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Abstract: Currently, a significant portion (~50%) of global warming emissions, such as CO, are re-
lated to energy production and transportation. As most energy usage will be electrical (as well as
transportation), the efficient management of electrical power is thus central to achieve the XXI cen-
tury climatic goals. Ultra-wide bandgap (UWBG) semiconductors are at the very frontier of elec-
tronics for energy management or energy electronics. A new generation of UWBG semiconductors
will open new territories for higher power rated power electronics and solar-blind deeper ultravio-
let optoelectronics. Gallium oxide —Gaz20s (4.5-4.9 eV), has recently emerged pushing the limits set
by more conventional WBG (~3 eV) materials, such as SiC and GaN, as well as for transparent con-
ducting oxides (TCO), such asIn203, ZnO and SnO:, to name a few. Indeed, Ga:0s as the first oxide
used as a semiconductor for power electronics, has sparked an interest in oxide semiconductors to
be investigated (oxides represent the largest family of UWBG). Among these new power electronic
materials, AlxGa1xOs may provide high-power heterostructure electronic and photonic devices at
bandgaps far beyond all materials available today (~8 eV) or ZnGa204 (~5 eV), enabling spinel bi-
polar energy electronics for the first time ever. Here, we review the state-of-the-art and prospects of
some ultra-wide bandgap oxide semiconductor arising technologies as promising innovative mate-
rial solutions towards a sustainable zero emission society.

Keywords: energy electronics; ultra-wide bandgap; power electronics; diodes; transistors; gallium
oxide; Ga20s; spinel; ZnGa204

1. Introduction

According to the latest Intergovernmental Panel on Climate Change (IPCC) report
released in August 2021 [1], climate change is widespread, rapid, and intensifying and
some trends are now regarded as irreversible. Human-induced climate change is already
affecting many weather and climate extremes in every region across the globe. Scientists
are also observing changes across the whole Earth’s climate system; in the atmosphere, in
the oceans, ice floes, and on land. Many of these changes are unprecedented and some of
the shifts are now in motion, while some—such as rising sea levels—are already irreversi-
ble for the coming centuries to millennia. Stabilizing the climate will require strong, rapid,
and sustained reductions in greenhouse gas emissions, and reaching net zero CO2 emis-
sions. Limiting other greenhouse gases and air pollutants, especially methane, could be
beneficial for the health of the climate as well as the population [1]. The breakdown for
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the different greenhouse gas emissions can be seen in Figure 1 [2], where transport and
electrical production account for up to 40%. Therefore, many energy-related megatrends
of our modern society must focus on themes such as energy efficiency, e-mobility, smart
grid and digitalization requiring green energy management electronics or power elec-
tronic solutions [3].

missions
(a) 2100 warRMING PROJECTIONS B i
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Figure 1. (a) Projected global warming figures for 2100. (b) Global warming emissions by gas. (c)
Global greenhouse gas emissions by economic sector. (d) Selected applications for power semicon-
ductors Si, SiC, GaN, and Ga20s for power electronics in terms of current and voltage requirements.
(e) Owing to its ultra-wide bandgap, Ga20s can create additional possible applications for ultra-high
power electronics including fast chargers for electric vehicles, high voltage direct current (HVDC)
for data centers, and alternative energy sources. Figure sources: https://www.epa.gov/ghgemis-
sions/global-greenhouse-gas-emissions-data (accessed on 16 December 2021). Source: (a) Source:
IPCC (2014); based on global emissions from 2010. Details about the sources included in these esti-
mates can be found in the Contribution of Working Group III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. (b) IPCC (2014) based on global emissions from 2010.
Details about the sources included in these estimates can be found in the Contribution of Working
Group III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. (c)
Boden, T.A., Marland, G., and Andres, R.J. (2017). Global, Regional, and National Fossil-Fuel CO2
Emissions. Carbon Dioxide Information Analysis Center, Oak Ridge National Laboratory, U.S. De-
partment of Energy, Oak Ridge, Tenn., U.S.A. doi 10.3334/CDIAC/00001_V2017. Panels (d) and (e)
adapted with permission from [4](©2018 COPYRIGHT AIP Publishing).
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Around half of the power used in the world is electrical and this is expected to in-
crease steadily in the near future [5]. The vast majority (if not all) of this electricity will
flow through, at least, one power electronic device during its generation, transmission,
and final use. This is a critical aspect of power management which is sometimes over-
looked, as power electronics make renewable (and non-renewable) energy impactful by
increasing their efficiency [6]. As Si-based devices are replaced with other materials which
are more energy efficient, this will affect the overall power consumption which will have
a knock-on effect on CO:z emissions by a significant amount [7]. Furthermore, devices
made with a semiconductor having a bandgap larger than silicon can be made with less
material and have lower cooling requirements, hence saving a lot of space and weight in
applications such as electrical transport. This integration obviously impacts the amount
of power required and, therefore, saves energy and its associated emissions. Since the
1980s, there has been a lot of work towards replacing silicon-based (E-gap of 1.12 eV)
power electronics devices with wide bandgap (3-3.4 eV) semiconductor (WBG) based de-
vices (in particular, silicon carbide (5iC) and gallium nitride (GaN)) and power devices
with superior specs (higher temperature of operation, higher power handling capability,
etc.) are now commercially available (typically in the range of 650 V-3.5 kV) [8,9] (Figure
1). While SiC devices and GaN transistors are already qualified in many emerging appli-
cations, silicon-based devices are still dominating in most applications. There are several
reasons for this dominance, to start with, Si-based devices still have substantial potential.
Their electrical and thermal performance is outstanding, their reliability is proven as can
be seen from their years in application, as well as their low cost. In contrast WBG devices
are starting their development, where we are still learning about materials development
and device design. The benefits on the system level needs to be qualified and long-term
reliability issues need to be determined; as these materials are developed, the costs for
high-quality large volume production should decrease.

More recently, the frontier in the field is now given by ultra-wide bandgap semicon-
ductors (UWBG), which have the promise of further upshifting the power rating and op-
eration temperature. The same UWBG oxides also offer the potential for deeper ultraviolet
optoelectronics [10]. Although another UWBG semiconductor, diamond, has been inves-
tigated over the last forty years, there has been limited progress and only recently have
other materials, such as gallium oxide (Ga20s) or aluminum nitride (AIN), yielded device
demonstrations with appropriate performances. In particular, Ga:0s is a newer UWBG
material (4.5-5 eV) and is receiving a lot of attention as a novel semiconductor, owing to
its unusual material properties. The doping (n-type) is very tunable with an extremely
high breakdown field and unique optoelectronic properties, these alongside the possibil-
ity of growing large native substrates (over 6”) with a low cost [11]. Besides, representing
the first viable oxide semiconductor for power electronics, Ga20s has opened the door to
many more oxide compounds to be scrutinized (e.g., spinel ZnGa:0s) as they represent
the largest family of ultra-wide bandgap semiconductors. UWBG oxide semiconductors
are now at the very frontier of energy electronics, and much cutting-edge research, chal-
lenges, and opportunities are taking place [12]. These will be succinctly overviewed in this

paper.

