, is fundamental: the development of 
a high-quality, high-reliability gate oxide (or other gate insu-
lator). The outstanding Si/SiO2 system that Si technology has 

so greatly benefited from (with a remarkably low density of 
electronic traps at the interface) has proven to be the exception 
amongst semiconductor-insulator systems. Even the thermal 
oxide grown on SiC has, despite many years of research, suf-
fered from numerous problems such as high interface state 
density, low channel mobility, and threshold voltage instability. 
As discussed in Section 3.2, the formation of stable, high-
quality gate insulators on UWBG materials is no doubt one of 
the chief areas in which research is needed.

Among the three-terminal devices, bipolar devices are more 
complex, but follow a long tradition. Today’s very-high-power 
devices based on Si such as IGBTs and thyristors are bipolar 
devices. In WBG SiC, IGBTs have been reported, and in 
WBG GaN, the most prevalent vertical device today is the pn-
junction-based pin diode (albeit a two-terminal, not a three-ter-
minal, device). This is actually a “quasi-bipolar” device, because 
the hole lifetime in its homoepitaxial GaN is extremely short 
(single-digit ns[208]) and the corresponding hole diffusion length 
(a few µm, compared to a drift region thickness of several tens 
of µm) is similarly very short. The result is a drift current domi-
nated by electrons, without the “conductivity modulation” that 
occurs when a drift region is flooded with minority carriers at 
a concentration much higher than the background doping. Due 
to these transport properties, it is not clear whether bipolar ver-
tical switches in WBG GaN, much less in UWBG semiconduc-
tors, are achievable or even advantageous: the short diffusion 
length may preclude coupling of adjacent junctions in an IGBT 
or thyristor (note, however, that III-N heterojunction bipolar 
transistors, HBTs, have been reported[221]). A final challenge 
is that bipolar devices require doping of both polarities, which 
as discussed in Section 2.5 is very challenging for UWBG 
materials.

4.2.2. Pulsed Power

Pulsed-power sources are designed to deliver a specified 
amount of energy to a load in a very short period of time, 
thus resulting in very high peak power for the duration of the 
pulse. The pulse may be repeated at a given frequency (often 
termed the “repetition rate”); the average power delivered 
over the period of repetition is typically much lower than the 

Figure 12.  (a) and (b) illustrate two varieties of CAVET: in (a) the lateral channel is defined by a GaN pn homojunction, and is thus JFET-like, whereas 
in (b) the lateral channel is defined by an AlGaN/GaN heterojunction, and is thus HEMT-like. Both feature a current aperture linking the channel to 
the vertical drift region, characteristic of a CAVET. (c) illustrates a vertical trench MOSFET in GaN. CBL = current blocking layer; UID = unintentionally 
doped, S = source.
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peak power. Pulsed power is of interest for a 
variety of applications, including electromag-
netic railguns, electric reactive armor, pulsed 
microwave sources, directed energy weapons, 
high-power pulsed lasers, and fusion energy, 
to name a few. Desired characteristics are 
high peak power, high repetition rate, and 
low system size and weight.

A prototypical pulsed-power source is the 
Marx generator. This circuit consists of N 
capacitors initially connected in parallel and 
charged to a voltage V0 by a power supply. In 
the simplest manifestation of the circuit the 
charging occurs through a resistive network, 
but in practical circuits any of a number of 
more efficient charging networks may be 
utilized. The circuit also contains switches 
that link the high side of each capacitor to 
the low side of the capacitor in the next stage. When the cir-
cuit is charged, both the capacitors and the switches each have 
a voltage V0 across them. The first switch is then closed, and 
the switches in the following stages close in quick succession, 
resulting in a fast voltage pulse of magnitude NV0 across the 
load; this results in a current through the load and hence a fast 
pulse of very high peak power.

Traditionally, gas-discharge switches have been used in such 
circuits. Gas-discharge switches have several desirable charac-
teristics, including nanosecond rise-times, high-voltage hold-
off, effectively zero leakage current, and radiation hardness. 
Unfortunately, gas-discharge switches also require gas turn-
over between “shots” whenever a shot produces enough cur-
rent to ablate the electrode metal. This process severely limits 
the repetition rate of the system and also limits the switch 
lifetime.

More recently, high-voltage semiconductor devices have been 
investigated.[222,223] However, extremely high pulsed-power 
applications stretch the boundaries of what is possible with 
semiconductors: GaN and SiC switches are limited to handling 
≈105 W, but electric armor would require them to handle 
≈106 W. Thus, for applications of semiconductor switches, there 
is a strong motivation to use UWBG semiconductors, for two 
important reasons.

First, their blocking voltages should approach those of gas-
discharge switches. Since the breakdown voltage of a semicon-
ductor depletion region scales as C

2E ,[224] and Ec scales as the 
2nd power of EG,[225] VBR of a semiconductor switch scales as 
the 4th power of EG. Thus, UWBG devices have outstanding 
potential to achieve a very high blocking voltage, which in turn 
reduces the number of stages N required in the Marx generator 
to achieve a desired output voltage, drastically reducing system 
size and weight. Other desirable properties of UWBG materials 
discussed elsewhere in this report, including low intrinsic car-
rier density, robust radiation resistance, and good thermal sta-
bility, will also contribute to the robustness of switches used in 
a pulsed-power environment.

Second, being a semiconductor switch, an UWBG device 
contains no gas to be fouled, hence no moving parts are needed 
to accomplish gas turn-over between shots. Thus, UWBG-based 
systems are likely to achieve better repetition rates compared 

to gas-discharge-based systems for pulsed power applications. 
In addition to improved repetition rates, replacing gas-dis-
charge switches with UWBG switches will likely improve the 
reliability of the switches, since the electrode metal ablation 
failure mechanism is eliminated. Further, system reliability 
and cost are expected to improve due to simplified triggering 
and reduced part count. Additionally, as UWBG materials are 
implemented in pulsed-power circuits, the capacitors’ charge 
rate may be improved by replacing the charging resistors with 
active converters.

One candidate semiconductor switch for pulsed-power 
applications is the photo-conductive semiconductor switch 
(PCSS). This switch, which can be built in either a vertical or 
lateral configuration (a schematic of a lateral PCSS is shown 
in Figure 13), is essentially a very thick (hundreds of µm, 
which might be fabricated from a bulk wafer, instead of an 
epitaxial layer) semi-insulating drift region. This drift region 
blocks very high voltage, and is triggered into a conducting 
mode by an incident light pulse. In the “high-gain” mode the 
incident light not only generates photo-carriers but also initi-
ates an avalanche process, which results in very high current 
density for a brief period. The PCSS is thus a nearly perfect 
semiconductor analogue of the gas-discharge switch. Such 
high-gain PCSS’s in GaAs are capable of blocking 40 kV and 
passing 350 A.[226]

PCSS’s based on UWBG semiconductors should bring addi-
tional advantages (PCSS’s have been demonstrated in GaN,[227] 
but to our knowledge not yet in any UWBG material). First 
and foremost, blocking voltages and currents that are orders 
of magnitude larger should be possible. Second, the same fac-
tors that give rise to fast turn-on and turn-off transients for 
UWBG switches for continuous power applications also apply 
to pulsed-power systems,[225] allowing for very short pulses 
with fast rise and fall times (nanoseconds) and hence very high 
values of peak power. Third, there is also a system-level side 
benefit to the use of UWBG semiconductors in the continuous 
power applications discussed above: in many cases the size and 
weight of the overall pulsed power system is important, and 
can be minimized if the power supply (which is a continuous-
power converter) for the Marx generator itself uses UWBG 
semiconductors.

A promising Research Opportunity/Challenge is thus: 

Figure 13.  Schematic of a lateral photo-conductive semiconductor switch (PCSS), including 
its optical triggering array.
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14.	Devices: Photoconductive UWBG-semiconductor switches 
for pulsed-power applications.

4.2.3. Passive Elements

In any of the power electronics applications discussed in 
Section 3.1, the active devices are accompanied by passive ele-
ments such as capacitors and inductors for local storage of 
charge or current. In essentially all cases, these passive ele-
ments occupy more volume and weight than the active devices, 
and in some cases they are the limiting factor in the overall 
performance of the system. For example, inductive coils play 
a central role in power circuits that convert one AC waveform 
or voltage into another AC waveform or voltage, and their 
properties have major implications on power converter system 
performance and size. Thus, there are research opportunities 
and challenges for passives in UWBG-enabled high-power elec-
tronics—in both the continuous- and pulsed-power applica-
tions discussed earlier in this Section 4.2.

In continuous-power applications, as noted above, UWBG 
semiconductors enable power switches to operate at higher fre-
quencies (>1 MHz)[228] than those made from conventional sil-
icon. The resulting higher frequency AC waveforms enable pro-
portionally smaller passive elements to be used in these power 
switches. The smaller size of the passive elements then opens 
up the possibility of increased integration, enabling systems 
where passives are batch micro-fabricated on-chip along with 
the active elements. Moreover, on-chip integration of passives is 
not only enabled by the higher switching frequencies, but also 
in turn enables yet faster switching, by minimizing parasitic 
coupling between components that would otherwise suffer too-
high losses via the electromagnetic radiation that is enhanced 
at higher frequencies.[228]

There is thus opportunity for UWBG-semiconductor-based 
power converters in which the passives are miniaturized and 
integrated on-chip with the active elements. One example is 
the micro-fabrication of inductors on GaN for a dc-boost con-
verter.[229] Another example is illustrated in Figure 14, where 
an array of high Q-factor on-chip inductors was micro-fabri-
cated on a Si CMOS wafer to form low-phase-noise oscillator 
circuits.[230] The coils were fabricated with a micro-machining 
technology to form 3D out-of-plane structures with improved 

Q-factors. Similar approaches to integrating low-loss passives 
with UWBG semiconductors could significantly advance power 
converter capabilities. Ultimately, the smaller footprint, lower 
weight, and higher-temperature operation enabled by UWBG 
semiconductors will yield system-wide benefits for power 
converters and significantly impact applications in aerospace, 
transportation, and military systems.

In pulsed-power (as well as in more extreme switched contin-
uous-power) applications, not only is there a similar need and 
opportunity for SWaP improvement via miniaturization and 
integration of passive elements, there is also need and oppor-
tunity for improvement in the performance of the passive ele-
ments themselves, both capacitors and inductors, so that they 
keep pace with the potential system improvements enabled by 
UWBG semiconductors. A major challenge is ensuring that the 
passives maintain good performance at the higher switching 
frequencies of the UWBG active devices.

For capacitors—the primary electrical energy storage com-
ponent—not only is high capacitance usually desired, but high 
efficiency and hence low parasitic loss is also essential. The par-
asitic losses can be thought of as stemming from the inductive 
and resistive components of the equivalent circuit of a capac-
itor. The series inductance component must be minimized, 
because otherwise large current transients (di/dt) lead to sig-
nificant voltage drops. The parallel resistive component must 
also be minimized, as it represents a dielectric loss leading to 
heating that reduces capacitor lifetime. Minimizing these par-
asitic inductive and resistive components, as well as enabling 
reliability at high temperature, may require new dielectric 
materials.

