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Abstract

focusing on development results of the author’s group.
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Rapid progress in B-gallium oxide (8-Ga,Os) material and device technologies has been made in this decade, and its
superior material properties based on the very large bandgap of over 4.5 eV have been attracting much attention.
B-Ga,O3 appears particularly promising for power switching device applications because of its extremely large
breakdown electric field and availability of large-diameter, high-quality wafers manufactured from melt-grown bulk
single crystals. In this review, after introducing material properties of 8-Ga;03 that are important for electronic
devices, current status of bulk melt growth, epitaxial thin-film growth, and device processing technologies are
introduced. Then, state-of-the-art 8-Ga,O3 Schottky barrier diodes and field-effect transistors are discussed, mainly

1 Introduction

There is no room for doubt that silicon (Si) has been the
fundamental material serving as the backbone technology
of semiconductor device electronics. Generally speaking,
up to now, the vast majority of electronic systems are
based on Si devices such as metal-oxide-semiconductor
field-effect transistors (MOSFETs), bipolar transistors,
and some types of diodes. Their performance has tremen-
dously improved by means of uninterrupted innovation in
its material and device processing technologies for over
the last 70 years. However, performance of Si devices
has almost reached the fundamental upper limit expected
from its material properties, and it is difficult to keep
improving the performance at the same pace as before. In
this current situation, research and development (R&D)
of FETs and diodes exploiting new semiconductors, which
have better physical properties for specific applications
than those of Si, has been getting more active from
expectations that they may open up a new field of semi-
conductor electronics and/or elicit characteristics that far
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exceed those of Si devices. Most of semiconductor physi-
cal properties are determined by their bandgap; therefore,
bandgap engineering has been one of the main directions
for exploring new materials, and a new semiconductor
should have a different bandgap energy (Eg) from that
of any existing material. Among a variety of new materi-
als, wide bandgap (WBG) semiconductors are expected to
be promising for power switching applications, since the
WBG devices can offer advantages of high efficiency and
power density over Si devices. The two most promising
WBG semiconductors are silicon carbide (SiC) and gal-
lium nitride (GaN); their FETs and diodes have already
penetrated into the market.

Recently, a new category called “ultrawide bandgap
(UWBG) semiconductor” has attracted great attention
due to their strong potential providing new and exciting
research opportunities for various applications, and R&D
on UWBG materials and devices continues to expand over
the years [1]. The UWBG semiconductors are defined by
E; exceeding those of SiC (3.3 eV) and GaN (3.4 eV). High
Al-content AlGaN, diamond, and cubic boron nitride are
included in the UWBG materials. A new semiconductor
gallium oxide (GapOs3), which is the main topic of this

© The Author(s). 2022 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to
the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The

images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://crossmark.crossref.org/dialog/?doi=10.1007/s43673-021-00033-0&domain=pdf
http://orcid.org/0000-0003-2821-3107
mailto: mhigashi@nict.go.jp
http://creativecommons.org/licenses/by/4.0/

Higashiwaki AAPPS Bulletin (2022) 32:3

article, is a key material among the UWBG semiconduc-
tors. GayO3 can offer two fundamental advantages over
SiC and GaN: a very large E; and ease of bulk wafer
production.

Gap0O3 is by no means a novel material; it has a long
R&D history for over 70 years [2]. However, GayOs3
had been largely ignored by a majority of semiconduc-
tor researchers and engineers, which resulted in it falling
behind SiC and GaN. The achievement of the first single-
crystal GapO3 FET in 2011 is widely credited with chang-
ing the situation and invigorating Ga;Os R&D [3]. As
shown in Fig. 1, the number of publications on GayOs sig-
nificantly increases in recent years according to increased
recognition among semiconductor researchers and engi-
neers that GapOs; has unique and attractive material
properties for various optoelectronics applications.

This article provides a comprehensive review on current
B-GayO3 material and device technologies. It should be
noted that although several polymorphs exist for Ga;O3
as introduced in Section 2.1, discussions in this review
will just focus on B-GayOs. Following this introduction
in Section 1, Section 2 describes basic physical prop-
erties of 8-GapOs. Sections 3 and 4 provide melt bulk
and epitaxial thin-film growth technologies for 8-GayO3,
respectively. Selected elemental device processing tech-
nologies are given in Section 5. Development history of
B-GayOs Schottky barrier diodes (SBDs) and FETs in the
author’s group are introduced in Sections 6 and 7, respec-
tively, together with representative achievements reported
from other institutes. Section 8 concludes this article.
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Fig. 1 Number of publications on Ga,03 from 1975 to 2020. The
papers were searched with criterion of containing “Ga,O3" in the title
(data: Web of Science as of November 30, 2021)
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2 Physical properties

The important material parameters of -GazOs3 for elec-
tronic device applications are listed in Table 1, together
with those of Si, SiC, and GaN. The material parame-
ters and the other important features are discussed in this
section.