2. Oxide Semiconductors for Power Electronics

As an alternative to silicon, there is a new generation of wide bandgap semiconduc-
tors which have the capability to operate at higher voltages, temperatures, and switching
frequencies with greater efficiencies compared to existing Si devices. This characteristic
results in lower losses and enables significantly reduced volume due to decreased cooling
requirements and smaller passive components contributing to overall lower system cost.
Wide bandgap semiconductors (in the context of power electronic devices) usually repre-
sent materials whose band gap is larger than that of silicon. A (non-exhaustive) list of
different wide bandgap semiconductors is presented in Figure 2. There are several fami-
lies of wide bandgap semiconductors depending on their chemical composition. The III-
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vV
Boron nitride, cubic

V wide bandgap semiconductors are primarily nitrides, phosphides, and arsenides. Chal-
cogen semiconductors are those containing a transition metal and a chalcogen anion (S,
Se, or Te), therefore forming sulfides, selenides, and tellurides. There are few halogen
wide bandgap semiconductors in the form of chloride, iodides, and bromides. Silicon car-
bide (which exhibits a very large number of polytypes) and diamond are both carbon-
based materials. SiC is a relevant wide bandgap semiconductor since it is the only com-
pound semiconductor that can be thermally oxidized to form SiO: in the same fashion as
silicon [13].
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Figure 2. Wide bandgap semiconductors (in the context of power electronic devices) usually repre-
sentmaterialswhosebandgap is larger than that of silicon. In practice, wide bandgap materials of
choice have a bandgap of around ~3 eV, with silicon carbide and gallium nitride in a prominent
position. Recently, a new family of semiconductor materials with even larger bandgaps (known as
ultra-wide bandgap semiconductors) is being investigated for the new generation of optoelectronic
and power electronic applications. As a rule of thumb, an ultra-wide bandgap semiconductor is one
whose bandgap is larger than that of GaN (i.e., 3.4 eV). Perhaps the most investigated ultra-wide
bandgap semiconductors are diamond, some nitrides (AlGaN, AIN, and BN), and a few oxides.
Among these oxides, gallium oxide is the only oxide semiconductor with ultra-large bandgap where
it is possible to modulate the conductivity (i.e., doping) to define power electronic devices.

A special case of chalcogenides would be oxides; although group 16 is defined as
chalcogens, the term chalcogenide is more commonly reserved for sulfides, selenides, and
tellurides only. Oxides are ubiquitous in nature due to the large abundance of oxygen in
the earth and the large oxygen electronegativity (i.e., the atom tendency to attract electrons
and thus form bonds) that easily creates largely covalent stable chemical bonds with al-
most all elements to give the corresponding oxides. Indeed, almost the entire Earth’s crust
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parts are oxides as the individual crust elements are inclemently oxidized by the oxygen
present in the atmosphere or in the water [14]. Besides, the Earth’s mantle (which repre-
sents 60-70% and ~80% of the Earth’s mass and volume, respectively) is predominantly a
layer of silicate (i.e., compounds containing silicon and oxygen including silica, orthosili-
cates, metasilicates, pyrosilicates, etc.) and magnesium oxide (MgO)-rich rock between
the crust and the outer core [14]. The upper mantle is dominantly peridotite, composed
primarily of variable proportions of the minerals olivine ((Mg,Fe):5iO4), pyroxenes
(XY(51,Al)20¢), and aluminous phases, such as feldspar (NaAlSisOs-CaAl25i20s) and spi-
nel (MgAl:0Os). The lower mantle is composed primarily of bridgmanite (Mg, Fe)SiOs) and
ferropericlase (Mg, Fe)O), with significant amounts of calcium perovskite (CaSiOs) and
calcium-ferrite oxides [15].

Thus, in general, oxides can be regarded as naturally abundant and stable com-
pounds. Since the early days of solid-state physics, (undoped) oxides have been consid-
ered to be insulators (or more precisely, highly resistive wide bandgap semiconductors).
The bandgap of many common oxides, such as Al20s, SnOz, TiOz, In203, Cu20, WOs, ZnO,
or NiO, is much wider than that of silicon (1.12 eV). Therefore, they are intrinsically poor
conductors at room temperature if they are not properly doped into a degenerated state.
Recently, much effort has been put into increasing the conductivity of some of these oxides
(in particular those where s and p electrons propagate with a large mobility) while main-
taining the optical transparency. Good examples are the doping of Alin ZnO, Sn in In20s,
and F in SnO», which are known as transparent conducting oxides (TCOs).

In practice, wide bandgap materials of choice have a bandgap of around ~3 eV, with
silicon carbide and gallium nitride in a prominent position. Recently, a new family of sem-
iconductor materials with even larger bandgaps (known as ultra-wide bandgap semicon-
ductors) is being investigated for the new generation of optoelectronic and power elec-
tronic applications. As a rule of thumb, an ultra-wide bandgap semiconductor is one with
a band gap larger than that of GaN (i.e., 3.4 eV). Perhaps the most investigated ultra-wide
bandgap semiconductors are diamond, some nitrides (AlGaN, AIN, and BN), and few
oxides. Among oxides, gallium oxide (Ga20s) is the only oxide semiconductor with ultra-
large bandgap where it is possible to modulate the conductivity (i.e., doping) to define
power electronic devices. SiC and GaN power devices have already attracted much atten-
tion in higher efficiency electrical power conversion [4]. The major advantage of -Ga20s
is that the single crystal structure can be synthesized via several standard melt growth
methods, e.g., the Czochralski (CZ) technique. This is a huge advantage of Ga20s over SiC,
GaN, and diamond for scaling up production, hence we would expect the cost of f-Ga20s
power electronics to decrease and be more in line with silicon with respect to their SiC
and GaN counterparts [16,17].

3. Gallium Oxide (Ga203)

Ga20s has, at least, six polymorphs of which only one is thermodynamically stable at
high temperatures (8 phase, monoclinic), while the others are metastable and tend to con-
vert to § upon high-temperature treatments including the phases &, corundum, 9, cubic,
and ¢, hexagonal, v, defective-spinel, and orthorhombic i polymorph [18]. The basic prin-
ciples of polymorphism in crystals are clear: the lattices adapt to the minimum energy
with respect to the temperature and pressure. Nearly all Ga20s-containing devices utilize
the monoclinic § phase, the most stable and best-characterized polymorph. As a well-
known representative of a binary metal-oxide, gallium oxide cannot therefore be regarded
as a new material, but as a revisited and rejuvenated one. For example, early crystallo-
graphic studies for single crystals [19] together with diverse luminescence studies of
doped p-Ga20s were reported as early as the1960s [20]. Lorenz et al. [21] already published
in 1966 that n-type Ga20s exhibits mobilities in the range of 100 cm?V-'s™! and an adequate
device doping of 10" cm= can be achieved just by controlling the native oxygen vacancies’
density. Its deep-ultraviolet intrinsic bandgap of around 4.5-4.9 eV and excellent photo-
conductivity are also well-known from early contemporary studies [22]. It was not until
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this decade that the potential of Ga:0s for a certain class of extreme or power electronics
was realized due to further availability of large-area single crystals with high quality and
the control of doping. In the past, Ga20s was somehow ignored as an ultra-wide bandgap
material, as it was eclipsed by the potential of diamond which has never been fully real-
ized [23].

Previously, SiC and GaN were the wide bandgap materials of choice [6]. However,
from an ultra-high energy electronics perspective, Ga20s transistors and diodes exhibit
the potential of delivering outstanding performances in the form of high breakdown volt-
age, high power and low losses because of superior material properties, thus extending
the power handling limits given by the SiC and GaN integration into the mainstream [4].
Indeed, an ultra-large breakdown electric field, (which is usually assumed to be of the
order of E~8 MVcm™), is a prime material advantage of Ga20s. However, this value may
be well underestimated; it was very recently suggested that the critical electric field of
Ga20s could be as large as 13.2 MVcem™, if the residual donors are efficiently removed [24].

A high critical field crucially promotes the suitability of a semiconductor material for
power devices that would be able to manage a large amount of electrical energy per unit
area. Baliga’s figure of merit [25] for power electronics is proportional to E, whilst only
being linearly proportional to the bulk electron mobility (u). Although Ga20s presents a
similar conduction band dispersion (i.e., effective mass) than GaN, a relatively small
bound limit of 1 ~300 cm?V-s™! is frequently given [26]. This is due to a massive Frohlich
interaction which is common to many conducting oxides. Balancing critical field and mo-
bility, the on-state losses can be still an order of magnitude lower than those for SiC and
GaN for a given breakdown voltage (Figure 3). Comparing these values to other power
semiconductors (see Figure 3),5-Ga20s appears favorable, surpassing SiC and GaN. A ma-
jor additional technological advantage of the $-Ga20s is that the single crystal structure
can be synthesized via several standard melt growth methods including the Czochralski
(CZ) technique [27]. This, in practice, would imply SiC performances (or better ones) at a
fraction of cost.