For inductors—the magnetic passive component—high 
inductance is usually desired. However, since inductance 
scales with size, inductances are size, weight and power lim-
ited. There is a need for magnetic cores with high resistivity 
(to decrease eddy current losses), high saturation polarization 
(to increase energy density allowing smaller inductor size) 
and small saturation polarization frequency-roll-off (allowing 
operation at high frequencies). There is thus an opportunity to 
realize further miniaturization of magnetic components, espe-
cially when monolithically integrated, by introducing new mate-
rials, such as hexaferrites, to function as magnetic cores.[231] 
Thick (multi-hundred micron), high-quality hexaferrites, if 
they could be realized, would enable on-chip inductors to be 

Figure 14.  Left: Si oscillator circuit wafer with integrated high-Q-factor out-of-plane coils. Right: Oscillator chips after die singulation and packaging.
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made significantly smaller. Other materials that may have good 
properties at higher frequencies include FeN and emerging Fe-
based nanocomposites. 

15.	Devices: New dielectric and magnetic materials and archi-
tectures that enable high-frequency ultra-compact integrated 
passive elements, which in turn enable system performance 
not limited by performance of those passive elements.

4.3. Radio-Frequency (RF) and Microwave Electronics

UWBG semiconductors have the potential to impact high-fre-
quency technologies as well, in particular technologies for gen-
erating, switching and receiving high-power RF and microwave 
signals. Here, we discuss four different ways they might have 
impact. First, they can serve as either sources or amplifiers of 
high-power RF signals, most often feeding an antenna. Second, 
they can serve as a fast switch that connects or disconnects an 
RF source and receiver to or from an antenna. Third, they can 
serve as resonant filters for processing RF signals. Fourth, they 
can serve as the basis for new vacuum electronics architec-
tures, of interest for microwave power and thermionic energy 
conversion.

4.3.1. RF Source Power

Radio-frequency power transistors are required for electronic 
systems that transmit signals into air or space, with applica-
tions ranging from communications to imaging to sensing. For 
all of these applications, a high output power is usually desired 
as it improves signal/noise ratio. In addition, the efficiency 
of power usage (often defined as radiated power out/prime  
power in) is generally important for all systems, because the 
non-radiated power is lost as heat which must be removed to 
avoid overheating the system. Additionally, a system with low 
efficiency requires excessive prime power that, for systems that 
use batteries, shortens battery life.

Transistors based on Si, GaAs, and more recently GaN have 
been the workhorses to date for these power applications,[232] 
but a consideration of the fundamental materials properties 
from Table 2 for Ga2O3, high Al-content AlGaN, AlN, BN, and 
diamond shows that these UWBG materials offer even greater 
promise for RF applications.

First, power output is proportional to the product of the 
maximum usable voltage across the output of the device times 
the maximum allowed current through the device, and both the 
voltage and current are governed by material properties. The 
maximum voltage is determined by the critical electric field 
(EC) for the material in the given device geometry and doping 
concentration; and the maximum current is determined by the 
carrier sheet density (ns) and the saturation velocity (vsat) of the 
electrons or holes.

A higher-breakdown-field material offers two possible 
advantages for high-frequency transistors. First, for a given 
drift-region length and fT, a higher breakdown material will 
support a higher output voltage and therefore more output 
power. Alternatively, if output voltage is held fixed, the drift 
region length can be reduced, which leads to a smaller delay 

and therefore higher power gain at a given frequency. At a 
given supply voltage, highly-scaled ultrawide-bandgap transis-
tors could therefore provide gain at much higher frequencies 
than GaN transistors. This gain can be used not just to increase 
the power-added efficiency at the signal frequency, but also 
to realize new switched-mode amplifier designs that can go 
beyond the efficiency limits of class A/B amplifiers.

Since power transistors typically generate heat in their active 
region that must be removed to avoid exceeding a maximum 
junction temperature for reliable operation, the thermal con-
ductivity is an additional material parameter that is important. 
As mentioned in the Introduction, the Johnson figure of merit 
(JFOM) is often used to compare the promise of materials for 
RF power, and is given in Table 4 together with thermal con-
ductivity as key indicators of the potential of the respective 
UWBG materials for RF power, with Si and GaN given for 
comparison. It should be noted that existing GaN-based devices 
already face challenges with heat removal at high power levels 
and have used diamond layers for heatsinking.[233–237] Devices 
made of AlGaN, AlN, and especially Ga2O3 will likely also need 
to be bonded to diamond heatsink layers for thermal manage-
ment. Materials such as c-BN and diamond that offer not only 
high potential power capability but high thermal conductivity 
in the same material could be especially advantageous for next-
generation RF power devices. Therefore, a key research oppor-
tunity/challenge is:

16.	Devices: Thermally managed UWBG RF transistors that 
generate higher output powers and power densities than 
present Si-, III-V-, SiC-, and GaN-based devices.

The higher power densities may be realized via higher volt-
ages and/or higher current densities. Both lateral (FET) and 
vertical (bipolar or FET) designs may be viable here.

4.3.2. RF Switching

In all RF transmitter/receiver architectures there needs to be 
some means for preventing the high-power output signal from 
leaking into the receiver input and burning it out. Traditionally, 
ferrite circulators have been used, but they are bulky and heavy 

Table 4.  Johnson figures of merit (JFOMs) for UWBG semiconduc-
tors, calculated from underlying properties taken from UWBG Material/
Device Properties Table 2.

Material vsat  
(107 cm s−1)

EC at ND = 1016 cm−3  
(MV cm−1)

Thermal conduc-
tivity (W m−1 K−1)

JFOM  
(1012 V s−1)

Si 1.0 0.3 145 0.48

GaN 1.4 4.9 253 11.0

AlN 1.3 15.4 319 31.9

β-Ga2O3 1.1 10.3 27 18.0

c-BN unknown 17.5 940/2145 –

Natural/Isotop. 

pure

Diamond 2.3 (e-) 13.0 2290/3450 47.6 (e-)

1.4 (h+) Natural/Isotop. 

pure
29.0 (h+)
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and have been increasingly replaced by FETs used as switches 
to isolate the receiver, as shown in Figure 15.

Similar to the high-frequency power-switching application 
discussed in 4.2, these devices need a low on-resistance for low 
RF insertion loss when in the “on” state, and a high-voltage-
blocking/low-signal-leakage capability (isolation) when in the 
“off” state. The relevant figure of merit is (RonCoff)−1, where 
Ron and Coff are the on and off-state resistance and capaci-
tance, since minimizing Ron minimizes the insertion loss and 
minimizing Coff minimizes the RF feedthrough and switching 
time.

As UWBG transistors are developed and integrated into 
power transmitters (the ‘TX’ in Figure 15), their higher output 
power and voltage will require that the lower transistor switch 
in Figure 15 be made from the same or similar materials to 
hold off the higher voltage generated by the transmitter in 
order to prevent it from burning out the receiver input (the 
‘RX’). Therefore, RF switch development must track the 
advances in RF power-transistor development in the UWBG 
materials, and the switches can typically either use the same 
material as their power-device counterpart but with a slightly 
different design for higher voltage-standoff margin, or use a 
higher-bandgap alloy (or material) in a similar design. Ron is 
minimized by using materials having high mobility, and Coff 
is minimized by using lower permittivity materials that also 
yield a small device area as discussed previously in Sections 1 
and 4.2. Traditionally, with Si-, GaAs-, and GaN-based switches, 
the on/off isolation ratio only needed to be ≈30 dB or slightly 
better to prevent burnout of the receiver, but with the higher 
potential voltages and output powers of future UWBG tran-
sistors, this specification will likely need to be raised by many 
dB, which presents additional challenges in the design of the 
switching devices and circuits. Thus, another key research 
opportunity/challenge is: 

17.	Devices: High-voltage, low-capacitance, low-on-resistance 
UWBG RF switches having the ability to stand off voltages 
higher than those generated by UWBG power transistors.

4.3.3. Electromechanical Filters

Electromechanical filters consist of transducers that convert an 
electrical signal to mechanical motion, which is then passed 
through a vibrating mechanical system, and then transduced 
back into electrical energy at the output.

Such filters are widely used in commercial applications: 
high-performance RF filters based upon physical-vapor-depos-
ited PVD-AlN resonators, such as the film bulk acoustic reso-
nator (FBAR)[238] and the solidly mounted resonator (SMR),[239] 
are the dominant technology currently utilized in 4G/LTE (4th 
generation long-term evolution) communication systems. This 
is due to their small footprint, high Q-factor, high operating fre-
quency, and relatively good power handling.[240–243]

Due to the size and rapidly evolving requirements of the 
commercial smartphone market, filters used in commercial 
wireless devices have become lower cost and more compact, 
and possess improved filter response. This has led to greater 
overlap in both the requirements and characteristics of filters 
between commercial smartphones and military Department of 
Defense (DoD) systems. For instance, all commercial smart-
phone filters are thin-film-based resonators and are therefore 
compact and light. In addition, 4G networks and as-yet unde-
fined 5G and internet of things (IoT) future wireless standards 
have begun to use mm-wave frequencies that overlap with tra-
ditional DoD radar bands, ranging from L through Ka bands. 
Besides decreased size and weight and higher center frequency, 
the impetus to improve insertion loss and rejection characteris-
tics is also common to both commercial and DoD systems.

Note though, that despite the increasing convergence 
between DoD and commercial piezoelectric filter characteris-
tics, the requirements of DoD systems do in fact extend beyond 
the capability of current commercial filter devices in two impor-
tant aspects: power handling and bandwidth.

With respect to power level, commercial surface acoustic 
wave (SAW) or bulk acoustic wave (BAW) resonator-based fil-
ters are typically limited to low power (<2 W), while many DoD 
applications such as radar and military communication require 
a combination of decade (10×) wide bandwidth, medium to 
high power (few W to 100s of W) and low filter loss (<1 dB) 
at high power. Due to these requirements, many DoD applica-
tions cannot use currently available SAW- or BAW-based filters. 
Instead, they implement the filtering function using either: 
discrete L and C elements (including varactor-diode-based 
implementations); transmission-line-based elements; or cavity-, 
waveguide-, ceramic-, or dielectric resonant oscillator- (DRO) 
based filters. Each of these approaches has disadvantages in 
either size or weight, or is forced to make a trade-off between 
performance versus size and weight.

With respect to bandwidth, cellular communication formats 
generally possess narrow signal bandwidths (typically <5% 
fractional bandwidth). This aspect is well-suited to the capabili-
ties of filters built using existing thin-film resonators, which 
use either BAW or SAW vibration modes. However, as formats 

Figure 15.  Illustration of FETs used as RF switches to separate trans-
mitted and received signals in a modern transceiver. Figure courtesy of 
Randy Wolf, Global Foundries.
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move beyond the historical 2.5G and 3G frequency bands and 
into the higher frequency 4G/LTE bands, requirements become 
more challenging due to larger fractional bandwidth require-
ments.[244] Because the bandwidth of an RF filter is primarily 
fixed by the electromechanical coupling efficiency of the reso-
nator, and since the electromechanical coupling efficiency 
in turn depends on the piezoelectric constant of the material 
used to facilitate the conversion of electrical to acoustic energy 
during operation, increasing the piezoelectric constant is of 
great interest.