2.1 Polymorph

Five types of GapO3 polymorphs denoted by ¢, 8, ¥, §, and
€ were first reported in 1952 [2]. The 8 phase is a ther-
modynamically stable form, and the others are metastable.
B-GazO3 has the S-gallia monoclinic structure with lat-
tice constants of 12.2, 3.0, and 5.8 A in the 4, b, and ¢
axes, respectively, and the angle between the a and ¢ axes
is about 104° [4]. A schematic of the 8-GayOs unit cell is
depicted in Fig. 2. The f-GayO3 crystal structure is com-
posed of two inequivalent Ga sites and three inequivalent
O sites. Ga(I) and Ga(Il) are tetrahedrally and octahe-
drally coordinated with O, respectively. O(I) and O(II)
have threefold Ga coordination, while O(III) has fourfold.
The important feature of 8-Gay O3 in contrast to the other
polymorphs is that bulk single crystals can be synthe-
sized by melt growth methods; the details will be given in
Section 3.

2.2 Band structure

B-GayO3 has an isotropic and dispersive conduction
band minimum comprised of the Ga 4s states, and an
anisotropic and fairly flat valence band maximum made
up of the O 2p states with contributions of the Ga 3d
and 4s orbitals [5-7]. These band structures provide suf-
ficient electron conduction associated with a reasonable
electron effective mass of ~0.3m1g (m19: free electron mass)

Table 1 Comparisons of material properties between major
semiconductors and 8-Gay0s

Si 4H-SiC GaN B-Gay03
Bandgap £ (eV) 1.1 33 34 45
Relative dielectric 11.8 9.7 9.0 10.2-124
constant e
Breakdown electric 0.3 2.5 33 >7
field Epy (MV/cm)
Room-temperature 1400 1000 1200 ~200
electron mobility u
(€cm2/Vs)
Saturation electron 1.0 2.0 2.5 1.0-1.5
velocity Vsar (x107
cm/s)
Thermal conductivity 1.5 2.7 2.1 0.11-0.27
(W/cmK)
Baliga's figure of merit 1 340 870 1570-1900
(= EMEbr3)
Johnson's figure of 1 280 760 540-1200

merit (= Ep?Viar?)
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Fig. 2 Atomic unit cell of 8-Ga,03

[5-8] and limited hole conduction due to three factors
described in Section 2.6.2.

First-principles calculations based on hybrid density
functional theory predicted an Eg of 4.6-4.9 eV for f-
GaOs3 [5-7]. For a long term, there has also been intense
discussion on whether 8-GayOs is a direct or an indirect
semiconductor. As an answer to this scientific question,
Onuma et al. reported that energies of absorption edges in
B-GayO3 melt-grown bulk single crystals can be divided
into six ranges within 4.4-5.3 eV according to the selec-
tion rules of optical transition caused by the anisotropic
valence band maximum and that the direct and indirect
E,; were estimated to be 4.48 and 4.43 eV, respectively [9].
In other words, these experimental results indicate that
the energy difference between the direct and indirect Eg
of f-Gay O3 is negligibly small at room temperature.

2.3 Breakdown electric field

The breakdown electric field (Ep,) is an intrinsic property
that each material has and corresponds to the maxi-
mum electric field that the material structure can sup-
port before avalanche breakdown. The larger Ey, leads
to greater voltage blocking capability of devices, that is,
a larger breakdown voltage (V4,). Theoretical calculation
predicted that 8-Gap O3 possesses an extremely large Ej,;
of over 8 MV/cm [10]. However, in fact, the breakdown
events for all of the Ga;O3 FETs and diodes reported so
far were caused by their permanent failure due to electric
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field concentration at a gate or an anode electrode edge;
therefore, the intrinsic Ep, of B-GapOs in terms of the
avalanche breakdown has never been observed. For ref-
erence, the maximum Ep, experimentally derived from
structural failure of a high-k dielectric/n-Ga; O3 diode was
~7 MV/cm [11].