1.12 11.9 1240 0.3 8.8 145
4H-SiC 3.20 9.7 980 3.1 6270 350
3.40 10.4 1000 4.9 27900 140
a,0; 4.90 10.0 150 10.3 36300 27
Diamond 5.50 5.7 2000 13.0 554000 3450
6.00 9.8 426 15.4 336000 319
6.40 7.1 825 17.5 695000 2145
_____ Lattice Tempe (K
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3™
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357

344
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309
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Figure 3. A summary of the main power device figure of merit (or Baliga’s figure of merit. BFOM)
parameters of the most popular wide bandgap semiconductors. Gallium oxide has a particularly
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poor thermal conductivity. However, when integrated into devices, heterojunctions with other bet-
ter suited heat sinks (such as silicon carbide) area way to circumvent that limitation. As shown in
the bottom panels, the simulate lattice temperature is lower on SiC (b) when compared with Ga203
substrates (a). Furthermore, thinning the Ga20s active film helps thermal performances. Adapted
with permission from [11] ©2018 COPYRIGHT Society of Photo-Optical Instrumentation Engineers
(SPIE).

There are certain applications, such as maritime and air transport, that are difficult
to electrify as the power ratings are generally larger than, say, urban electric cars (Figure
1d,e). For electric cars, devices delivering at or below the 1.2 kV perform well as rapid
chargers or drive converters. These power ratings are well covered with “conventional”
WBG, such as SiC and GaN. As the critical electric field of Ga20s has been reported to be
at least two times, (or even four times larger), than that of these WBGs, the blocking volt-
age range of single electronics devices may be significantly extended in the future beyond
what is theoretically possible today. These promises will impact directly on the size and
weight of planes and ships resulting in less energy and emissions. As energy and trans-
portation represents a major portion of the current CO: emissions contributing to global
warming, it is expected that UWBG such as Ga:03 may open new opportunities in sectors
that are now difficult to decarbonize. Other prominent examples where the advantage of
ultra-wide bandgap semiconductors can be exploited are as more solar-blind (UV trans-
parent) transparent conducting electrodes [11] and electron (or hole) transport layers
within solar cells or photodiodes [28].

3.1. Gallium Oxide Bulk Crystal Growth

Commonly used growth techniques of bulk $-Ga:20s crystal are (Table 1): Verneuil
method [21,29], Czochralski (CZ) method [30-33], floating-zone (FZ) method [34], edge-
defined film fed (EFG) method [16,17], and Bridgman (horizontal or vertical, HB and VB)
method[35,36],summarizing the basic features of melt growth methods reported so far.

Table 1. Overview of 5-Ga20s bulk crystal growth methods.

Method Verneuil FZ CZ EFG VB
| ___
Ravs{ i Raw l T T Raw
g materialf|_ L J material
- 0, Crystal L] — —
.. 2 [ Melt
Schematic il- — felt Crystal
lustration . . =
Crystal / Y ey e
Crystal = = 7 ; = 5 N~ f — Crystal
’ v 1 N
" 1 Halogen 2 ; E E \ ’
1 lamp ] / Melt ’ v N E Melt |
1 / ’ ’ /
¥
. 3/8-inch diameter . . . . 6-inch width ] ]
Bulk size 1-inch diameter 2-inch diameter 2-inch diameter

1-inch length

Growth rate

4-inch diameter

(mm/h) 10 20-40 2 15 5
FWMH - 22 arcsec 22-50 arcsec 17 arcsec 10-50 arcsec
Dislocation - - ~10%cm2 10°%cm2 102 x10° cm2
density
Residual im- . . . ~several tens wt.ppm
. 2 x 10%cm™3 ~107 cm= (5i, Sn) ~1016 cm=3 (Si) ~10"7 cm=3 (Si)
purity (Rh)
Intentional ~10" cm= (Mg), ~10% o o . & s &
doping cm- (Zr) at 900°C 10" em™= (Nb, Ta) ~10" cm™ (Sn, Si, Hf) 6-7 x10'8 cm™ (Si, Sn) 3.6 x10'8 cm™ (Sn)
Refs. [21,28,37,38] [34,38-43] [16,17,30,33,43-45] [16,17,46,47] [35,36,48]
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The Verneuil method, being a crucible-free technique, enables both oxidizing and
reducing of growth conditions [21]. The synthesis under a reducing condition benefited
electron conductivity [49]. N-type doping was realized by Harwig et al.[37], the free car-
rier concentration was determined to be ~10° cm= by Mg doping, and ~10?' cm™ by Zr
doping at 900°C. The p-Ga:z0s bulk crystal grown by this method has poor quality, and it
was used mainly last century, as other more efficient techniques were well developed. The
FZ method is also a crucible-free technique, it was recently used to grow bulk p-Ga20s
crystal to investigate the scintillation features [50,51] as it can be employed in an air at-
mosphere, which may allow for creation of fewer oxygen defect centers being the emission
origin of Gaz0s3 [52]. Tomioka et al. [41] analyzed the residual impurities of 5-Ga20s grown
by the FZ method by inductively-coupled plasma mass spectroscopy; besides Si or Sn, Al,
Mg, and Fe have also been detected with a concentration of ~10 cm=. Al was presumed
to be a neutral impurity, while Mg and Fe were considered as deep ionized acceptors and
could compensate Si donors. To our knowledge, the lowest FWHM reported is ~22 arcsec
for the peak $-Ga20s (400) by Hossain et al. [39], in this work, the Laue diffraction patterns
also confirmed that the grown -Ga20s crystal has a good crystallinity. However, FWHM
of f-Ga20s rocking curves larger than 100 arcsec has also been measured [38,53]. However,
both these techniques mentioned above suffer from small crystal size (wafer is no more
than 1 inch so far, as summarized in Table 1.

Using an Ircrucible, the CZ method has been predicted to be a potential candidate for
large boule, but thermal instability is an issue at high temperature that leads to decompo-
sition of Ga20s. Thus, this technique requires atmosphere control. Being a crack-free tech-
nique, the f-Ga20s crystal grown by the CZ method has small or even no boundaries.
Several works reported by Galazka et al. [32,43,44] evidenced that the FWHM of the X-ray
rocking curve could be as low as 22-50 arcsec on average, and the dislocation density was
~103 cm2. Moreover, Galazka et al. [31] recently reported that bulk Ga20s grown by the
CZ method has an electron mobility of 80-152 cm?V-'s™! with a low residual Si impurity
concentration of ~10'6 cm3. Similar to the CZ method, the EFG method has the same tech-
nique issue. However, this technique is available for a 4-inch wafer and recently became
commercially available. Commonly observed twin-boundaries in the EFG grown p-Gaz0s
were efficiently avoided by optimizing the growth process (the so-called shouldering pro-
cess). Different from the traditional growth direction (010), Oshima et al. [54] demon-
strated that the (001) oriented f-Ga:0s grown by the EFG is more suitable than (010) for a
Schottky barrier diode (SBD). A weak correlation between pits and electrical properties
has been revealed [27,54]. The use of the VB method allows withstanding of high oxygen
concentrations as a Pt-Rh (70-30%) alloy crucible. Additionally, this crucible also facili-
tates the pulling-up process as the grown crystal does not adhere to the wall. The major
residual impurities are generally Rh (~several tens wt.ppm) from the crucible, Sn and Si
(~several wt.ppm) from raw materials, and Fe and Zr (~several wt.ppm) from the furnace
[36,48].This technique recently became n-type doping available by using a resistance heat-
ing VB furnace, and electron concentration and electron mobility were determined to be
3.6 x 108 cm™ and 60 cm?V-'s7, respectively, by 0.1 mol% Sn-doped [35,48]. As the CZ,
EFG, and VB method use the crucible, they all have a high level of scalability.