In the incumbent poly-crystalline PVD-AlN-based reso-
nator technology, the relatively low effective electromechanical 
coupling coefficient, eff

2k  (e.g. 6–7%), can be attributed to the 
low piezoelectric constant, e33, of the PVD-AlN thin-film itself. 
Recent studies have demonstrated that the piezoelectric coef-
ficient of PVD-AlN films can be increased by alloying with 
scandium (Sc),[245,246] or by co-doping of AlN using Mg-Zr or 
Mg-Hf.[247] However, the process of doping PVD-AlN has other 
drawbacks that degrade the Q-factor of the resonator.

A particularly promising alternative approach to improving 
piezoelectric constants is to move beyond polycrystalline mate-
rials and to explore crystallographically oriented single-crystal 
undoped AlxGa1−xN films synthesized via metal-organic chem-
ical vapor deposition (MOCVD). While early work has been pub-
lished on AlGaN films for acoustic resonators, those results may 
have been limited by the fabrication processes[248–250] or mate-
rial quality.[251] Recently, simulations of AlN acoustic resonators 
using undoped PVD AlN and undoped MOCVD-AlN predicted 
significant benefits of using highly oriented, single-crystal AlN 
films with high e33.[252] Further, recent results on single-crystal 
MOCVD-AlGaN piezoelectric films on silicon substrates were 
demonstrated as a preliminary stepping-stone to MOCVD-
AlN.[253] Thus, a key research opportunity in this area is: 

18.	Devices: Single-crystal AlGaN and AlN electromechanical 
RF filters with very high bandwidth and power-handling  
capability, small size and weight, and potential for mono
lithic integration with AlGaN electronics.

Some of the performance and reliability advantages of such 
single crystal III-N resonator technology for resonator and 
filter applications are illustrated in Figure 16a. Potential spe-
cific research directions follow from these potential advantages. 
These research directions include direct materials characteri-
zation to understand the piezoelectric, acoustic and thermal 
material properties of the single-crystal materials. By building 
and characterizing resonators and filters fabricated from single-
crystal materials, the proposed advantages of single-crystal-
based resonators and filters can be explored with respect to 
improved filter bandwidth, improved filter power handling, 
improved filter ruggedness and survivability and higher fre-
quencies of operation.

Moreover, with the III-N materials, resonator eff
2k  can be tai-

lored by varying Al composition, as shown in Figure 16b. The 
ability to tailor resonator eff

2k  allows optimal realization of fil-
ters with widely varying bandwidths, thus mitigating the design 
trade-offs inherent when fixed resonator eff

2k  is utilized to design 
filters with widely varying bandwidth. In recent work, resona-
tors with a eff

2k  of 4.44% and Q of 1277 using 40% AlxGa1−xN 
films on <111> Si have been fabricated.[253]

Finally, we mention that in the long-term, the ability to use 
single-crystal AlGaN or AlN in RF MEMs also brings the pos-
sibility of integrating this high-performance crystalline piezo-
electric material directly with RF electronics. This, in turn, 
would open up new possibilities for integrated RF switches, 
filters, MIMs, and optomechanics.

4.3.4. Vacuum Electronics

Vacuum electronics technology is still the most efficient tech-
nology for generation of very high microwave power, with 
applications ranging from the cavity magnetrons that generate 
power for kitchen microwave ovens, to the traveling-wave tubes 
(TWTs) that serve as amplifiers in radars and satellite tran-
sponders.[254] Vacuum electron emission is also a key element 
of thermionic energy conversion (TEC). While TEC is not a 
power electronics technology, it is discussed in this section due 
to its dependence on low work function surfaces.

The ways in which UWBG semiconductors could make 
impact on vacuum electronics technology include three general 
areas, outlined below.

Power Electronics: A first way that UWBG semiconductors 
could make an impact is in the high-power and RF electronics, 
discussed throughout Sections 4.2 and 4.3, necessary to drive 
the vacuum electronics. Improvements in these electronics 
will result in improved system-level reliability, size, weight 
and power, as well as enable new concepts such as microwave 
power modules.

Electron Emitters: A second way that UWBG semiconductors 
could make an impact is as electron-emitting cathodes for the 
vacuum electronics device itself. Indeed, the electron-emitting 
cathode is the heart of vacuum electronics, and replacement of 
thermionic emission hot cathodes with field emission cold cath-
odes has been a longstanding goal for the vacuum electronics 
community for decades. Improved lifetime and efficiency are 
the key motivators, but rapid turn-on and pulsed operation ena-
bled by near-ambient temperature operation are also motiva-
tors. As an example, direct vacuum electron emission has been 
established from forward-biased diamond-based pin diodes; 
these devices could be employed in very high voltage (>10 kV) 
switches or TWT cathode designs (Figure 17).[49,255]

Interest in using UWBG semiconductors for electron emis-
sion can be traced to early measurements of efficient electron 
emission from diamond surfaces stimulated by above-bandgap 
light.[256] The measurements were related to a negative electron 
affinity (NEA) of the hydrogen-terminated surface, and could be 
described by theoretical analysis of the dipole due to the CH 
bonding.[257]

Since then, there have been many studies of electron field 
emission from various forms of diamond, both thin-film and 
single-crystal. For thin films, while hydrogen termination 
seems to lead to an improvement of the effect, many results 
have been related to defects and the presence of sp2-bonded 
regions in the films. These structures have been used for field-
emission cathodes and diodes. For single crystals, there have 
been a number of reports of diodes that show electron emis-
sion from hydrogen-terminated surfaces where the surface 
included the interfaces of the pin junction. The early work by 
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Geis and co-workers employed[258] a carbon-implanted layer to 
inject electrons into the junction that was fabricated on a p-type 
base layer. With the development of in-situ phosphorus doping, 
diamond pin diode structures have been fabricated that display 
electron emission from hydrogen-terminated NEA surfaces. 
Reports have shown emission efficiencies that approach 2.5% 
of the diode current, similar to the efficiency of thermionic 
cathodes.[49,50]

There is also interest in other UWBG materials for elec-
tron emission. A negative electron affinity has been found for 
hydrogen-terminated c-BN,[259] and ammonia-exposed surfaces 
of AlN have shown an electron affinity of less than 1 eV.[260] The 
AlN surfaces are particularly sensitive to exposure to oxygen, 

which increases the electron affinity. Research is yet to establish 
whether structures fabricated from c-BN or AlN could achieve 
electron emission, and to date electron emission diodes have 
not been reported for these materials.

Electron Collectors for Thermionic Energy Conversion: A third 
way that UWBG semiconductors could impact vacuum elec-
tronics is as low-work-function collector surfaces in thermionic 
energy conversion (TEC) devices. In these devices a low-work-
function surface is heated such that it emits electrons, which 
transit a vacuum gap to a low-work-function collector surface. 
A direct analysis of the energy-conversion efficiency suggests 
that a collector work function of 0.5 eV could lead to a TEC with 
performance that would be similar to a thermoelectric energy 

Figure 16.  a) Advantages of single-crystal electromechanical resonators for high power, large bandwidth, extreme ruggedness and survivability, and 
high center frequency. b): eff

2k  as a function of Al composition, highlighting increased bandwidth and design.
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conversion device with a thermoelectric figure-of-merit (ZT) of 
nearly 10.

There has been a search for low-work-function surfaces that 
could be anticipated from NEA surfaces of UWBG materials. 
Several studies of H-terminated nitrogen-doped single-crystal 
diamond surfaces have shown thermionic emission with a 
work function of ≈2 eV.[261] The value is higher than anticipated, 
and has been attributed to the deep donor level for nitrogen  
(1.7 eV) and the presence of upward band bending. Studies of 
thermionic emission from polycrystalline n- and p-doped dia-
mond have shown exceedingly low work functions of 1.4 and 
0.9 eV, respectively.[262] It has been speculated that the band-
bending is mitigated by the high doping density and the pres-
ence of grain boundaries. A key research challenge/opportunity 
here is: 

19.	Devices: Negative-electron-affinity and/or ultra-low-work-
function surfaces for robust, high-electron-emission effi-
ciency cold cathodes and/or electron collector surfaces.

4.4. Deep-UV Optoelectronics

As history has repeatedly shown, the principal applications of 
new materials are often not technologies that they replace, but 
technologies that they create. In that sense, deep-ultraviolet 
(DUV) photonic applications are a primary raison d’etre for 
UWBG materials and will potentially drive many advances.

Optical sources that emit in the deep UV have a wide range 
of applications, both commercial and military. One set of appli-
cations requires bulk “broadband” photons—lots of photons, 
without the need for single-wavelength operation or narrow 
linewidths. Another set of applications requires somewhat 
fewer but “narrowband” photons, more precisely tailored and 
coherent so as to enable, for example: Raman spectroscopies; 
non-line-of-sight communication; or resonant interaction with 
specific atomic absorption lines of interest to sensing and 
quantum information processing schemes (Section 4.5).

In this Section 4.4, we discuss first broadband photon 
devices and applications; second, narrowband photon devices 

and applications; and third, opportunities 
and challenges associated with the most 
mature deep UV material system, AlGaN.

4.4.1. Broadband Photon Emitters and 
Detectors

Applications for broadband photons include 
air/water/surface/food purification-disin-
fection, materials and polymer processing/
curing, medical/biomedical diagnostics and 
treatment, and scientific instrumentation.

Traditional sources in the UV include 
mercury lamps, gas lasers (e.g., excimer) 
and solid-state (e.g., frequency-multiplied 
Nd:YAG) lasers. Generally, these commer-
cial sources are of limited applicability due 
to poor SWaP characteristics (e.g., they are 
bulky, heavy, expensive, and inefficient, 

require high-voltage operation, and have limited lifetime). 
Moreover, the use of mercury leads to significant environ-
mental pollution issues.

In contrast, optoelectronic devices based on UWBG semicon-
ductors would have excellent SWaP characteristics. And, among 
the UWBG semiconductors, perhaps the best suited is AlN/
AlGaN, which is chemically and physically robust, has a direct 
bandgap over its entire alloy composition, and has the potential 
for high-temperature operation. The challenge for the UWBG 
semiconductors is to achieve, in the UV-B (315–280 nm) and 
UV-C (280–200 nm) spectral bands, performance and efficien-
cies similar to those that have been demonstrated in the vis-
ible range with the narrower bandgap InGaN material system. 
Figure 18 shows the reported external quantum efficiencies 
(EQEs) for LEDs at wavelengths from the violet into the deep 
UV. The data show that EQE can be quite high (>25%) at wave-
lengths >370 nm, with InGaN active layers, but that it drops 
off steadily for wavelengths <360 nm, with AlGaN active layers, 
and drops off precipitously at wavelengths below 250 nm. The 
notable exception is for LEDs near 270 nm with 10% EQE, 
where significant investment has been made to address germi-
cidal applications such as water purification and fluorescence 
detection of biomolecules.