2.4 Electron mobility

The primitive cell of 8-GayO3 gives rise to many phonon
modes due to a lack of symmetry for its monoclinic struc-
ture. Among the various modes, the longitudinal optical
(LO) phonon with energies of 20-40 meV has the high-
est impact on low-field electron mobility () in 8-GayOs3
bulks [12]. This is the main factor why the room tem-
perature o of n-GayOs is theoretically expected to be
limited up to ~200 cm?/Vs [13, 14], even though the elec-
tron effective mass is comparable to those of the other
WBG semiconductors. Actually, the peak room tempera-
ture and low temperature u of n-GayOs films experimen-
tally measured were 150—180 and 5000-10,000 cm?/Vs,
respectively [15-18].

2.5 Saturation electron velocity

The high-field carrier transport is another important fac-
tor having a large impact on electronic device perfor-
mance. The saturation electron velocity (vsat) in 8-GagO3
was theoretically predicted to be 1-2x10” cm/s [19],
which is equivalent to that in Si and about half of those in
SiC and GaN. It should be noted that the vgy is sufficiently
good for many of high-frequency applications.

2.6 Doping

2.6.1 n-type

Si, germanium (Ge), and tin (Sn) are often used as donor
dopants for f-GayOs. These group IV elements form shal-
low donor states in GayOs [20, 21], and their activation
ratios at room temperature are very high (~100% for Si).
The electron density (n) in 8-GayOs3 can be precisely con-
trolled in a wide range of 10°~10?° cm~2 by using the
donor dopants. As for controllability of #-type conductiv-
ity, Gap O3 is absolutely the same as other semiconductors.

2.6.2 p-type

Contrary to the ease of n-type doping, a major drawback
of Ga;O3 has been a lack of hole-conductive p-type mate-
rial, which is the most serious limitation for development
of Gay O3 devices. In fact, there has been no report on suc-
cessful p-type doping with effective hole conduction, even
though there are some potential acceptor dopants: magne-
sium (Mg), zinc (Zn), and beryllium (Be) as cation substi-
tuting dopants and nitrogen (N) as an anion substituting
one. There are three factors to make it almost impossi-
ble to realize hole-conductive p-type GayOs. First, it is
generally difficult for single-crystal oxide semiconductors
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to form shallow acceptor states, since their valence band
states are mainly composed of the weakly interacting O
2p orbitals as discussed in Section 2.2. Theoretical calcu-
lations predicted that all the acceptor candidates would
exhibit extremely large activation energies of over 1 eV
[22, 23]. Another expected factor limiting hole conductiv-
ity is the very low p and diffusion constant owing to the
heavy hole effective mass originated from the flat valence
band maximum [5-7]. Furthermore, it was also theoret-
ically predicted that holes localize in B-GayOg3 as small
polarons due to lattice distortion, as opposed to being free
holes widely populating [24—26]. From the three factors,
hole-conductive p-GayO3 seems to be hardly realized.
However, p-GayO3 layers formed by the deep-acceptor
doping are useful to form a large energy barrier of over 3
eV in n-Gay O3 by utilizing the built-in potential at the p-u
junction.

2.7 Thermal conductivity

The thermal conductivity is one of the important param-
eters to make a great impact on performance of high-
power devices, since it limits dissipation capacity of heat
generated by on-state conduction loss in the channel
and/or drift regions. GazO3 has a significantly lower ther-
mal conductivity compared to those of the other power
semiconductors as listed in Table 1 [27-30]. The ther-
mal conductivity of B-GayOs is anisotropic due to the
monoclinic lattice structure; they were estimated to be
0.22-0.27 W/cmK in the [010] direction (highest) and
0.11-0.14 W/cmK in the [100] direction (lowest). The low
thermal conductivity will not only hamper high-power
device performance but also limit long-term device reli-
ability. Hence, thermal management is one of the key
technical challenges for future practical applications and
industrialization of GapO3 RF and power devices.

2.8 Device figure of merit

There are several device figures of merit (FOMs) to esti-
mate how suitable a semiconductor material is for specific
device application. Here, two FOMs are discussed: Baliga’s
FOM (BFOM) [31, 32] and Johnson’s FOM (JFOM) [33].
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BFOM is commonly used as a parameter to estimate
potential of semiconductor materials for power switch-
ing device applications. The BFEOM of 8-GayOs is several
times larger than those of SiC and GaN. This is because
BFOM is proportional to the cube of Ep, but only lin-
early proportional to w. Therefore, we can expect from
the BFOM that 8-GayOs power devices can offer lower
conduction loss compared with the other semiconductor
devices listed in Table 1 when designing the structure for
a given voltage.