3.2. Gallium Oxide Thin-Film Growth

Bulk devices and subsequent epitaxy of f-Ga20s layers could be provided by bulk
growth, while high-quality epitaxial growth technologies are still required in order to
study and fabricate more complex devices. Halide vapor phase epitaxy (HVPE), metal-
organic vapor phase epitaxy (MOVPE), pulsed laser deposition (PLD), atomic layer dep-
osition (ALD), molecular beam epitaxy (MBE), mist-chemical vapor deposition (CVD),
and metal-organic chemical vapor deposition (MOCVD) are all involved in thin-film
growth of Ga20s.

Vapor phase epitaxy is a commercially promising technique for mass production of
B-Ga20s. Based on VPE, the halide vapor phase epitaxy (HVPE) method enables a growth
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rate as high as 250 um/h [55] and the wafer size from 2 to 6 inches [56], it is thus a suitable
technique for thick films with high purity for high voltage vertical switching devices. Fur-
thermore, with the presence of chlorine catalyst in the growth chamber, this technique
exhibits the growth of metastable phases of Ga20s, such as a and ¢ [57]. The HVPE method
suffers from a high level of roughness on the surface even at a relatively low growth rate
[56,58]; an electrical mechanical [59] or a chemical mechanical [60] polishing can be em-
ployed to remove further deep surface pits formed during the growth. Leach et al. [61]
reported a vast difference in surface morphology and XRD full-width half-maximum
(FWMH), between sufficiently and insufficiently CMP polished (discriminated by the pol-
ishing times of the various polishing steps) f-Ga20s wafers grown by HVPE. Despite the
poor morphology, the FWHM of the films grown on on-axis substrate were as narrow as
28 arcsec. Moreover, Murakami et al. [62] revealed that effective donor concentration
without intentional doping could reach as low as 10'® cm-2.

Metal-organic vapor phase epitaxy (MOVPE)can provide a highly scalable growth as
its deposition areas are large. Triethylgallium (TEGa), trimethylgallium (TMGa), and
Ozare most commonly the precursors for gallium and oxygen, respectively. The homoep-
itaxial growth of f-Ga:0s by MOVPE can be strongly affected by substrate orientation.
The growth rate is approximately 1.6-2.0 nm/min on the (100) plane, 0.65-1 um/h on the
(010) plane, and 1.6—4.3 nm/min on the (00-1) plane with miscut angles [63]. Recently, the
growth rate can be elevated to 3.6 nm/min on the (100) plane [64]by tuning the growth
pressure. A high-quality homoepitaxial growth on -Ga20s the (100) with an FWMH of 43
arcsec has been reported by Gogova et al. [65]. The study of residual donor source is still
in progress [66] while an electron concentration of 8 x 10! cm= by Si-doping was realized
by Baldini et al. [67], which is the highest doping level by this technique so far.

Pulsed laser deposition (PLD) has often been used for doped layers of Ga20s as it can
transport materials from the target to the substrate stoichiometrically, thus the thickness
of layers can be incisively controlled. It also has a relatively low operating temperature
compared to other techniques. However, the quality of the materials deposited and the
deposition rate are relatively low compared with other CVD and MBE methods. The
roughness measured on the surface of Ga20:s films had a root mean square between 1 and
7 nm [68-70].

A growth rate of 10.8 nm/min could be reached without oxygen, while it decreased
to 6.5 nm/min by increasing oxygen pressure to 50 mbar [71]. Indeed, oxygen partial pres-
sure and temperature are considered as the dominant parameters for properties of mate-
rials grown by the PLD [72]. The crystallinity was enhanced by increasing oxygen pres-
sure at either low deposition temperature (250°C [71]) or high deposition temperature (780
°C [68]). A higher oxygen partial pressure also leads to self-trapped holes at Ols and be-
tween two O2s sites [68], which could further act on the transport properties. Unlike the
influence of oxygen pressure, a higher temperature does not always lead to a better film
quality [73,74]. While, as expected, a higher annealing temperature could improve the
crystallinity, as it helps the re-arrangement of Ga and O atoms to their optimal sites
[75,76]. The highest n-type doping level achieved by the PLD is 1.7 x 102 cm™ by Si doping
[69].

Atomic layer deposition (ALD), initially called atomic layer epitaxy (ALE), is a sub-
set of the chemical vapor deposition (CVD) technique based on self-saturation, sequential
surface reactions. ALD is a more general deposition containing ALE and molecular layer-
ing (ML) techniques [77]. The highly controlled thickness of films and conformal coverage
are the main advantages of ALD over other techniques, it also allows a relatively lower
deposition temperature compared to MBE and CVD techniques and a lower growth rate
(generally less than 0.1 nm/cycle). Sn-doped Ga20s grown by ALD was investigated by
Siah et al. [78], however the concentration of Sn was estimated as 2 x 102 cm3, with the
free electrons determined to be 4 x 10'8 cm=. This was due to the low growth temperature.

Thus, post-annealing is generally also required to improve the crystalline quality.
Additionally, the temperature during growth depends mainly on the gallium precursor
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chosen [79,80]. Besides the conventional ALD, the plasma-enhanced atomic layer deposi-
tion (PEALD) further permits a lower deposition temperature and better Ga:0sfilm prop-
erties with very smooth surface roughness (<1 nm) [81-83].

Molecular beam epitaxy (MBE)suits research purposes better than commercial use,
as it enables the growth of high structural quality $-Ga:0s with a relatively low growth
rate (<1 um/h) and high production cost, while high voltage vertical devices often require
thick drift regions (dozens of microns). The orientation of growth has been found to be
one factor that influences the growth rate [84]. Mazzolini et al. [85] further demonstrated
the growth rate of different orientations I'(010) (2.3 nm/min) > I'(001) > I'(-201) > I'(100) of
In-catalyzed p-Ga:0slayers;this phenomenon was believed to be associated with the sur-
face free energy related to the binding energy of the In ad-atom. Nepal et al. [86] reported
a heteroepitaxial growth on SiC with (-402) having a relatively high FWMH (694 arcsec),
which can be reduced to 30-60 arcsec by homoepitaxial growth [87]. The thin films grown
by MBE also benefit a smooth surface with a roughness of less than 1 nm [88,89]. The
densities of the threading dislocation etch pits was determined to be ~105 cm™ for the film
grown at 850 °C [89]. An electron concentration of 10 cm™= has been achieved by Sn dop-
ing [90].

Techniques based on chemical vapor deposition (CVD) have also been employed for
the growth of Ga20s. Scalability and mass production are the most advantageous charac-
teristics of the mist-CVD technique, as it is a vacuum free, low-cost, and solution-pro-
cessed approach. This technique is also often used for epitaxial growth of a-Ga20s on sap-
phire [91-94]. Morimoto et al. [94] also pointed out the facilities of mist-CVD for Ga20sby
F doping. Both homoepitaxial [95,96] and heteroepitaxial [97] growth of f-Ga:0shave been
successfully performed. It is also worth noting that the FWMH of rocking curves was 39—
91 arcsec for homoepitaxial growth with growth rate of 0.5-3.2 um/h [96,98]. An electron
concentration was measured as 5 x 102 cm= by Sn doping [98].