Ultimately, power efficiency, commonly referred to as wall-
plug efficiency (WPE), in the range of 10% is likely necessary, 
combined with useful output power and competitive cost, to 
enable economical industrial-scale applications of UV LEDs. 
(Note that EQE tracks the efficiency for converting injected 
electrons into emitted photons while WPE records the conver-
sion of electrical power into optical output power and includes 
series resistance losses; thus WPE ≤ EQE.)

Finally, we note that solar-blind UV-C photodetectors are also 
of interest for various applications in commercial gas furnaces, 
as well as military non-line-of-sight, short-distance, secure com-
munications and several other threat-detection systems. While 
AlGaN UV photodetectors are commercially available, AlGaN-
based avalanche photodiodes (APDs) are still in an early stage 
of development. Of the available UWBG semiconductors, 
AlxGa1−xN is perhaps best suited for fabricating UV-C light 

Figure 17.  Left: Cross-section schematic of an electron-emission diamond diode. Right: Image 
of fabricated electron-emission diode (on-state) and measurement probes. The electrolumi-
nescence originates from defects and was only observed at forward bias. Reproduced with 
permission.[49] Copyright 2013, John Wiley and Sons.
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emitters and detectors, due to its chemical/physical robustness, 
potential for high temperature operation, ability to form hetero-
structures, and a direct bandgap over the entire alloy composi-
tion range.

4.4.2. Narrowband Photons: Chemical Sensing and 
Quantum Information

The dominant applications for which narrowband deep-UV 
photons are desirable are chemical sensing and quantum infor-
mation. For chemical sensing, a deep-UV laser source would 
be highly desirable to enable point-of-need identification of 
bio-chemicals by Raman spectroscopy, which requires select 
wavelengths (<240 nm), high power, and high beam quality 
in a compact, rugged system. For quantum information, as 
discussed below in Section 4.5, narrowband laser photons 
enable the interrogation of quantum systems with very narrow 
transitions.

Two features are important for these applications.
The first feature is the emission of much shorter wave-

lengths than are currently possible. Attempts to realize elec-
trically-pumped pn-junction diode lasers in the deep UV have 
been frustrated by materials, physics and device challenges 
similar to those faced by deep-UV LEDs: these are discussed 
below. To date, the shortest wavelength that has been achieved 
in an AlGaN-based diode laser is 336 nm.[264]

The second feature is, in some cases, ultra-narrow linewidths. 
These would require single-longitudinal-mode operation, and 
thus low-loss narrowband distributed Bragg reflectors (DBRs) 
for vertical-cavity devices or distributed feedback (DFB) grat-
ings for horizontal (edge-emitting) devices. Fabrication of these 
will be challenging. The required pitch for a half-wavelength 
grating fabricated in AlN (n = 2.32) at a wavelength of 275 nm, 
for example, is only 60 nm.

4.4.3. AlGaN Materials, Physics and Device Challenges

The materials, physics and device challenges associated with 
deep-UV LEDs and/or lasers are non-trivial. Because AlGaN 

semiconductors are the most mature of the UWBG semicon-
ductors for these applications, we discuss them in some detail 
here. AlGaN semiconductors are far more challenging than 
their lower-bandgap InGaN and other counterparts used in vis-
ible/IR optoelectronics, though, in four key ways.

First, p-type dopants in AlGaN, typically Mg acceptors, 
present a number of difficulties. As has been discussed in 
Section 2.5, Mg acceptors in AlGaN are very deep, with ioni-
zation energies well over 150 meV, thus making p-doping, 
especially of high Al-content (x > 0.4) AlxGa1−xN, fairly diffi-
cult. Also, because of high UV optical absorption of p-AlGaN, 
light extraction and external quantum efficiency are decreased. 
Furthermore, because p-type doping concentrations are 
limited, cladding layers must be relatively thin to minimize 
series resistance, but then the optical confinement necessary 
for efficient laser diodes is poor. Therefore, the well-developed 
device designs commonly used for IR-visible lasers cannot be 
used. This has spurred interest in alternative semiconductor 
laser configurations, in particular approaches that can cir-
cumvent the need for p-doped AlGaN layers. For example, an 
alternative approach to edge-emitting laser diodes for deep-
UV emission is the use of a vertical external cavity surface 
emitting laser with an AlGaN gain chip that is pumped with 
a high-energy electron beam; this architecture bypasses the 
p-doping issue and can realize high beam quality (spectrally 
and spatially).[41]

Second, in high-Al-content (x > 0.4) and highly-ionic AlxGa1−xN 
materials, spontaneous and piezo-polarization fields are very high. 
This leads to a number of deleterious consequences, including 
a spatial separation in the electron and hole wave functions that 
decreases the electron-hole recombination rate.[265]

Third, electrically conducting and optically transparent sub-
strates for the UWBG III-N materials are relatively immature. 
As discussed in Section 2.3, some progress has been made with 
Ga2O3 substrates.[122] Bulk AlN substrates, however, despite their 
insulating nature, are also a good potential technical choice, due 
to their high crystalline perfection for epitaxial growth. How-
ever, as discussed in Section 2.1, they are still in the develop-
mental stage.

Fourth, for vertical light-emitting devices, a phenomenon 
called TE/TM polarization switching becomes important. 

Figure 18.  Reported external quantum efficiencies for AlGaN, InAlGaN, and InGaN quantum-well LEDs emitting in the UV spectral range.[263]



www.advancedsciencenews.com
www.advelectronicmat.de

1600501  (33 of 49) © 2017 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Electron. Mater. 2018, 4, 1600501

This phenomenon is due to a materials aspect of AlGaN that 
is not true of InGaN: GaN and AlN feature a different sign 
in their crystal field splitting. Whereas it is negative for AlN, 
it is positive for GaN, so the ordering of the valence bands 
differs between AlN and GaN. Thus, light generated within a 
GaN layer is predominantly TE polarized with an electric field 
vector E perpendicular to the c-direction, while light generated 
within an AlN layer is predominantly TM polarized with E 
parallel to the c-direction. For ternary AlGaN materials as used 
in UV light emitters, a transition from TE to TM polarization 
occurs as the Al concentration increases.[266] Since TM-polar-
ized light cannot be extracted parallel to the c-direction (the 
most commonly used growth direction for III-N materials), 
the performance of vertically-emitting UV LEDs degrades as 
Al content increases and wavelength decreases. Vertically-
emitting lasers would be similarly affected. Moreover, since 
TM-polarized light is generally not as tightly confined as 
TE-polarized light, TM optical modes interact more strongly 
with, and experience slightly higher optical absorption by, the 
p-type confinement layers in laser heterostructures. Thus, the 
performance of edge-emitting UV laser diodes would also 
be expected to experience performance degradation with TM 
optical modes.

Mitigating the issues listed above will not only lead to more 
efficient UV-C emitters and detectors, it will also improve UWBG 
RF and power electronic devices. Non-conventional doping 
schemes such as 3D superlattice doping and polarization-
assisted doping can potentially be used to significantly increase 
the p-doping concentration in high-Al-content AlxGa1−xN  
layers.[267] The issue of light extraction and hole transport 
might also be addressable through the use of interband tunnel 
junctions.[206] New device designs and material deposition 
approaches to manage the strain and polarization in UWBG 
heterostructures are also being explored with some initial suc-
cess. To overcome the bulk AlN substrate issue, new approaches 
are needed to create thick and low-defect-density free-standing 
AlN substrates to replace inferior but readily available UV-C 
transparent substrates such as sapphire. These can also provide 
a very useful platform for systematic research.

Taken together, an overarching Research Opportunity/Chal-
lenge for UWBG optical emitters is: 

20.	Devices: LEDs with >10% wall-plug efficiency at wavelengths 
<260 nm; and compact laser sources in the UV-C and UV-B 
bands with power efficiency >10% and high beam quality.

4.5. Quantum Information

Quantum information science is a rapidly evolving global field 
of investigation with the potential to impact multiple techno-
logical areas, including: position determination, navigation 
and timing; tunnel detection; encryption code-breaking; secure 
communications; advanced simulation and high-speed compu-
tation; and magnetic anomaly detection.[268] UWBG semicon-
ductors have potential roles in quantum information science 
in two substantial ways: as transparent hosts for dopants and 
defects with electronic/spin states suitable for quantum infor-
mation processing; and as a photonic platform for quantum 
processors either based on linear optical quantum computation 

(LOQC) in which photons serve as the qubits, or for state 
manipulation in systems based on trapped-ion qubits.

4.5.1. Host for Quantum States

A first potential role for UWBG semiconductors is as the host 
for electronic/spin states sufficiently decoupled from the lat-
tice to be long-lived and whose transitions are extremely sharp, 
yet able to be externally interrogated. Prototypical systems are 
the nitrogen-vacancy (N-V) or silicon-vacancy (Si-V) centers in 
diamond, which display long spin relaxation times and can be 
interrogated optically. These systems were among the first to 
be considered for quantum information, and continue to be an 
active area of research,[269] with new developments emerging, 
including the possibility of incorporating these centers into dia-
mond devices where a gate bias controls the charge state of the 
center and affects its quantum characteristics.[115,270]

Note that here the challenges are very different from those 
mentioned in Section 2.5. There, the purpose of doping or 
defect incorporation is to create free carriers, and the depth 
of the defect levels in the UWBG semiconductors makes this 
challenging. In contrast, here one is intentionally interested in 
dopant and defect states that are deep in the bandgap and suf-
ficiently decoupled from the host UWBG lattice so as to sustain 
long lifetimes, and thus minimize inhomogeneous broadening 
of their quantum states.

Also note that, while cubic (or at least covalent) materials are 
considered to be desirable because higher symmetry leads to 
better performance in nanodevices with respect to more light 
in the zero-phonon line, recent theoretical work on wurtzite 
AlN suggests that point-defect complexes could act as qubits 
and that manipulation of its piezoelectric properties through 
biaxial or uniaxial strain could enable nitrogen-vacancy centers 
as potential qubits.[271,272] Moreover, rare-earth ions (Nd) doped 
into AlN may also be a candidate for quantum memories. In 
this case, it is critical to control inhomogeneous broadening of 
the dominant rare-earth dopant optical transition, which can be 
aided by substitutional doping using plasma-assisted MBE, for 
which it has been shown that the vast majority of Nd dopants 
(>95%) take the majority site.[273]

Other possibilities for UWBG-semiconductor-based 
quantum information systems could involve valley-polarized 
electrons (i.e. “valleytronics”) or superconductivity, both of 
which have been reported in diamond. The long electron life-
time for indirect-bandgap diamond, and the different effective 
mass for the different k-space propagation directions, can sup-
port changing the concentration of electrons in the six conduc-
tion band valleys.[274] With heavy B-doping, metallic conductivity 
can be achieved, and superconductivity has been established at 
temperatures near 11 K. There may be other structures that can 
achieve a superconducting state involving the diamond valence 
band electrons, as well.