We use JFOM to estimate material potential for RF
power FET applications. The JFOM of B8-GayOs is esti-
mated to be the same level as or a little inferior to that
of GaN. However, the actual power efficiency of FETs
used in RF amplifiers is generally ~50%, that is, the other
half loss converts to heat. Thus, it is expected that the
poor heat dissipation capacity of 8-GayOs attributed to
its low thermal conductivity becomes much more serious
for applications to RF devices rather than power switching
devices.

3 Melt bulk growth

The availability of affordable native wafers manufactured
from melt-grown bulk single crystals is one of the dis-
tinctive features for B-GayOs and offers a significant
advantage of GapO3 over SiC and GaN in terms of wafer
size, crystal quality, and production cost, because SiC
and GaN bulk crystals require alternative synthesis tech-
niques using higher pressure and temperature. 8-Gap;O3
bulk single crystals have been synthesized by various melt
growth methods illustrated in Fig. 3, such as floating
zone [34, 35], Czochralski (CZ) [36, 37], vertical Bridgman
[38], and edge-defined film-fed growth (EFG) [35, 39].
Si or Sn is usually used as a donor dopant to con-
trol n, and semi-insulating Ga;Os bulks are producible
through compensation of residual donors with Fe or
Mg doping. Now, n-type and semi-insulating $-GayO3
wafers manufactured from CZ and EFG bulks are made
commercially available to the public, which are of suf-
ficiently high quality for development of various Gap;O3
devices.
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Fig. 3 Melt growth methods for synthesis of B-Ga, 03 bulk single crystals
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Fig. 4 Schematic of MBE machine with both Os inlet and O-plasma

cell for B-Ga, O3 epitaxial growth

4 Epitaxial growth

4.1 Molecular beam epitaxy

Molecular beam epitaxy (MBE) is an epitaxial growth
technique conducted in ultrahigh vacuum and enables
precise control of layer thickness. As other compound
semiconductors, MBE has been the most commonly used
for thin-film growth of Ga;Os in the early days of R&D.
Figure 4 depicts a schematic of a typical MBE machine for
Gay O3 growth. An effusion cell is used to sublimate a Ga
metal source in order to form molecular beam flux that
travels in a line of sight toward a substrate. Ga;O3s epi-
taxial growth happens on the substrate by means of oxi-
dization of supplied Ga atoms using oxidant such as ozone
(O3) and oxygen (O) radicals. Two-step reaction happens
between Ga and O during Ga,O3 MBE growth [40]. In the
first stage of growth, volatile gallium suboxides (Gay O) are
formed by oxidization of supplied Ga atoms on the growth
surface. Then, in the second stage, Ga;O desorbs from the
growth surface or is incorporated into a GapO3 epitaxial
layer by becoming Gap;O3 through a further oxidization
process. Due to this unique growth kinetics, the growth
rate strongly depends on growth parameters such as O/Ga
flux ratio, growth temperature, and substrate orientation,
since it is determined by competition between the Ga,O
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desorption and oxidization processes. Intentional n-type
doping has been demonstrated by using Si, Sn, and Ge as
donor dopants [41-44]. However, it is difficult to control
a low doping density on the order of 10'® cm™3 or less,
because the surface of the dopant source in an effusion cell
is easily oxidized during the MBE growth by background
O species, resulting in the dopant flux hardly controlled.
Furthermore, there is a specific issue only for Sn atoms
that they tend to segregate on the growth surface without
being incorporated into the epitaxial film [45]. At present,
MBE-grown B-GayOs epitaxial wafers are mainly utilized
for fabrication of lateral FETS, and both of the MBE meth-
ods using O3 and O radicals can provide high-quality
B-Gay O3 films sufficient for the device development.