The metal-organic chemical vapor deposition (MOCVD) technique uses Ga-based or-
ganic material as metal precursors, such as trimethylgallium (TMGa) and triethylgallium
(TEGa), which usually leads to C-contamination of the as-grown film (relatively less car-
bon by using TEGa than TMGa). It is well-known that such contamination can be effi-
ciently reduced by high growth temperature; and eliminated by post-annealing. Li et al.
[99] reported a high-quality homoepitaxially grown film with FWMH and surface rough-
ness of 21.6 arcsec and 0.68 nm, respectively. The growth rate is generally from several
hundred nm/h [100,101] to10 um/h [102-104]. This technique is also available for both #-
and p-type dupability [24,105] (Figure 4).
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Figure 4. Ga20s and related oxides have been demonstrated to exhibit some remarkable features,
such as (a) ultra-high critical electric field, (b) potential bipolar operation due to its demonstrated
n-type and p-type conductivity, (c) ultra-stable interfaces that may host a 2D electron gas, (d) ex-
tended transparency into the UV-A region for transparent conducting oxide (TCO) applications (tail
state density is located deeper in the ultraviolet than conventional TCOs). Panel (a) adapted with
permission from Chikoidze et al. [24] © 2022 Elsevier Ltd. All rights reserved. Panel (b) adapted
with permission from Chikoidze et al. [106] Copyright © 2022, American Chemical Society. Panel
(c) adapted with permission from Chikoidze et al. [107]. © 2022 Elsevier Ltd. All rights reserved.
Panel (d) adapted with permission from Perez-Tomas et al. [108,109] © 2022 WILEY-VCH Verlag
GmbH & Co. KGaA. Adapted with permission from [12] ©2021 COPYRIGHT Society of Photo-Op-
tical Instrumentation Engineers (SPIE).

3.3. Gallium Oxide Doping Issues and Recent Progress

B-Gaz0s is very easily doped n-type to the degenerate state, n-type doped f-Ga203
with carrier concentration from 10 to 102 cm=[110,111] has been achieved by Sn and Ge
doping by MBE, Si and Sn doping by MOVPE, and Sn doping by MOCVD [69]. A high
mobility at room temperature of 145-184 cm?V-1s1[100,101,112] has been reached by Si
doping, and even till 10* cm?V-1s! at 46 K [109]. Having a high critical field (5.2 MV.cm™
without intentional doping [113]), the f-Ga:0sdevices demonstrate high performance.
Nevertheless, all the Ga20sdevices demonstrated thus far have been unipolar in nature
(i.e., only n-type). In order to realize the full potential for WBG opto-electronics f3-
Gaz20sand to sustain high breakdown voltage (>6.5 kV), we need vertical geometry bipo-
lar-junction-based devices. Therefore, the realization of p-type f-Ga20s is a primary chal-
lenge today for the gallium oxide scientific community (Figure 4).
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There is a tendency in oxide compounds to have n-type conductivity, caused by va-
cancies in the oxygen atoms. This, as well as the fact that it is a UWBG material, intrinsic
conduction is rare and even causes p- and n-type doping tends not to be symmetrical. This
asymmetry is seen in gallium oxide, the hole conductivity is poor and is likely the main
limitation for development of gallium oxide technology. Fundamental restrictions such as
this area recurring issue in oxides, such as: (i) acceptor point defects with high formation
energy; (ii) native donor defects with low energy —resting holes; and (iii) p-type oxides
suffer from a high effective mass of the holes (this results in a low mobility), due to the
top of the VB predominantly from localized O 2-p derived orbits.

Native p-type conductivity: Using thermodynamical calculations for the point defects
on gallium oxide it can be seen that gallium oxide is “lucky”, as whenf-Ga:0:sis at 500°C,
Prote = 1.33 x 10-2 atm with a hole concentration around p = 10> cm3[114]. Comparing this
to calculations for ZnO gives Prie #10° atm, for the same temperature. This divergence is
believed to be from higher formation energy of the donor vacancies in f-Ga20s(approxi-
mately 1 eV higher per vacancy), making compensation mechanism by point defects less
favorable in gallium oxide than in ZnO. As a consequence, it can be expected that p-type
samples of f-Ga20s with higher carrier concentrations (then intrinsic) can be obtained
when doping with shallow acceptor impurities.

The native hole concentration was investigated by Nanovation (SME, France) [114]
where undopedp-Ga:Osthin film grown on c-sapphire substrates by pulsed laser deposi-
tion (PLD) showing resistivity of p =1.8 x 102Q.cm , hole concentration of p =2 x10® cm3
and a hole mobility of 4.2 cm?V-'s1[114]. The determination of conductivity mechanism
showed that Ga vacancies act as deep level acceptors with the activation energy of 0.56 eV
in the low compensated sample, having Ea=1.2 eV ionization energy. Later, the improve-
ment was shown that native p-type conductivity by post-annealing in an oxygen atmos-
phere forp-Ga20s thin film was grown on c-sapphire substrates by MOCVD [115]. After
oxygen annealing, the hole concentration was increased from 5.6 x 10 cm= to 5.6 x 10"
cm? at 850 K. The author claimed that the annealing effect is related to the formation of
Vea~ Vo complexes as a shallow acceptor center with E.=0.17 eV activation energy.

Device applications require higher hole concentrations (at operating temperature),
which could be achieved via external acceptor impurity incorporation.

There are already extensive theoretical studies (standard density functional theory
(DFT and DFT with GGA+U) of acceptor impurity doping of f-Ga20s in order to identify
efficient p-type dopant. Kyrtsos et al. [116] demonstrated by DFT calculations that do-
pants, such as Zn, Li, and Mg, will introduce deep acceptor level with ionization energies
of more than 1 eV, thus, they cannot contribute to the p-type conductivity. However, this
result could be influenced by the underestimation of the bandgap due to the semi-local
approach. Varley et al. [117] predicted that self-trapped holes are more favorable than
delocalized holes due to their energies and by theoretical calculation (self-trapping energy
is 0.53 eV and barrier to trapping is 0.10 eV). This indicates that free holes are unstable
and will spontaneously localize towards small polarons.

Lyons [118] examined the elements of group 5 and group 12 (Be, Mg, Ca, Sr, Zn, Cd)
as acceptor impurities in -Ga20s by hybrid DFT, all of them will exhibit the acceptor ion-
ization levels of more than 1.3 eV. Mg was determined to be the most stable acceptor spe-
cies, followed by Be. Sun et al. [119] used ab initio calculations to simulate the doping by
Ge, Sn, Si, N, and Cl. Among them, N has been predicted to be a deep acceptor with an
impurity level of 1.45 eV, as it has a similar atomic size as oxygen but has one less valence
electron, and a higher 2p orbital than oxygen. While all others act as donors, another ab
initio calculation also demonstrated that nitrogen doping could introduce an acceptor
level at 1.33 eV above the VBM.

Very recently, Goyal et al. [120] simulated a growth-annealing-quench sequence for
hydrogen-assisted Mg doping in Ga:0s by using the first principles defect theory and de-
fect equilibrium calculations. The H2O partial pressure and H exposure can strongly in-
fluence the Mg dopants concentration during the growth, by increasing the solubility limit
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of the acceptor, or by reducing the compensation. A conversion from n-type to p-type was
achieved by annealing at O-rich/H-poor conditions. A Fermi level at +1.5 eV above the VB
has been found after quenching.

Doping with two elements (co-doping) has been predicted by DFT which showed a
promising method to obtain p-type p-Ga20s, as it can break the solubility limit of mono-
doping and improves the photoelectric properties of semiconductor materials which re-
sults in increasing the conductivity.

The principle is to increase carrier concentration and decrease the compensating de-
fect formation energy. This is inherently caused by the localized nature of the O2p-derived
VB that leads to difficulty in introducing shallow acceptors and large hole effective mass
[121].

Co-doping has been successfully used for II-VI compounds, co-doping containing N
(Zn-N, N-P, Al-N, and In-N) has been demonstrated to be an effective way to improve the
p-type conductivity [122-124], in particular, Zhang et al. [124] predicted two shallow im-
purity levels above the VB of about 0.149 eV and 0.483 eV in N-Zn co-doped-Ga:0s. Co-
doping by N-P made an acceptor level decrease ~0.8 eV, and an impurity level appears at
0.55 eV above the VB of -Ga20s. A significant loss of holes' effective mass was also evi-
denced [124]. There are a few experimental works reported regarding p-type doping of
gallium oxide. Mg-doped p-Ga:0swas studied by Qian et al. [125] for the photo-blind de-
tector, and the $-Ga:0s containing 4.92 at% Mg has shown an acceptor level by XPS. A
variation of bandgap has also been reported [83,126] however, the Hall effect measure-
ment validity failed at room temperature due to the very high resistivity of the samples
[127].