4.5.2. Photonic Platform for Interrogation of Quantum States

A second potential role for UWBG semiconductors is as a 
photonic platform for the generation, manipulation, and 
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interrogation of quantum states. Indeed, all of the neces-
sary photonic building blocks could potentially be based on 
UWBG semiconductors, and in particular on AlN/AlGaN: 
narrow-linewidth lasers, high single-photon-detection efficiency 
avalanche photodiodes, waveguides for photonic integrated cir-
cuits, and nonlinear optical media for wavelength conversion 
to spectral regions more suitable for low-loss transmission of 
photon-based quantum information (i.e., the 1300–1600 nm tel-
ecom band).

Tables 5 and 6 contain the reported and desired values of a 
number of material and device parameters that are relevant to 
linear-optical and trapped-ion quantum-computing architec-
tures. In LOQC systems,[275] the quantum information is rep-
resented by the states of single photons, and these states are 
manipulated by linear optical elements (e.g., beam splitters, 
phase shifters, and mirrors). In trapped-ion quantum proces-
sors, the quantum information is contained in the states of 
the ions,[276] and these states are typically initiated and read 
out by exciting each ion with lasers at a number of different 
wavelengths. We note that photon-based quantum information 
systems depend strongly on the transition wavelengths of the 
atoms or defect states used in these systems. Also note that the 
parameters shown in Tables 5 and 6 are representative of the 

values currently thought to be needed, but will certainly evolve 
in the future.

The tantalizing research opportunity/challenge here would 
be an integrated photonic platform containing all the building 
blocks necessary for the generation, manipulation, and inter-
rogation of quantum states: 

21.	Devices: A photonic integrated circuit incorporating all 
the building blocks (e.g., UWBG lasers, AlN waveguides, 
AlGaN/SiC detectors) necessary for a single-chip quantum 
information processing system (based on trapped ions,  
neutral atoms, photons, or defect centers).

A first building block would be the narrow-linewidth (≈MHz 
to as small as <10 Hz) lasers necessary for manipulation of 
quantum systems such as trapped ions, as well as many other 
applications in atomic, molecular, and optical (AMO) physics, 
including laser cooling, optical trapping, atomic clocks, etc. 
These lasers need to be single-longitudinal-, single-transverse-
mode with a range of powers from mWs (optical cycling 
through dipole transitions for laser cooling and fluorescence 
detection, as well as photoionization) to watts (Raman transi-
tions for coherent gate operations involving multiple qubit 
gates). Some of the required lasers for trapped ions are in the 
ultraviolet—thus the importance of UWBG semiconductors, 
though frequency-multiplied optically pumped semiconductor 
lasers (OPSLs) are starting to find use here.[288] A potential can-
didate for the required lasers would be UWBG vertical-external-
cavity surface-emitting lasers (VECSELs) with the power (watts) 
and narrow linewidths necessary to address the relevant transi-
tions in ions.[288]

A second building block would be single-photon-counting 
detectors with high quantum efficiency (>70%) and concomi-
tant high single-photon detection efficiency (>40%), required 
to work in conjunction with these lasers for both the optical 
cycling fluorescence measurements and the Bell state meas-
urements required to verify entanglement of trapped ions. 
While previous work suggests that SiC may be capable of this 
performance in the UWBG 260–280 nm range,[289] hybrid(Al)
GaN/SiC detectors that extend the high quantum efficiency 
of SiC to shorter wavelengths through mitigation of sur-
face effects,[290] and to longer wavelengths through separate 
absorption and multiplication structures,[291] will likely also 
play a role.

Table 6.  Material and device parameters of interest for trapped-ion quantum-computing architectures.

Parameter Reported/Demonstrated Required Value

Value Wavelength [nm] Material

Single-mode Waveguide Optical Loss [dB cm−1] <0.2, 20a); 30a) 633–1092, 405; 405 SiN; GaN <1 at 370–1100 nm

Linear E-O Coefficient (r13) [pm V−1] 1,[283] 10[284] 633 GaN, LiNbO3 (bulk) 10b) at 400, 700 nm

Photodetector Detection Efficiency [%] 30,[285] 93[281] 422, 1550 Si SPAD, WSi SNSPD >90% at 422 nm

Waveguide Power Handling [dBm] 33[286] 1560 SiN 30–50 @ 400, 700 nm

Optical Amplifier Gain [dB] 20–28[287] 405 GaN 20–30, for monolithically 

integrated devices

a)Measurements at MIT Lincoln Laboratory, unpublished; b)Assumes a 200 μm long modulator and desired Vπ = 10 V.

Table 5.  Material and device parameters of interest for linear-optical 
quantum-computing (LOQC) architectures.

Parameter Reported/Demonstrated Required Value

Value Wavelength [nm] Material

Optical Loss 8 dB cm−1[277] 640 AlN/SiO2 ≈2 dB cm−1

Linear Electro-

Optic Coefficient
0.7 pm V−1[278] 628 AlN/SiO2 ≈1 pm V−1

Single-Photon 

Emission 

Efficiency

72%[279] 920 GaAs/InAs 99%

Maximum 

Quantum Emitter 

Count Rate

4 × 106[280] 625 h-BN –

Photodetector 

Detection 

Efficiency

93%[281] 1500 WSi super-

conductor

99%

Isotope Purity 99.99%[282] – Diamond 99.99%
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A third building block would be optical waveguides having 
(i) low loss from UV to near-infrared (NIR) wavelengths, and 
(ii) large nonlinear optical properties to enable frequency con-
version from the ultraviolet to the visible/NIR necessary to 
enable long-distance entanglement of quantum systems based 
on a trapped-ion platform (currently the most mature), in 
which state manipulation normally occurs in the UV. AlN is 
promising here, since it is both optically transparent and has 
relatively large nonlinear optical coefficients.[292] Combined 
with its potential for lasers and detectors, AlN may someday 
enable photonic integrated circuit platforms for quantum 
information processing, including those involving trapped 
ions.[293]

4.6. Extreme Environment

Extreme environment is another broad class of applications 
in which UWBG semiconductors can excel. Here, we dis-
cuss two broad sub-classes of these applications, in which 
the environments are extreme either because of the presence 
of radiation where radiation-hard electronics are necessary, 
or because of high temperature/pressure or corrosive chem-
istry where extreme environment sensors and electronics are 
necessary.

4.6.1. Radiation-Hard Electronics

Cross-cutting many of the technologies and 
applications already discussed, one great 
advantage WBG and UWBG technologies 
possess over silicon technologies is robust-
ness in radiation environments. Applications 
requiring high-voltage, high-current, radia-
tion-tolerant power devices include electronic 
thrust control actuators of rockets and mis-
siles (as opposed to hydraulic control), and 
solar electric propulsion (SEP) of spacecraft. 
The SEP system envisioned by NASA would 
enable human exploration missions out-
side of earth’s orbit, and requires functional 
power devices with high blocking voltages, 
high current capability, and high tolerance 
for radiation effects.[294] WBG and UWBG 
materials are also robust for high tempera-
ture operation, another advantage for space 
applications.

To date, almost all available commercial 
GaN power devices are not sufficiently rated 
for the high-voltage power conversion envi-
sioned by NASA.[295] SiC MOSFETs meet 
the voltage requirement, but are suscep-
tible to destructive events due to protons 
and heavy ions in space at a fraction of the 
maximum rated electrical voltage.[296] In 
fact, UWBG devices will be required in any 
application where both radiation hardness 

and high temperature operation are needed, because of the 
radiation vulnerability of SiC devices. A new generation of 
UWBG devices could be a critical enabling technology for the 
next generation of rockets, missiles, and spacecraft.

There are two main reasons for the radiation hardness of 
UWBG semiconductor technologies. First is their wider energy 
gap (EG): this requires higher energy photons or ions trans-
iting the material to achieve ionization of electrons and holes 
in the semiconductor. Second and just as important is the 
ability in some UWBG semiconductors to form heterostruc-
tures using two layers of materials with different bandgaps to 
create a region with a two-dimensional electron gas (2DEG), 
thereby forming a channel in a high electron mobility tran-
sistor (HEMT); the channel electron density in such structures 
is relatively insensitive to the impurity doping level, and hence 
is insensitive to deep levels due to radiation-induced displace-
ment damage effects.

There are four basic kinds of semiconductor radiation 
effects, and, as illustrated in Figure 19, the heterostructure-
based HEMT has an advantage over a silicon or silicon carbide 
MOSFET for each kind of radiation effect. 

•	 Total ionizing dose: TID causes the accumulation of charge in 
a gate or field oxide resulting from photons or particles pass-
ing through the oxide, leading to shifts in threshold voltage  
or leakage current. RF HEMTs (though not necessarily  

Figure 19.  A trench-gate vertical silicon MOSFET (left) and a notional GaN HEMT (right), both 
biased in the off state with 100 V bias on the drain, approximately drawn to scale. Figure based 
on a Synopsys Sentaurus TCAD Simulation.[297,300]
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power-switching HEMTs) typically have a Schottky metal 
gate, which eliminates most of the TID parameter shifts seen 
in MOSFETs.

•	 Single event effects: SEEs are caused by energetic ions passing 
through the semiconductor, depositing energy and creating 
electron-hole pairs (EHPs). The EHPs separate and drift or 
diffuse under the influence of an electric field or a concen-
tration gradient, respectively. A HEMT typically has a much 
smaller depletion region (of order 1 micron for a drain volt-
age of 100 V) than Si or SiC MOSFETs for the same applied 
voltage (on the order of 5 microns for 100 V; see Figure 19). 
Consequently, less deposited charge is collected in the drain 
of the HEMT than in the drain of the MOSFET[297] for the 
same energy ion and transistor bias voltage.

•	 Similarly, dose-rate radiation effects sensitive to the entire 
volume of a device can be important. Since the HEMT has 
a smaller depletion region volume than the MOSFET, less 
charge is collected and the HEMT photocurrent is smaller, 
producing less disruption to the transistor behavior.

•	 The last radiation effect is displacement damage, in which 
particles such as neutrons or protons displace the semi-
conductor atoms from the crystalline lattice, creating traps 
and recombination sites in the device, or even new isotopes 
through fission of the original atoms in the lattice. The atom 
displacement increases scattering of charge carriers and 
reduces carrier mobility from the pre-irradiated state. Both 
SiC MOSFETs and GaN HEMTs have been shown to toler-
ate neutron or proton radiation to very high fluences,[298,299] 
much higher than Si MOSFETs.

Finally, there are two destructive effects that occur in Si MOS-
FETs that do not occur in HEMTs. Single-event burnout (SEB) 
occurs when the charge from an energetic 
ion creates sustained conduction of the para-
sitic bipolar transistor inherent in Si MOSFET 
design (this is an npn bipolar for an n-channel 
MOSFET; see Figure 19). The bipolar con-
duction can cause sufficient current to flow 
such that the device undergoes thermal 
damage or destruction. Single-event gate rup-
ture (SEGR) occurs when charge build-up near 
the gate causes a breakdown in the gate oxide, 
resulting in gate current and the loss of elec-
trostatic control of the Si MOSFET.