4.2 Halide vapor phase epitaxy

High-speed B-GapOs thin-film growth attained by halide
vapor phase epitaxy (HVPE) was first reported in 2014
[46]. The crystal quality of the HVPE-grown S-GapOs3
films was excellent from the beginning. Figure 5 illustrates
a schematic of an HVPE reactor for GapO3 growth. Gal-
lium monochloride (GaCl) and Oy are typically used as
Ga and O precursors, respectively. The growth rate of 8-
GayOs thin films can be increased up to 20 um/h without
any degradation of crystal quality. The background # of
unintentionally doped (UID) 8-GazO3 (001) films is very
low, which is less than 1x10'3 cm™2 [47]. Si doping per-
formed by simultaneous supply of SiCly during the Gap; O3
growth can provide accurate control of # in a wide range
from 10 to 10" cm™3 [15]. The maximum electron p
in HVPE-grown Si-doped n-GazOs3 films is ~150 cm?/Vs
at room temperature reported so far [15]. In recent years,
epitaxial wafers with HVPE-grown n-GapOs3 layers are
mass produced and widely utilized for development of
vertical FETs and SBDs around the world.

4.3 Metalorganic chemical vapor deposition

Metalorganic chemical vapor deposition (MOCVD)
is a well-established epitaxial growth technique for
compound semiconductors and is often employed for
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Fig. 5 Schematic of HVPE reactor for 8-Ga; O3 epitaxial growth
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production of high-quality epitaxial wafers on an indus-
trial scale. There used to be some limitations for Ga;O3
MOCVD growth, such as low growth rate, high-density
background #, and low electron . However, most of
the technical issues have been resolved within the last 5
years, and MOCVD can provide high-quality 8-Ga;Os
films required for device development now. In a Gap;Os3
MOCVD reactor as shown in Fig. 6, traditional Ga precur-
sors such as trimethylgallium (TMGa) and triethylgallium
(TEGa), and high-purity O and HyO are generally used
for the growth. Si donor doping can be done by simulta-
neous supply of Si-containing precursors.

The growth rate has been increased to ~4 um/h
through optimization of growth condition [48]. The back-
ground # of MOCVD-grown UID B-GayO3 films is now
at a low level of less than 1x10' cm™3 [17, 49]. The

TMG/
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1303481834
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Susceptor

Heater

N ¥
N

Exhaust

Fig. 6 Schematic of MOCVD reactor for B-Ga, O3 epitaxial growth
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peak electron p of Si-doped n-GayOj3 films were ~180
and ~10,000 cm?/Vs at room temperature and 45 K,
respectively [16—18]. These electrical properties are com-
parable with those of HVPE-grown films. Furthermore,
MOCVD can offer high-quality 8-(AlGa),Os3 thin films
and B-(AlGa),03/GayO3 heterostructures [50, 51]; this is
an important advantage of MOCVD over HVPE.

5 Device process technologies

5.1 lonimplantation doping

For §-GayOs3, ease of ion implantation doping has gained
less attention compared with other features; however, this
is definitely important for mass production of 8-GazO3
devices in the future. Here, ion implantation doping pro-
cesses developed for 8-GapO3 by the author’s group are
presented.

5.1.1 n-type

Si-ion implantation doping process was developed to fab-
ricate ohmic electrodes on #-GapOs [52]. Implanted Si
atoms start to be activated by annealing at 800°C, and
the activation ratio becomes the highest at 900-1000°C.
Note that the activation ratio also depends on the Si dop-
ing density. The highest n of Si-doped B-GayO3 layers
formed by implantation was 3x 10 ¢cm~ for a Si den-
sity of 5% 10° cm ™3, which is high enough to form decent
ohmic electrodes with a low contact resistance. The typi-
cal room-temperature electron i of n-Gay O3 layers with
an 7 of low- to mid-10'7 cm™3 formed by Si-ion implanta-
tion is ~100 cm?/Vs [53], which is comparable with those
of n-Gap O3 layers prepared by in-situ donor doping dur-
ing epitaxial growth. The Si-ion implantation doping is
useful for formation of not only ohmic electrodes but also
FET channels; the author’s group has been using this tech-
nique to form n-GaOs active regions in various types of
devices.

5.1.2 Deep acceptor p-type
The author’s group attempted to develop ion implanta-
tion doping processes for deep acceptor species to form a
large energy barrier in #-GayO3 provided by the built-in
potential of the p-# junction rather than a hole-conductive
p-GapO3 layer. We first tried Mg as a deep-acceptor
candidate, because it is predicted to be the most stable
cation-site acceptor with the lowest formation energy in
B-GaxO3 [22, 23]. Mg-ion implantation doping into n-
Gay03 bulk crystals and subsequent annealing converts
the n-type conductivity into semi-insulating, which is
attributed to compensation of the donors by the doped Mg
[54]. However, implanted Mg atoms significantly diffuse
during the activation annealing; in consequence, it is dif-
ficult to precisely control their depth profile.