Suet al. [128] deposited Mg-Zn co-doped p-Ga20s on sapphire (0001), however, antis-
ites” impurity defects (i.e.,, ZnGa and GaZn) were determined as deep acceptors (0.79 eV
for ZnGa and 1.00 eV for GaZn) by absorption spectra. Feng et al. [129] demonstrated Zn
doping (1.3-3.6 at%) in B-Ga2z0snanowires can reduce the bandgap slightly, they also
proved the p-type conductivity by making p-# junction. Chikoidze et al. [24]suggested that
Zn in f-Ga20s has an amphoteric nature: it can be an acceptor as Znca defect and at the
same time, a donor being in Zni interstitial sites. It was shown that in (0.5%) Zn:Ga20s the
auto-compensation of donor (Zni) -acceptor (Znca) defects takes place.

Islam et al. [130] reported that hydrogen annealing could vastly reduce the resistivity
and reach a remarkable hole density of ~ 10'> cm= at room temperature. Besides, the ioni-
zation energy of acceptor is as low as 42 meV by incorporation of hydrogen in the lattice.
This improvement is related to hydrogen decorated gallium vacancies Vcan: during the
diffusion of hydrogen into the Ga:Oscrystal, H* absorbed at the surface will be attracted
toward the Vca?, it stabilizes the negative charge and thus lowers the acceptor level. This
mechanism leads to H* decorated Ga-vacancy Vca2ul- and, therefore, the p-type conduc-
tivity.

Nitrogen-doped p-Ga:0s has been experimentally achieved by non-conventional
growth technique. Wu et al. [131] demonstrated a multi-step structural phase transition
growth from hexagonal P6smc GaN to rhombohedral R3C a-GaNxOs-v2 and realized the
monolithic C2/m N-doped p-Gaz20s thin layer finally with an acceptor ionization energy
of 0.165 eV. The resistivity, hole concentration, and hole mobility are 17.0 Q.cm, 1.56 x
10%6cm3, and 23.6 cm?V-1s7, respectively, by employing the Hall effect measurement. A
performant field-effect transistor was also fabricated based on this p-type B-Ga20s.
Clearly, further experimental studies of optimal acceptor defects with room temperature
activation are required.

3.4. Gallium Oxide Power Rectifiers

Once the device-grade epitaxial layers have been grown either homo- (bulk Ga20s)
hetero- (e.g., sapphire, silicon), or both, the simplest electronic devices one can define are
rectifiers. In a Schottky rectifier, the counter-electrode (cathode) is processed to allow low
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resistance Ohmic contact while the anode contact is intended as a Schottky junction over
a lightly doped epitaxy; it conducts electrons in the forward mode while sustaining large
electric fields (by the creation of a depletion space charge region) in the reverse mode. As
mentioned previously, devices using Ga20s are primarily limited to unipolar devices and
Schottky diodes are made, in general, on n-type semiconductor layers as electrons are
lighter than holes. However, it is also important to consider the appropriate metal contacts
to Ga20s as they are responsible for connecting the semiconductor to the surrounding
electrical circuit/system and parameters such as the Schottky barrier height are crucial.
For different contacts to Ga20s3, such as in GaN and AlGaN, which utilize stacks of differ-
ent metals [132], this decision can make an important difference to the nature of the con-
tact. Regarding Schottky contacts to Ga20s,Ni/Au is a common choice (see Table 2). Other
Schottky contacts investigated include Pt, Ni, Cu, W, Ir, TiN/Au, Pt/Ti/Au, Ni/Au,
ndPt/Au [133-136]. Very recently, an ultra-large Schottky barrier of ~1.8 eV was extracted
for all-oxide PdCoO:/B-Ga:0s Schottky diodes [137]. The polar layered structure of
PdCoO: generates electric dipoles, realizing a large Schottky barrier height of ~1.8 eV (well
beyond the 0.7 eV expected from the basal Schottky—Mott relation) along with a large
on/off ratio approaching 108, even at a high temperature of 350°C (Figure 5c). As there are
a number of polar oxides, this is a promising approach to increase the reverse blocking
voltage of Ga20s diodes [138].
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Figure 5. Schematics of (a) vertical Ga20s3 Schottky diodes and (b) p-n heterojunction diodes. (c) A
PdCoC2/Ga:0s exhibiting the ultra-large Schottky barrier of 1.8 eV. (d) Baliga’s FOM for selected
Schottky and p-n HJ diodes from the literature. Panel (c) adapted with permission from Harada et
al. [137] © 2022 AAAS 4.0 (CC BY-NC). Adapted with permission from [12] ©2021 copyright Society
of Photo-Optical Instrumentation Engineers (SPIE).

In the counter-electrode, highly doped regions beneath the metallization are deployed to
assist ohmicity of the contacts [139]. The dopants for this have previously been discussed.
Another approach to this is using thin films of highly-conducting oxides [140].
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Table 2. Table displaying varying SBD designs: L —lateral, V —vertical, TCO—thin conductive ox-
ide film, FP—field plate, BET —bevel edge termination, FPET —field plate edge termination, MDS—
metal-dielectric-semiconductor Schottky diode. Included here are different structures which exhib-
ited SBD (some exhibiting Schottky contacts as opposed to useable device) using a range of different
designs and metal stacks.

Device Schottky Metal Ohmic v, Ideality Ref
Configuration Stack Metal Stack " Factor
V-SBD-BET Ni/Au Ti/Al/Ni/Au 427V 1.07 [133]
V-SBD-FP Ni/Au Ti/Au 730 VV 1.02 [139]
V-SBD-FPET Ni/Au Ti/Au 1722V 1.03 [140]
L-SBD-FP Ni/Au Ti/Au >3 kV ~1.25 [141]
L-SBD Ni/Au Ti/Au 1.7kV - [142]
L-SBD Pt Ti/Au - 1.40 [134]
L-SBD Ir Ti/Au - 1.45 [134]
V-SBD Ni Ti/Au - 1.57 [134]
L-SBD Ni Ti/Au - 1.33 [134]
V-SBD Cu Ti/Au - 1.53 [134]
L-SBD \ Ti/Au - 14 [134]
V-SBD Ni/Au Sn ~210V 3.38 [143]
L-SBD Ptx Ti/Al/Au - - [144]
V-SBD Pt/Au Ti/Au - - [135]
V-SBD TiN Ti/Au - 1.03 [145]
V-SBD Pt/Ti/Au Ti/Au - 1.03 [136]
V-SBD-TCO SnO/Ti Ti/Au - 1.09 [146]
V-MDS(TiOz) Ni/Au Ti/Au 1010 V - [147]

Ohmic contacts to f-Ga20s are commonly based on Ti/Au, however other metal con-
tacts have been utilized, such as In, Ti, Ti/Al/Au, In/Au, and Ti/Al/Ni/Au. Besides, there
are other metals which have exhibited pseudo Ohmic behavior including Zr, Ag, and Sn
[132]. This pseudo nature meant that, initially, ohmicity was observed but, after annealing,
rectifying behavior became dominant. Therefore, the Schottky/Ohmic nature is also de-
pendent upon the Ga:0s's surface/interface states together with the exact choice of metal
stack, explaining, in turn, the varying contact resistivity of certain metals. While deliver-
ing low contact resistance, it is worth mentioning that Au is not considered a CMOS-com-
patible metal. This is an issue shared with GaN-based technology [148].