All of the above advantages of HEMTs 
apply to both the narrow- (InGaAs) and 
wide-bandgap (GaN) devices. However, the 
UWBG materials should improve the immu-
nity of HEMT transistors to radiation sig-
nificantly further due to their higher critical 
fields, which should result in smaller devices, 
thereby reducing the volume for collecting 
radiation-induced charge due to ions or pho-
tons in either single-event or dose-rate envi-
ronments. Thus, we envision the following 
research opportunity/challenge:

22.	Devices: UWBG power devices that  
exhibit essentially no performance 

degradation and no destructive single-event effects in radia-
tion environments.

4.6.2. Extreme-Environment Sensors/Electronics

Sensors efficiently gather data on the surrounding physical 
environment for enhanced safety, security and uninterrupted 
continuity of services, including those provided by critical infra-
structure. Extreme environments include high temperature 
(350 °C to 1000 °C), high pressure (>1000 atmospheres), high 
shock (>1000 g), extreme mechanical vibration, high radiation 
(>100 Mrads), erosive flow, corrosive media, electrostatic dis-
charge and electromagnetic interference. Such extreme con-
ditions can destroy or degrade the performance of sensors, 
semiconductor electronics, dielectrics and interconnects, while 
also accelerating almost all aging and failure mechanisms that 
occur at room temperature, as well as introducing new ones.

As illustrated in Figure 20, traditional Si-based co-located 
sensors and electronics fall severely short in their performance 
under extreme conditions and fail to gather data on ambient 
conditions in systems such as the combustion chambers and 
exhaust systems of automotive or aviation engines, down-
hole environments in deep-well drilling, industrial processing 
plants, nuclear reactors, re-entry vehicles, and satellites in orbit. 
Sensing temperature, pressure, vibration, motion or distance 
at extreme temperatures, determining temperature and radio-
activity in high radiation environments, measuring fluid levels 
and detecting gases and chemicals in high moisture and highly 
corrosive environments pose a number of challenges.

Unlike consumer electronic devices, which incorporate 
many sensors, microprocessors, and wireless chipsets, only 

Figure 20.  Industrial sectors in which extreme-environment sensor technologies are currently 
used. The technologies are organized by desired operating temperature and increasing sensing 
system complexity. Current silicon-based sensing systems can operate at a maximum tempera-
ture of ≈200 °C.
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simple sensors are available for use in extreme environments. 
There are no microprocessors, wireless electronics or pow-
ering devices (batteries) suited for use at extreme temperatures  
(>250 °C). Today, active cooling is used in applications requiring 
sophisticated electronics in high temperature environments; 
however, active cooling is not feasible in applications where 
low-temperature ambient is not available (e.g., down-hole explo-
ration or aircraft engines). In these cases, extended operation at 
high temperatures is required.

To extend operation to somewhat higher temperatures, 
silicon-on-insulator (SOI) enabled MOSFET electronics with 
improved off-state current have been demonstrated to operate 
at up to 300 °C. GaAs and its alloys, such as AlGaAs-based 
devices, were also demonstrated to operate beyond 300 °C, 
though with limited reliability.[301] Furthermore, electronics 
based on WBG materials such as SiC and GaN have been dem-
onstrated to operate beyond 600 °C. However, the density of 
temperature-induced intrinsic carriers in these materials sur-
passes the concentration of dopant-induced carriers at these 
very high temperatures (beyond 800 °C for SiC and 1000 °C for 
GaN), degrading device performance.[301–305]

Thus, there is a strong incentive to develop UWBG tech-
nology for these extreme environments, perhaps able to with-
stand operating temperatures above 1000 °C. A first aspect of 
this technology is the sensors themselves, including (i) electro-
chemical, (ii) optical, (iii) mechanical (MEMS), and (iv) charged-
particle-based sensors. These sensors might be discrete or 
might be integrated with other sensors for multi-component 
orthogonal sensing in environments that change quickly and 
contain a number of chemical or biological species.[306,307] A 
second aspect of this technology is electronics[308]—wireless 
data communication and power sources[306,309–315] that can be 
co-located with the sensors.

The challenges in building such integrated sensing/elec-
tronics systems are many. Materials-level challenges include 
material diffusion and intermetallic formation, and temper-
ature-gradient-induced mechanical stress. Device-level chal-
lenges include high-performance contacts, interconnects, 
dielectrics, and encapsulation materials for extreme environ-
ments; controlled doping; complementary field-effect-transis-
tors; and designs that are robust against imperfections (see e.g.  
Section 4.7). The hope is that new platforms based on lateral 
and vertical 1D,[307,316] 2D[317,318] or 3D[319] III-N structures will 
help in overcoming these challenges.

For example, MEMS sensors based on AlGaN can exploit the 
2D electron gas (2DEG) that forms at an AlGaN/GaN hetero-
junction and that can act as a virtual metal electrode beneath an 
AlGaN MEMS resonator.[320,321] By employing recent advances 
in low-dimensional materials synthesis,[322] multiple analytes 
and physical state variables can be detected in an orthogonal 
fashion. Complementing electric-current-based transduction, 
charged particles generated by field emission and field ioni-
zation on ultra-sharp semiconductor tips or filaments can be 
superior transducers for fast, efficient and reliable sensing of 
gas, pressure, shock and vibration in extreme conditions.[323]

Beyond the integrated sensing/electronics system itself, 
power delivery to the system is also an important challenge. 
Present battery technology is limited to an operational tem-
perature below 150 °C, and cabled-power wiring dramatically 

increases system weight and complexity making it impractical 
for many harsh environments. For these reasons, energy har-
vesting has emerged as a promising power source that can lead 
to an autonomous integrated sensing module with reduced 
cost.[324–326] To date, only a few energy harvesting devices for 
harsh environment applications have been reported using 
vibration[325,327] and UV.[326] AlN piezoelectric energy harvesters 
were demonstrated to deliver 80 µW at 300 °C.[325]

Of special interest are beta-voltaic (BV) and alpha-voltaic 
(AV) devices that efficiently convert radioactivity directly into 
electrical energy. These devices operate by the creation of elec-
tron-hole pairs in rectifying semiconductor junctions by high 
energy beta (β) and alpha (α) particles, and thus generate power 
in a manner similar to a photovoltaic (PV) cell. When designed 
with UWBG materials, these power sources (with lifetimes ≈ 5 
to 100 years) can offer high energy density, stability and very 
high durability to sensing systems in extreme environments 
(above 1000 °C[328]), providing a superior alternative to chemical 
batteries, fuel cells, super-capacitors, and radioisotope thermo
electric generators. Such sources can power wide-bandgap-
based solid-state sensing electronics with capabilities for 
telemetry.

In this area, an overarching research opportunity/challenge 
is thus: 

23.	Devices: A new generation of extreme-environment sensors 
with co-located power and data processing electronics.

4.7. Processing, Modeling/Calibration, and Packaging

Though technically not a device or application area, here we 
discuss research opportunities and challenges associated with 
a key topic that cross-cuts all devices: how they are processed, 
modeled, calibrated, and ultimately packaged.

4.7.1. Processing

A number of challenges must be overcome if UWBG mate-
rials are to be effectively processed and integrated into working 
devices. In this subsection we discuss the most important pro-
cess challenges, including doping (in particular selective area 
doping), Ohmic contacts, gate insulators, and integration. The 
overarching research opportunity/challenge is: 

24.	Devices: Development of an UWBG materials and device 
processing toolkit, including: selective area doping; low-
resistance Ohmic contacts; and materials integration.

Selective-Area Doping: As discussed in Section 4.2, developing 
vertical device architectures in UWBG materials is critical 
to high-power electronics (HPE). In turn, such architectures 
depend on an effective means for lateral selective area doping. 
Such selective-area doping is required not only for effective edge 
termination, but also for the fabrication of most vertical device 
structures more complex than a simple pin or Schottky diode.

In the mature Si and SiC materials systems, ion implanta-
tion is used for lateral doping; indeed, the development of ion 
implantation for these materials was revolutionary. For com-
pound semiconductor materials, including WBG GaN and 
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UWBG AlN, ion implantation is problematic, though there 
have been some recent promising reports for n-implantation 
of GaN coupled[329] with mixed reports for p-implantation 
(Mg) of GaN.[330] A major issue is that, after ion implantation, 
annealing of compound semiconductors requires second-
nearest-neighbor (not just nearest-neighbor) re-ordering to 
heal the lattice damage caused by the implantation. This re-
ordering requires relatively high annealing temperatures (rela-
tive to melting temperatures) that, at least for GaN, cause the 
problematic sublimation of N out of the crystal. The resulting 
residual defects, including localized stacking faults, can act 
as carrier traps,[331] effectively negating the implanted dopant. 
Note, though, that non-compound UWBG semiconductors 
such as diamond may not suffer as severely from this issue.

An alternative approach to ion implantation is etch-and-
regrowth, where a region that would have been implanted is 
instead etched, and material of the opposite doping type is re-
grown in the etched region. This approach likewise has had its 
share of difficulties. For example, in one instance researchers 
attempted to re-grow the channel on an etched current-blocking 
layer in a CAVET (see Figure 12), but crystalline defects formed 
near the top corner of the etched-out area.[217] Another example 
of problems with this approach is that material polarity may 
impact doping efficacy in regrown areas, as illustrated in 
Figure 21. Perhaps most importantly, re-grown pn junctions in 
GaN have thus far failed to exhibit the same electrical quality 
as in-situ grown junctions, as determined by junction leakage 

current. Nonetheless, the demonstration of high-quality selec-
tive-area regrowth would be a major step towards realization of 
robust vertical devices in GaN as well as in UWBG semicon-
ductors, in general.

Note that, in conjunction with selective-area regrowth, there 
are other options for doping within the regrowth areas. In polar 
materials such as AlGaN, compositional grading introduces a 
fixed polarization charge in the material, which in turn attracts 
free carriers from other parts of the structure (e.g., from sur-
face states). This technique has in fact been demonstrated for 
AlGaN graded from 0–30% Al.[333] Another approach is to uti-
lize a superlattice in which the polarization-induced electric 
fields cause ionization of the impurity dopants due to extreme 
band-bending.[334]

Ohmic Contacts: Ohmic contacts are another significant chal-
lenge for UWBG materials. In conventional semiconductors, 
Ohmic contacts are typically realized by metal–semiconductor 
junctions in which the potential barrier becomes very thin due 
to high doping in the semiconductor, and is thus conducive to 
tunneling. However, as we have seen, achieving high levels of 
doping in UWBG semiconductors is problematic. Further, due 
to the wide bandgap and lower electron affinity of UWBG mate-
rials, the Schottky barrier heights of common metals such as 
Pt and Ni are very high (>2 eV),[31,335] resulting in high specific 
contact resistivity. For AlGaN with 40–60% Al content, specific 
contact resistivities are typically in the 10−2 to 10−1 Ω cm2 range, 
while by contrast Ohmic contacts to conventional WBG AlGaN/
GaN HEMTs are routinely in the 10−6 Ω cm2 range.[336,337] 
Exotic metallizations, such as vanadium, have been reported 
to have specific contact resistivity in the 10−6 Ω cm2 range 
for AlGaN up to 70% Al composition, but the resistivity rap-
idly increases for still-higher Al compositions, peaking around  
100 Ω cm2 for AlN.