We chose N as an alternative candidate of deep acceptor
for B-GazOs3. N is the closest to O in terms of ionic size
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and electronic structure and thus can be expected to be
the most possible anion-substituting acceptor. Implanted
N atoms in n-GayO3 effectively activate by annealing at
temperatures of higher than 1100°C and contribute to
compensation of the background donors [54]. Further-
more, the N atoms exhibit much lower diffusivity in -
GayO3 than Mg atoms, which helps to keep the doping
profile even after high-temperature activation annealing.

Test structures with a Mg- or a N-doped current block-
ing layer (CBL) as shown in Fig. 7a were fabricated
by ion implantation processes to compare their leakage
characteristics. The N-doped structure provided much
lower leakage current compared with the Mg-doped one
[Fig. 7b], because the N profile was maintained even
after activation annealing due to its less diffusivity. These
results indicate that N-ion implantation is more useful for
device fabrication than Mg-ion implantation.

5.2 Metal/n-Ga,03 contacts

5.2.1 Schottky contact

A variety of Schottky metals including tungsten (W), cop-
per (Cu), nickel (Ni), iridium (Ir), platinum (Pt), and gold
(Au) have been reported for n-GayO3 [55-57]. Pt and
Ni are the most common ones used for device fabrica-
tion among them. The Schottky contacts on n-GayOs3 are
usually of high quality, which is typified by an ideality fac-
tor close to unity. The barrier height between the metal
and n-GapO3 reported so far is 1.0-1.5 eV, depending
on the metal species and the crystal orientation of 8-
Gay O3 surface. Layered oxide metal PdCoO3 also forms a
high-quality Schottky junction with n-GayOs3 [58].

5.2.2 Ohmic contact

Titanium (Ti)-based metal stacks typified by Ti/Au have
been commonly used to fabricate ohmic electrodes on
n-GapO3. It should be noted that Ti-based electrodes
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formed on n-GapOs3 can provide ohmic characteristics
only in case of # > 10'8 cm~3; therefore, formation of n™ -
Gay O3 is absolutely necessary to fabricate ohmic contacts.
Si-ion implantation doping and regrowth have been uti-
lized to form n*-GayO3 ohmic regions [52, 59, 60]. The
post-metallization annealing provides short-range inter-
mixing of Ti and Ga;O3 at the interface, resulting in
further reduction in contact resistance and improvement
in reliability and endurance [61-63]. The routine pro-
cess developed in the author’s group based on the Si-ion
implantation doping described in Section 5.1.1 and post-
metallization annealing can provide a low specific contact
resistance of less than 1x10~> Qcm?. Transparent amor-
phous oxides such as indium tin oxide and zinc oxide have
also been tested as ohmic electrodes [64—66].

5.3 Etching

Dry etching processes such as BCls-based reactive-ion
etching (RIE) and inductively coupled plasma RIE (ICP-
RIE) are most commonly used for fabrication of 8-GayO3
devices [67, 68]. It is also possible to perform wet etch-
ing of B-GayO3 using hot acid such as H3PO4 and H2SO4
[69, 70]. Dry etching often causes plasma damage on the
Gay O3 surface [71], and wet etching is effective to remove
the damaged region [72]. Metal-assisted chemical etching,
which is a technique to use Pt having a catalytic effect as
an etching mask, is unique and useful to fabricate mesa
structures and fin arrays with a high aspect ratio [73].

5.4 Direct wafer bonding

The performance of many types of semiconductor devices
is limited by their heat dissipation capacity, since heat
generation under high-power operation is inevitable
even for high-efficiency power devices, and an elec-
trical resistance of the drift layer increases with rising
operation temperature due to a decrease in electron
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Fig. 7 a Schematic cross section of test structure with CBL fabricated using Mg- or N-ion implantation doping and b its vertical leakage current
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. Therefore, for GayOs device technologies, the low
thermal conductivity is a serious potential weakness, and
thermal management is one of the most important R&D
challenges. One of the effective ways to improve heat
dissipation from Gay O3 devices is heterogeneous integra-
tion of Gap O3 active layers with foreign substrates having
high thermal conductivity such as SiC and diamond by
direct bonding [74-77]. The author’s group performed
surface activated bonding between single-crystal -
Ga03 and cost-effective polycrystalline SiC substrates.
The Gap03/SiC bonded substrate demonstrated supe-
rior characteristics such as a large mechanical bonding
strength of over 10 MPa, a small specific electrical resis-
tance of 2x10~% Qcm?, and a negligibly small thermal
resistance at the bonding interface [74].