For the continued development of high voltage f-Ga:0sdevices, edge termination is
an important aspect as it is with its Si, GaN, and 4H-SiCcounterparts. Edge termination in
B-Gaz20sis being explored and focused specifically on field plates (FP), imparted edge ter-
mination (ET), guard ring field plates, thermally oxidized termination, beveled mesas, and
trench. These techniques are all deployed to further manage the electrical field to reduce
the electric field crowding at the diode edges to increase its blocking capabilities. SBD
devices can be made with either a vertical architecture, using homoepitaxial Ga20s or with
a lateral architecture using either homo- or heteroepitaxial (e.g., on sapphire) Ga20s. In
general, the vertical structure is preferred as the device pitch is reduced and the encapsu-
lation is simpler. Hu et al. [141] demonstrated a field-plated lateral 3-Ga203 SBD on a sap-
phire substrate with a reverse blocking voltage of more than 3 kV, anRo: of 24.3 mQcm?
(anode—cathode spacing 24 um), and an FOM >0.37 GWcm?2 (while an FOM of ~500
GWcem? was achieved as the anode-cathode spacing (and Vir) was reduced). Zhou et al.
[149] implemented a Mg implanted ET device on a vertical 3-Ga20s SBD with a reverse
blocking voltage of 1.55 kV and a low specific on-resistance of 5.1 m{cm? (epi thickness
10 um) and an FOM of 0.47 GWcm2. Analogously, Lin et al. [150] implemented a guard
ring with or without an FP on vertical SBDs. The terminated devices exhibited a specific
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on-resistance of 4.7 mQcm? and a Vurof 1.43kV. Wang et al. [151] implemented a thermally
oxidized termination on a vertical SBD with a Ver of 940 V, a specific on-resistance of 3.0
mQcm?, and an FOM of 0.295 GWcem2. Allen et al. [152] implemented a small-angle bev-
eled field plate (SABFP), on thinned Ga20s substrates and a non-punch-through vertical
SBD design rendering a Viur of 1100 V, a peak electric field of 3.5 MVem™, and an FOM of
0.6 GWcm™=2.

Somehow the state of the art is given by Li et al. [153]. They demonstrated an FP
vertical Ga20s trench SBDs with a Vir of 2.89 kV (which is ~500 V higher than those without
FPs). The trench SBDs exhibited a differential specific on-resistance of 10.5 (8.8) mQcm?
from DC (pulsed) measurements leading to an FOM of 0.80 (0.95) GWcm=2. This Baliga’s
power FOM is approaching that for the best vertical SBD GaN devices (e.g., 1.7
GWem[154]) but is still several times smaller than lateral AlGaN/GaN SBD (e.g., 3.6
GWcm™[155]) and bipolar p-n vertical GaN diodes (e.g., ~4.6 GWcm™2[156]). Both, the 2D
gas formed at the AlGaN/GaN interface and the bipolar injection are effective ways of
further reducing the on-resistance in these devices while keeping the breakdown voltage
high. The lack of low resistivity p-type layer for the anode has to date, prevented a com-
petitive homojunction p-n Ga:0: diode, but p-n heterojunction diodes have been realized
by integrating n-type Ga:0swithp-type semiconductors, such as CuO (1.49 kV) [157] and
NiO (1.06 kV / 1.86kV )[158,159].Nickel oxide as the p-type blocking layer in heterojunc-
tion power diodes resulted in a particularly promising approach with this NiO/Ga20zde-
vice [160] yielding a Baliga’s FOM of 0.33 GWcm~ (Figures5c,d).

Recently, extremely high-k dielectrics have been explored for electric field manage-
ment in WBG semiconductor-based lateral and vertical device structures [160-164]. Ac-
cording to the TCAD simulations of Roy et al.[165], a super-dielectric Ga20s SBD with
practically achievable device dimensions with extremely high FOM should be possible;
e.g., 20kVcanbeachievedforan Ro: of 10 mQ-cm? with a dielectric constant of 300, a Ga20s3
width/dielectric width ratio of 0.2, and an aspect ratio (drift layer length (anode to cathode
spacing) /drift layer width ratio) of 10 resulting in a PFOM of 40 GWcm™ (surpassing the
theoretical unipolar FOM of $-Ga20:SBD by four times).

3.5. Gallium Oxide Power Transistors

A power MOSFET fabrication process generally includes a number of technological
steps including either gate dielectrics, surface passivation, drain/source ohmic contacts,
implant doping, isolation, mesa etch, or in combination. Due to the large bandgap of
Ga20s, the most suitable gate insulators are those with enough (conduction and valence)
band-offsets to avoid current injection through the gate (e.g., SiO2 and Al:0s and perhaps
other oxides such as Y203, MgO, and Mg2AlOs). While balancing the dielectric constant to
achieve more gate capacitance and more carriers in the conductive channel [166]. Defining
a contact region by implantation, such as in Si, SiC, and GaN power MOSFET technolo-
gies, is a usual choice [167], in Ga:20:s this is typically n* Si-ion implantation. While other
techniques have been suggested to further decrease the contact resistivity, such as for-
mation of surface states [168] or the adoption of a TCO as a metallic interface [169].

As in, the more mature, AlGaN/GaN HEMT technology, Ohmic contacts are typically
made with a multilayer metal stack consisting of an adhesion layer (e.g., Ti, Ta), an over-
layer (Al), a barrier layer (e.g., Ni, Ti, Mo), and a capping of Au [170,171]. Nevertheless, it
has been argued that simpler metal structures, such as Ti/Ga20s, are also efficient if there
is an oxygen deficient Ga20s surface [172] (a double charged oxygen vacancy is a well-
known intrinsic donor in oxides [107]). Indeed, Yao et al. [132] suggested that the surface
states appear to have a more dominant role in the transformation from a Schottky to an
Ohmic interface than the choice of metal.

As with power SBDs, power MOSFETs can be defined in a vertical Ga20s homoepi-
taxial structure (typical of SiC power MOSFETs) and lateral structure (typical of Al-
GaN/GaN power HEMTs) which can be either homoepitaxial or heteroepitaxial (Figure
6). Ga20s power MOSFETSs are mostly unipolar n-type and operate in depletion mode (D-
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mode or normally-on) but a number of techniques have been reported to make enhance-
ment mode (E-mode or normally-off) Ga:0s devices. For example, Chabak et al. [173] re-
ported an enhancement-mode f-Ga20s MOSFETs on a Si-doped homoepitaxial channel
grown by molecular beam epitaxy and, using a gate recess process to partially remove the
epitaxial channel under the 1-um gated region to fully deplete at zero gate bias. With a
breakdown voltage of 505 V (8 mm source-drain spacing), a maximum current density of
40 mA mm™, and an on/off ratio of 10°. Hu et al. [174] achieved (in 2018) a larger blocking
voltage (1.075 kV), a larger threshold voltage (1.2-2.2 V), and a larger output current (~500
A cm™) in a first demonstration of vertical E-mode MOSFET with significatively larger
FOM (~80 MW cm2).
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Figure 6. Schematics of (a) a vertical Ga20s power transistor (VFET) and (b) a lateral transistor
(LFET). (c) Baliga’s FOM for selected LFETs and VFETs from the literature. (d) Prospects of Ga20s
devices as UV PDs, D* refers to specific detectivity; dots symbols referrer to diodes (either SBD or
MSM), while square symbols denote transistors (data adapted from Wu et al. [131]). Adapted with
permission from [12] ©2021 copyright Society of Photo-Optical Instrumentation Engineers (SPIE).

The E-mode was accomplished by doping profiling in a FInFET design (a type of 3D,
non-planar transistor which has become the usual layout for the smallest CMOS 14 nm,
10 nm, and 7 nm nodes). This kind of E-mode vertical power device was later optimized
to sustain up to a blocking voltage of 1.6kV [175], a threshold voltage of 2.66 kV, a maxi-
mum current density of 25.2 mWecm?, and a record FOM of 280 MW c¢m™2 [176]. Among D-
mode devices, the ones reported by Lv et al. [177] stand out for exhibiting a particularly
large FOM. They reported (in 2019) [177] source-FP f-Ga20s MOSFETs on a Si-doped/Fe-
doped semi-insulating $-Ga20s substrate exhibiting 222 mA mm- (18 mm source-drain
spacing) with on-resistance of 11.7 mQcm?, a Vur of 680 V and an FOM of 50.4 MWcm=2.
Later (in 2020) [178], they adopted a T-shaped gate and source connected FP structure to
increase the Ver up to 1.4 kV/2.9 kV (for 4.8 um/17.8 um source-drain spacing), with a
specific on-resistances of 7.08 mQcm?/46.2 mQcm?. These yielded a record high FOM of
277 MW cm??, together with negligible gate or drain pulsed current collapse and a drain
current on/off ratio of 10°.