For the nitrides, once again compositional grading may 
come to the rescue; here the composition is graded from high-
Al-content for the active region of the device down to low-Al-
content AlGaN, or even GaN, onto which Ohmic metallization 
may readily be achieved. This approach has in fact achieved 
Ohmic contacts with specific contact resistivity in the low  
10−6 Ω cm2 range to devices with Al0.75Ga0.25N channels.[338,339]

For UWBG materials for which compositional grading is 
not possible, metals with a low Schottky barrier height to the 
semiconductor of interest should be explored, and methods to 
achieve high doping, as outlined above, should be investigated 
in parallel.

Integration: Finally, as discussed in Section 3.3, integration 
of UWBG semiconductor materials will likely be important for 
optimization of combined thermal and electronic properties. 
Certainly there has been a significant effort to take advantage 
of the high thermal conductivity of diamond for high-power 
GaN HEMT RF devices. There is also a potential advantage 
to integrating GaN electron devices with diamond-based hole 
devices. This could be extended to diamond electronics and 
nitride optoelectronics that are monolithically integrated on the 
same chip. Such monolithic integration of diamond and III-N 
materials could potentially be enabled by using epitaxial cubic 
BN as an intermediary. While there is a large lattice mismatch 
between c-BN and AlN, the c-BN/AlN interface could exhibit 
chemical stability and support efficient thermal transport, and 

Figure 21.  Top: Schematic of a lateral pn junction based on GaN doped 
with Mg. Bottom: SIMS data of O and Mg incorporation in the Ga-polar 
and N-polar GaN. Significantly more O is incorporated in the N-polar 
GaN,[332] illustrating how material polarity can affect dopant and impurity 
incorporation during growth. Reproduced with permission.[332] Copyright 
2007, AIP Publishing.
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the epitaxial c-BN/diamond interface might also effectively 
transfer thermal energy between the layers.

In general, vertical epitaxial heterostructures have proved 
crucial for compound semiconductor (including current WBG 
III-N) devices. Such heterostructures will almost certainly be 
important for UWBG devices as well, if they can be developed. 
It is easy to imagine these in the AlGaN/AlN system, but they 
could be just as important in more novel systems such as epi-
taxial diamond/c-BN and Ga2O3/Al2O3 heterostructures.

4.7.2. Modeling/Calibration

Device-level technology computer-aided design (TCAD) based 
finite-element models (such as was used to create Figure 19) 
are commonly used to solve the coupled equations for carrier 
transport, heat transport, electrostatics (Poisson’s equation), 
and trap occupation statistics to predict steady-state or tran-
sient spatial distributions of temperature, electric field, free car-
riers, and more. Such models, properly built and validated, can 
be used to understand how variations in device layout, doping 
concentration in various regions, and various other engineered 
parameters, determine measurable quantities such as transistor 
gain, switching speed, optical device efficiency, etc., as well as 
difficult-to-ascertain quantities such as internal electric field in 
a power switch, peak temperature within a power device, or the 
fast transient evolution of an event such as a heavy ion strike in 
a space application.

TCAD models are thus a critical interface between our basic 
scientific understanding of materials and physics, on the one 
hand, and the technological performance of the device, on the 
other. Developing UWBG TCAD will be a critical step towards 
informing when scientific understanding is correct (when 
device performance can be predicted) and towards enabling 
technological performance to be explored and optimized more 
efficiently than by trial-and-error experiment.

En route to developing UWBG TCAD, however, there are a 
number of challenges. These include: understanding how to 
best extend legacy TCAD to UWBG devices while retaining 
the physical validity developed for narrower-gap semiconduc-
tors; understanding how to calibrate TCAD models under the 
more extreme conditions experienced by UWBG devices; and 
understanding and incorporating new physics associated with 
UWBG devices.

UWBG TCAD: Borrowing from Legacy TCAD: TCAD is most 
mature for silicon devices, as silicon is both the best under-
stood semiconductor and has been the dominant driver for 
such modeling since its infancy. Much can be borrowed from 
this legacy silicon TCAD, but there are significant challenges. 
Care must be taken not to borrow “default” physical mecha-
nisms from silicon that are irrelevant for the UWBG materials 
in question, or that are extrapolated beyond the range (i.e., high 
temperatures or high electric fields) that legacy semiconducting 
materials support.

A first consideration for appropriate use of legacy TCAD 
is associated with the unphysically small theoretical intrinsic 
and minority-carrier concentrations in WBG/UWBG semicon-
ductors. In conventional intrinsic semiconductors like silicon, 
free-electron and -hole concentrations are roughly 1010 cm−3 

at room temperature. In UWBG materials, Fermi–Dirac statis-
tics predict they are theoretically 10−10 cm−3 or less for intrinsic 
material, a concentration that has no direct physical meaning. 
The time-averaged carrier concentration will always be orders 
of magnitude greater. The physical origin of this discrepancy 
is that Fermi–Dirac statistics are based on the assumption that 
the free carriers are from the high energy tail of a thermal dis-
tribution,[340] leading to a prediction of an infinitesimal density 
several electron-volts from the band edge in question.

This is important because TCAD models often use free-car-
rier density or current(s) when solving for trap occupation sta-
tistics, steady-state potential in floating body regions or floating 
electrical contacts, and more. This can cause instability in the 
TCAD simulation’s internal convergence or in the outputs, 
leading to long run times, or worse an incorrect understanding 
of the problem. Troubleshooting can include looking for unex-
pected sensitivity to a physically negligible source of minority 
carriers (such as above-bandgap photons), impact of grounding 
floating regions, artificially raising the ambient temperature, 
and unexpected sensitivity to physically negligible density of 
traps and/or dopants in the semiconducting materials. Natu-
rally, it is important to solve a convergence or other model exe-
cution problem in a physically valid way.

A second consideration for legacy TCAD re-use is related to 
this first one. Many technologically important traps (such as are 
used to make material semi-insulating) are electron-volts deep 
in the bandgap. Classic Fermi–Dirac statistics can lead to semi-
infinite times necessary to reach steady-state when modeling 
trap occupation at room temperature. Additionally, care must 
be taken when modeling, as very small modeled free-carrier 
current(s) can determine the occupation levels of these traps. 
When there are traps deep within a semi-insulating region 
(such as a WBG/UWBG substrate), trap occupation set through 
drift-diffusion carrier transport can be far different than that set 
through a hot-carrier transport model. Additionally, surfaces 
may have far more conductivity than the bulk, and defects may 
dominate the current flow mechanism (e.g., trap-to-trap hop-
ping conduction).[341,342]

A third legacy consideration is associated with the much 
higher internal electric fields supported by UWBG materials. 
Breakdown by other mechanisms is likely to occur before con-
ventional impact-ionization-driven avalanche breakdown. In 
GaN, noise in the gate current is often seen preceding break-
down, which typically happens in the gate dielectric.[343,344] This 
means in practice that other breakdown mechanisms may need 
to be simulated within the semiconductor, in a dielectric layer, 
or even in the surrounding air, for insufficiently passivated 
devices.

A fourth legacy consideration is the sheer range of values 
(in temperature, electric field, etc.) that are experienced in 
UWBG devices. In practice, commercial TCAD packages typi-
cally require that physical properties be fitted to parametrized 
polynomials, spline fits, power laws, or similar. Some TCAD 
packages are restrictive as to the type of function and number 
of fitting parameters that can be used. As a specific example, 
a power law fit may be possible with acceptable accuracy for 
thermal conductivity from 300–500 K but not 300–700 K. Thus, 
the quality of the fit of the physical properties to the desired 
function may deteriorate considerably. This is a seemingly  
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mundane but very easily overlooked consideration when 
applied over these wide physical ranges.

UWBG TCAD: Calibration under Extreme Conditions: All 
TCAD models must be calibrated through experimental deter-
mination of their materials, physics, and device parameters via 
specialized test structures. Calibration of UWBG TCAD models 
faces some additional challenges.

A first calibration challenge is the critical electric field (or 
equivalently the electron and hole ionization coefficients) for 
breakdown. Extracting this critical field from a working power 
device is problematic, due to the possibility of premature break-
down associated with imperfect edge terminations—a pos-
sibility made more likely by the very high voltages enabled by 
UWBG semiconductors. Instead, it may be necessary to use 
specially designed avalanche-photodetector-like structures, in 
which the multiplication coefficient is used to extract either the 
electron or hole ionization coefficient. The difficulty will be to 
ensure that the multiplication process is initiated by only one 
type of carrier.

A second calibration challenge is associated with the 
much smaller physical size of UWBG devices enabled 
by the higher electric fields they can sustain. As physical 
size decreases, internal gradients in voltage and temperature 
increase, and direct spatially resolved measurements of these 
become problematic. For example, the spatial resolution of 
any optical technique for local temperature measurement 
may become diffraction-limited. Thus, a technique that in a 
large device would be sufficient to measure a single “point” 
temperature might now measure a weighted average over a 
non-negligible volume.

A third calibration challenge is associated with determining 
the electronic properties of defects, both bulk and interfacial. 
This can be problematic even for WBG materials, and is likely 
to be much more so for UWBG materials. For example, defect 
states in UWBG materials can be very deep in the gap, leading 
to excessively long carrier emission times, rendering tech-
niques based on thermal emission of carriers such as deep-level 
transient spectroscopy (DLTS) ineffective. This makes it neces-
sary to use less-common techniques such as deep-level optical 
spectroscopy (DLOS, which uses light instead of temperature to 
empty very deep traps).[345] Similarly, standard techniques used 
to characterize the defect density at semiconductor–insulator 
interfaces, such as the conductance technique, may underesti-
mate the density of traps due to long time constants; DLOS-like 
techniques may also be needed here.[346] In general, great care 
must be taken in interpreting experimental results on UWBG 
semiconductors, since the assumptions typically made in char-
acterization experiments on conventional semiconductor mate-
rials (e.g., complete ionization of dopants) may very well prove 
to be untrue.

A fourth calibration challenge is the immaturity of synthesis 
and processing, leading to parameters which are less “funda-
mental” or intrinsic, but rather depend on materials varia-
tion or defects. Moreover, the materials can evolve (degrade) 
over time: physically smaller devices driven very hard imply 
steeper temperature gradients and higher electric fields, both 
of which can drive atomic diffusion, re-structuring, and even 
local melting.[347] There is also an opportunity here: if these 
material variations can be parametrized and folded into TCAD 

models, then subtle aspects of device performance might be 
used to infer and control material variations during synthesis 
and processing.