6 SBD

WBG- and UWBG-semiconductor SBDs can offer some
advantages against Si diodes mainly based on their large
BFOMs: higher V4, lower on-resistance (Rop), higher effi-
ciency, and faster switching speed. A variety of GayO3
SBDs have been developed over the last decade. Primi-
tive GayO3 SBDs were fabricated with a 8-GayO3 bulk
wafer synthesized by EFG [78]. At the time, -GayOs3
epitaxial wafers with a thick drift layer having n < 107
cm~3 were hardly available, since MBE was the only
technique that could provide high-purity epitaxial lay-
ers but was not able to provide n-Gap;Osz layers with
a low 7 satisfying requirement for fabrication of high-
voltage devices due to technical limitation of donor dop-
ing [45]. The HVPE technology became a breakthrough
for the development of vertical 8-Gap O3 devices, because
high-quality, low-doped 7n-Gay O3 drift layers were made
available thanks to it. Simple 8-Gay;O3 SBDs with HVPE-
grown drift layers demonstrated excellent current—voltage
output characteristics following the thermionic emission
and thermionic field emission models at forward- and
reverse-bias conditions, respectively [79], which are typ-
ical behaviors for WBG and UWBG semiconductors.
The next step was enhancement of Vi, to prove that
B-GayO3 SBDs are useful for high-voltage applications.
First demonstration of GayO3 SBDs with V;,, > 1 kV
was achieved by applying a field plate to mitigate elec-
tric field concentration at the edge of the anode electrode
[80]. The field-plated SBDs also showed good on-state
device characteristics such as an Ry, of 5.1 mQcm? and
an ideality factor of 1.03. Another edge-termination struc-
ture often employed for power SBDs is a guard ring. Our
latest SBDs with both a field plate and a N-implanted
guard ring, which is schematically illustrated in Fig. 8,
achieved an enhancement of V}, to 1.43 kV with keeping
the same level of Ry, [81]. Mg-ion implantation doping
and fluorine treatment were also employed to form guard
rings [82, 83].
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Fig. 8 Schematic cross section of Ga;O3 SBD with field plate and
N-implanted guard ring. Adapted with permission [81]. Copyright
2019, IEEE

As another attempt to increase Vi, f-GayOs trench
SBDs have also been developed [84—86]. An anode elec-
trode was formed to cover trench sidewalls on which an
Al O3 dielectric was deposited. At the reverse-bias con-
dition, the depletion region laterally spreads from the
sidewalls, leading to an increase in Vi,. A very high Vi,
of over 2 kV was demonstrated for the trench SBDs with
keeping a low Ry of ~10 mQcm?.

7 FET

7.1 Lateral FET

7.1.1 MESFET

The first demonstration of single-crystal Ga;O3 transis-
tors was achieved in the form of metal-semiconductor
FET (MESFET) as shown in Fig. 9, which was fabricated
using a 300-nm-thick Sn-doped n-GazO3 channel layer
grown on a Mg-doped semi-insulating B-GayO3 (010)
substrate by MBE [3]. The MESFET met a basic standard

Pt/Ti/Au

Ti/Au Ti/Au
S G D

Sn-doped n~-Ga,0O5 300 nm

Mg-doped semi-insulating
Ga,05(010) substrate

Fig. 9 Schematic cross section of Ga;O3 MESFET. Adapted with
permission [3]. Copyright 2012, AIP
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required as a transistor: drain current (/q) modulation
from the on-state to the off-state by gate voltage (V)
swing. Although it was the first experimental attempt on
fabricating Ga;O3 FETs, fundamental device characteris-
tics were reasonably good, such as a maximum /4 of 15
mA/mm at a drain voltage (Vq) of 40 V, a large three-
terminal off-state V4, of ~250 V, and a high I4 on/off ratio
of over four orders of magnitude. However, two short-
comings of poor source/drain ohmic contacts and small
surface leakage were noted for the MESFET.