Other lateral D-mode devices with high FOM were reported by Tetzner et al. [179].
By using sub-um gate lengths (combined with gate recess) and optimization of
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compensation-doped high-quality crystals, implantation based inter-device isolation, and
SiNx-passivation, breakdown voltages of 1.8 kV and an FOM of 155 MW cm=2 were
achieved. In 2020, Sharma et al. [180] reported Ga20s lateral D-mode field-plated
MOSFETs exhibiting an ultra-high Vir of 8.03 kV (70 mm) by using polymer SUS8 pas-
sivation. The current was rather low, however, due to plasma-induced damage of channel
and access regions resulting in an impractical FOM of 7.73 kW cm (i.e., not above the
silicon limit). As reported by Kalarickal et al. [164], ultra-high-k ferroelectric dielectrics,
such as BaTiOs, can, in principle, provide an efficient field management strategy by im-
proving the uniformity of electric field profile in the gate-drain region of lateral FETs.
High average breakdown fields of 1.5 MV/cm (918 V) and 4 MVcm™ (201 V) were demon-
strated for gate-drain spacings of 6um and 0.6 pum, respectively, in f-Ga:0s, at a high
channel sheet charge density of 1.8x10™ cm™. An elevated sheet charge density together
with a high breakdown field enabled a record power FOM of 376 MWcm?2 at a gate-drain
spacing of 3 um (Figure 6c). As in the case of SBDs, these performances for the Ga:0s
devices are already impressive and well beyond the silicon limit but still lag behind the
best (much more mature) GaN devices in their respective power ratings [181,182].

All the above power MOSFET devices are unipolar n-type. These devices are some-
times referred as MISFETs so as to distinguish them from the conventional p-n junction
based MOSFETs, since there are no p-regions in these MISFETs [175]. As mentioned in the
previous sections, there are, however, several reports of p-type Ga20sin nominally un-
doped, H-doped and N-doped p-Ga:0s. In particular, Wuetal.[131] proposed a growth
mechanism of multistep structural phase transitions from hexagonal P63mc GaN to rhom-
bohedral R3¢ a-GaNxOsa-vz,and finally to monolithic C2/m N-doped p-Ga20s. This im-
proves the crystalline quality, facilitates acceptor doping, increases the acceptor activation
efficiency, and thus enhances the p-type conductivity (acceptor ionization energy of 0.165
eV, Hall resistivity of 17.0 Qcm, Hall hole mobility of 23.6 cm?V-'s7, hole concentration of
1.56x10 cm3). P-type $-Ga20s films-based lateral MOSFET deep-ultraviolet (DUV) PDs
were fabricated with extremely high responsivity (5.1x10° A/W) and detectivity
(1.0x10'Jones) under 250 nm light illumination (40 pW/cm?) conditions. Figure 6d shows
the responsivity and detectivity (D¥) for state-of-the-art DUV PDs based on various WBG
materials (adapted from [131]), in which it can be seen how p-Ga:0s surpasses conven-
tional Si-, SiC-, and AlGaN-based devices in terms of responsivity and detectivity.

4. Other Emerging Oxide Semiconductors for Power Electronics

Gaz0sphase engineering: Owing to the nonpolar nature of 3-Ga:0s crystals, modula-
tion-doped heterostructure is one of the possible approaches to realize Ga20s-based FETs
[183]. Analogously, p-type semiconductors (e.g., p-type nitrides such as GaN) may be in-
troduced to yield normally-off p-Ga20s field-effect transistors with tunable positive
threshold voltages [184]. Other phases of Ga:0s have also received attention due to poten-
tially favorable growth characteristics, and to the possibility of polarization engineering
made possible by the polar nature of their crystal structures. In principle, this polarization
could be utilized to produce Ga20s two-dimensional electron gases (2DEGs) in analogy
with GaN/AIN-based transistors [185].

Gaz20salloy engineering: The aluminum gallium oxide, AlxGaixOs, is a ternary alloy
of Al20s and Ga:20:s. It was already noted by Roy [186] in 1952 that the gallium ion closely
resembles the aluminum ion and substitutes for it in several structures. Because -
(AlGa)20s is not the energetically favored crystalline phase for large Al compositions, the
crystal converts to competing structural phases when grown on 3-Ga20s substrates [187].
Thus, it has been difficult to obtain gallium oxide UWBG materials exceeding the bandgap
of ~6 eV which is available to the materials in the nitride family in AIN. Very recently
however, it was found that single-crystalline layers of a-(AlGa):0s alloys spanning
bandgaps of 5.4-8.6 eV can be grown by molecular beam epitaxy [188]. By varying the
alloy composition, bandgap energies from ~5.4 up to 8.6 eV with a bowing parameter of
1.1 eV are achieved, making a-(AlxGai~)20s the largest bandgap epitaxial material family
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to date. If these layers can be controllably doped, it would pave the way for a-
(AlxGai~)20s-based high-power heterostructure electronic and photonic devices at
bandgaps far beyond all materials available today [189].

Spinel electronics: The spinel zinc gallate, ZnGa20s, is a nearly stoichiometric mixed
oxide made of Ga:0s and ZnO.A potential advantage of spinel ZnGa:0s is its great dopa-
bility prospects owing to the spinel’s inherent diversity in cation coordination possibilities
[106]. Normal spinels have all A cations in the tetrahedral site and all B cations in the
octahedral site, e.g., Zn-tetrahedral site Zn*(Ta) and Ga-octahedral site Ga*(Or), so that
normal ZnGax0s is Zn(*[Ta])Gaz(3*[On])Os(*>). The spinel’s off-stoichiometry, from the
ideal 1:2:4 proportions, or the creation of cation antisite defects are known routes for dop-
ing these compounds. Dominant defects in spinels are antisite donors (e.g., Znca) or do-
nor-like Ga*(On)-on-T4 and antisite acceptors (e.g., GaZn) with acceptor-like Zn?(Ta)-on-
On antisite defects resulting in an intrinsic bipolar power semiconductor [190]. ZnGaz0s is
therefore a potential outstanding UWBG (~5 eV) oxide semiconductor but is only one
among the many possible spinel oxides. There are over 1000 compounds that are known
to crystalize in the spinel structure. The sub-family of spinel oxides is a large and im-
portant class of multi-functional oxide semiconductors with many optoelectronics appli-
cations in areas such as batteries, fuel cells, catalysis, photonics (phosphors, bio-imaging,
photodetectors), spintronics (magnets, bio-magnets), or thermoelectricity [191]. Other
magnesium-based Ga-spinels, such as MgGax0sand ZnixMgxGaz0s, are related oxides
that are currently being investigated [192,193].

5. Conclusions

The rational use of electrical energy and information are central themes in the great-
est climatic challenge of the 21st century. UWBG oxides, such as Ga20s and related mate-
rials, are promising power electronic candidates since their critical electric field is large
compared to beyond silicon WBG (i.e., SiC and GaN), while still yielding a moderate mo-
bility, high quality epi-layers, and large bulk single crystals (more than 6-inch) using low
cost and scalable fabrication approaches. During the last decade, the Ga:0s power diode
and transistor progress has been impressive, with devices now approaching the frontier
of the field. The material system also opens new optoelectronics avenues (owing its UVC
spanning bandgap), and new electronics perspectives based on stabile interfaces and a
natural integration with extremely high-k functional oxides. The advances offered by
Ga:20s are also opening the door to many more UWBG oxides (the largest family of wide
bandgap semiconductors), such as the spinel, ZnGa20s, along with many more that are
anticipated. Therefore, the ever-increasing family of UWBG oxides is at the very frontier
of a more efficient energy electronics which is adapted to tackle the 21st century climatic
targets, although there still is a lot of room for performance improvements, technical in-
novation, and new discoveries.
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