UWBG TCAD: New Physics: All TCAD models require 
parameterized descriptions of the important physical effects, 
most commonly partial differential equations that can be dis-
cretized over a mesh representing the physical structure. Some 
physical mechanisms will require considerable work to put into 
the right functional form. As an example, electron mobility is 
fundamentally described by physics at the atomic level. The 
TCAD model will typically require this to be distilled to a func-
tion of local electric field, local lattice temperature, and local 
dopant concentration that can be applied at any point in a 
meshed structure.

As discussed in Section 3, however, UWBG materials and 
devices will push extreme and unexplored physics regimes, 
and will stress our existing understanding of physics. Under-
standing the new physics, then distilling that physics into 
parameterized models is thus a particularly key research 
opportunity/challenge: 

25.	Devices: Incorporation of emerging UWBG physics into pa-
rameterized TCAD models that can then be used to validate 
the physics as well as to catalyze new device architectures.

A first new physics challenge is associated with multi-
event effects. For example, a hot electron degradation pro-
cess involving two hot electrons will scale differently than if 
one electron supplies the energy. This has been seen in sil-
icon,[348] and the likelihood of multi-event effects such as this 
increases as the densities of hot electrons, energetic phonons, 
etc. increase and as the energy supplied by a single electron-
hole recombination event or a carrier dropping into a deep trap 
increases.

A second new physics challenge is associated with multi-
physics effects. As a concrete example, if an UWBG material 
sustains a voltage gradient of 5 MV cm−1 in a location con-
taining a charged defect, the defect will experience an elec-
tric field of 0.5 V nm−1, which may alter the activation energy 
barrier to defect diffusion and reorganization (especially for 
multiply charged defects). Additionally, high fields are seen to 
drive electrochemical reactions.[349,350] Likewise, high tempera-
tures and mechanical stresses, as well as gradients in these, will 
influence atomic processes.

A third new physics challenge is associated with non-equi-
librium effects. Even basic concepts such as temperature may 
need revisiting. For example, GaN can sustain high enough 
power density that the density of optical phonons is no longer 
at equilibrium with the lattice temperature,[351] and this is 
likely to be even more pronounced for UWBG semiconductors. 
Where temperature is important to a modeled physical effect, 
the “correct” temperature can depend on the nature of the phys-
ical interaction. This will be especially critical for slow effects 
critical to understanding degradation and failure processes. 
Statistical thermodynamic assumptions underpin models of 
reaction kinetics, diffusion, defect formation and concentra-
tion, and more. This challenge needs work early because find-
ings will influence other characterization and modeling efforts, 
including atomistic efforts usually considered the “starting 
points.”
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4.7.3. Packaging

In order to fully realize the potential of 
UWBG materials and devices, packaging 
technology must advance to enable envi-
sioned high-temperature, high-voltage, and 
high-frequency applications. In particular, 
packaging technology with suitable mate-
rial, thermal, and electrical properties must 
be developed before UWBG devices can be 
incorporated into high-performance systems. 
Many of the challenges are similar to those 
facing packaging researchers working with 
GaN and SiC devices, but with even more 
stringent requirements for temperature and 
electrical performance.

The operating temperatures of UWBG 
devices will surpass those that can be accom-
modated by conventional packaging mate-
rials, necessitating a transition to entirely new 
packaging materials and techniques. It is crit-
ical that all materials used in the package can 
withstand the increased operating tempera-
ture, and it is highly desirable that the com-
plete package have high thermal conductivity 
for effective heat removal. Another critical 
packaging feature is the coefficient of thermal 
expansion (CTE) of the materials that are used 
to attach the die to the package, as well as to protect the device 
(encapsulation, molding, passivation). In particular, in pulsed 
power applications the wide temperature operating range makes 
good CTE matching critical to avoid component failures due to 
thermally-induced cracks in the die itself or at various interfaces. 
Conventional encapsulants are designed mainly for applications 
below 175 °C, and existing commercial high-temperature encap-
sulants show significant degradation in both mechanical prop-
erties (e.g., cracking) and electrical performance (e.g., dielec-
tric strength) when operating at 250 °C.[352] New materials and 
encapsulation techniques must thus be explored and developed 
to enable such high-temperature operation.

In addition to more challenging thermal environments, 
UWBG devices will also require packages with improved elec-
trical characteristics. The combination of increased voltage, 
power, and device switching frequency in UWBG devices leads 
to greatly increased switch transition speeds, where the rate of 
change of current (di/dt) and voltage (dv/dt) represents a for-
midable packaging challenge. Specifically, parasitic current 
loop inductances must be minimized to avoid excessive ringing 
during switch transitions, which can damage the device. Here, 
traditional wire-bond technology will likely not suffice, and 
more advanced die-attach methods such as wire-bond-less direct 
solder attachment[353] or flip-chip techniques will be required.

In high-frequency power electronics systems, the most effec-
tive way to reduce interconnect parasitics is to place switching 
devices and gate-drive circuitry as close to each other as pos-
sible. This is particularly important for high dv/dt transitions, 
where the parasitic gate-drain capacitance can lead to spurious 
device turn-on if the parasitic gate resistance and inductance 
are too high. An effective method to mitigate this is through the 

development of integrated switching cells, where the gate drivers 
and one or more switching devices are placed in close proximity 
to reduce parasitic inductance. An example of such an integrated 
s witching cell, with carefully controlled impedance to minimize 
ringing, is shown in Figure 22. Here, four GaN devices, two gate 
drive ICs, and local decoupling capacitors were integrated onto 
the same substrate to achieve a high level of integration in a  
2 kW inverter prototype[354] with excellent results.

While integration of the gate driver, control, and sensing on 
the same die as the main power transistor yields the smallest 
parasitic interconnection, this level of integration is challenging 
in practice. Owing to the different material requirements of kV-
scale voltage stand-off for the main power switch, and the low 
(typically <15 V) voltage levels of sensing and control, practical 
solutions to date have placed these functions on separate chips 
in a multi-chip module (MCM). As is the case for GaN and SiC 
devices, future packaging solutions will likely benefit from 3D 
stacked die power modules for UWBG applications, which can 
reduce interconnect inductance through out-of-plane connec-
tions. A key research challenge/opportunity is:

26.	Devices: New packaging materials and low-inductance in-
terconnects compatible with high-temperature, high-voltage 
and high-dv/dt operation.

5. List of Research Opportunities/Challenges

1.	 Materials: Large (>5 cm) diameter single-crystal AlN 
substrates with low (<104 cm−2) dislocation densities and 
negligible bowing (radius of curvature >30 m).

Figure 22.  Example of an integrated switching cell used to reduce the inductive loops in the 
commutation of GaN devices. At the high di/dt and dv/dt transition transients encountered in 
UWBG devices, tight integration between power devices and gate drive circuitry will be critical 
to ensure high performance and reliability.
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2.	 Materials: A predictive vapor-surface-film thermodynamic/
kinetic framework for the atomic-scale co-evolution of mor-
phology and composition during AlGaN heteroepitaxy.

3.	 Materials: A complete set of synthesis and processing tools 
for control of substrate diameter, defects, doping, carrier 
confinement, contacts, and heterostructures in diamond-
based materials.

4.	 Materials: Novel synthesis, processing, and architectural 
routes for circumventing the low thermal conductivity of 
Ga2O3.

5.	 Materials: Exploration of novel UWBG materials (beyond 
AlN/AlGaN, diamond, and β-Ga2O3), including h-BN for 2D 
devices, wz-BN as an AlGaInN-alloying heterostructure-ena-
bling material, and c-BN as a heterostructure with diamond 
and as a stand-alone material.

6.	 Materials: A first-principles theory of doping in UWBG sem-
iconductors in conjunction with new synthesis and doping 
approaches (e.g., based on broken symmetries at surfaces 
and hetero-interfaces) that enables improved understanding 
and control of conventional doping methods.

7.	 Physics: Exploration of extreme high-field and non-equi-
librium physics regimes opened up by UWBG semicon-
ductors—regimes that will likely lead to re-evaluation of 
standard models for the fundamental properties of, and in-
teractions between, the various carriers of energy (electrons, 
holes, phonons and photons).

8.	 Physics: A comprehensive understanding of the carrier and 
lattice dynamics underlying electron and hole transport—at 
low and high fields and in the breakdown regime—across 
the range of polar and non-polar UWBG semiconductors.

9.	 Physics: New theoretical descriptions and models of high-
energy carrier transport and avalanche breakdown in UWBG 
materials, coupled with experimental verification.

10.	Physics: Exploration of the physics of carrier confinement 
under extreme conditions (e.g., ultrathin heterostructures 
whose confinement requires UWBG semiconductors).

11.	Physics: High-k, ultrawide-bandgap dielectrics with low-in-
terface-state-density interfaces to UWBG semiconductors.

12.	Physics: New techniques for monitoring space- and time-
varying temperature profiles, and for modeling and co-
designing devices for combined electrical and thermal  
performance.

13.	Devices: Normally-off vertical power switches that combine 
ultra-high breakdown voltages with ultra-low on-resistance.

14.	Devices: Photoconductive UWBG-semiconductor switches 
for pulsed-power applications.

15.	Devices: New dielectric and magnetic materials and archi-
tectures that enable high-frequency ultra-compact integrated 
passive elements, which in turn enable system performance 
not limited by performance of those passive elements.

16.	Devices: Thermally managed UWBG RF transistors that 
generate higher output powers and power densities than 
present Si-, III-V-, SiC-, and GaN-based devices.

17.	Devices: High-voltage, low-capacitance, low-on-resistance 
UWBG RF switches having the ability to stand off voltages 
higher than those generated by UWBG power transistors.

18.	Devices: Single-crystal AlGaN and AlN electromechanical 
RF filters with very high bandwidth and power-handling ca-
pability, small size and weight, and potential for monolithic 

integration with AlGaN electronics.
19.	Devices: Negative-electron-affinity and/or ultra-low-work-

function surfaces for robust, high electron-emission effi-
ciency cold cathodes and/or electron collector surfaces.

20.	Devices: LEDs with >10% wall-plug efficiency at wavelengths 
<260 nm; and compact laser sources in the UV-C and UV-B 
bands with power efficiency >10% and high beam quality.

21.	Devices: A photonic integrated circuit incorporating all the 
building blocks (e.g., UWBG lasers, AlN waveguides, Al-
GaN/SiC detectors) necessary for a single-chip quantum in-
formation processing system (based on trapped ions, neutral 
atoms, photons, or defect centers).

22.	Devices: UWBG power devices that exhibit essentially no 
performance degradation and no destructive single-event ef-
fects in radiation environments.

23.	Devices: A new generation of extreme-environment sensors 
with co-located power and data processing electronics.

24.	Devices: Development of an UWBG material and device pro-
cessing toolkit, including: selective-area doping; low-resist-
ance Ohmic contacts; and materials integration.

25.	Devices: Incorporation of emerging UWBG physics into pa-
rameterized TCAD models that can then be used to validate 
the physics as well as to catalyze new device architectures.

26.	Devices: New packaging materials and low-inductance in-
terconnects compatible with high-temperature, high-voltage 
and high-dv/dt operation.
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