7.1.2 Depletion-mode MOSFET

To improve the ohmic contact, the Si-ion implanta-
tion doping process was developed [52], as described
in Sections 5.1.1 and 5.2.2. As a next step of -GayOs3
FET development, we fabricated depletion-mode (D-
mode) MOSFETs with Si-implanted 7#-Gay O3 channel and
nT-GayO3 ohmic regions, and an Al,O3 gate dielectric
formed by plasma-assisted atomic layer deposition (ALD),
as illustrated in Fig. 10 [87]. Thanks to a large reduction in
the ohmic contact resistance, the maximum /4 was largely
increased to 65 mA/mm. The gate dielectric contributed
to increasing the off-state V}, to ~400 V and drastically
suppressing an off-state leakage current, which led to a
large increase in the Iq on/off ratio to over 101°,

7.1.3 Field-plated MOSFET

Based on the D-mode MOSFETs, 8-GapOs field-plated
MOSFETs were fabricated to further enhance Vi, by
preventing electric field concentration at the drain-side
edge portion of the gate metal. Figure 11 shows a cross-
sectional schematic of the Ga,O3 MOSFET structure with
a gate-connected field plate [88]. The field plate success-
fully contributed to a large enhancement of V4, to ~750
V without any degradation of on-state device characteris-
tics from those of the D-mode MOSFETs. The field-plated
MOSEFETs also exhibited no DC-RF dispersion by virtue
of the effect of the thick SiOy passivation and high opera-
tion stability up to 300°C. Due to the continued develop-
ment, the V}, of lateral 8-Ga,O3 field-plated MOSFETs
has increased to over 2 kV [89, 90].

Si=5x10"9 cm3
150-nm-deep
box profile

N Si=3x10" cm? |

Si-implanted
m-Ga,O3 300 nm

Fe-doped semi-insulating
Ga,0; (010) substrate

Fig. 10 Schematic cross section of D-mode Ga;O3 MOSFET. Adapted
with permission [87]. Copyright 2013, IEEE
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Fig. 11 Schematic cross section of field-plated Ga;O3 MOSFET.
Adapted with permission [88]. Copyright 2016, IEEE

From the material properties typified by the large E,,
B-GapO3 is expected to have high resistance against
stresses caused by high temperature, radiation, and cor-
rosive gases, as well as being suited for power devices.
Hence, it can be considered that 8-Gay;O3 FETs have a
large potential even for wireless communications and sig-
nal processing circuits in harsh environments in which
it is difficult for existing semiconductor devices to keep
operating for a long term. Based on the idea, we also
investigated gamma-ray tolerance of the GayOs field-
plated MOSFETSs [91]. The MOSFETSs showed only small
degradation of DC I4— V4 output characteristics even after
high-dose cumulative gamma-ray irradiation up to 1.6
MGy. Note that the irradiation dose is at a level of exceed-
ing requirements for typical space applications. These
results indicate a great potential of 8-Gay;O3 FETs for
applications to high-temperature and/or radiation-hard
electronics.

7.1.4 Normally-off MOSFET

Enhancement-mode (E-mode) 8-GayO3 MOSFETs realiz-
ing normally-off operation were fabricated by decreasing
a thickness and/or a doping concentration of a channel
layer to enable full channel depletion under a gate at V;
=0V [92]. B-GayO3 MOSFETs having an unintentionally
N-doped GayO3 channel layer grown by plasma-assisted
MBE as illustrated in Fig. 12 demonstrated normally-off
operation with a large turn-on threshold V; of over +8
V [93]. The channel layer with UID N and Si densities
of respectively 1x10'® and 2x10!7 cm™3 is equivalent
to p-type, since deep-acceptor N impurities compensate
donor Si ones. These results would imply formation of an
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Fig. 12 Schematic cross section of Ga;O3 MOSFET with unintentionally N-doped channel. Adapted with permission [93]. Copyright 2019, IEEE

inversion channel at the interface between the Al,O3 gate
dielectric and the N-doped GayOs3 layer.

7.1.5 High-frequency MOSFET

The author’s group fabricated highly scaled B-GayOs3
MOSFETs as shown in Fig. 13, which aimed for appli-
cations to high-frequency wireless communications and
logic circuits operating in harsh environments [94]. The
MOSFETs with a gate length (Lg) of 200 nm demon-
strated a current-gain cutoff frequency (fr) of 9 GHz and
a maximum oscillation frequency (finax) of 27 GHz. Note
that comparable RF small-signal characteristics were also
reported from other institutes [95, 96]. These RF device
characteristics indicate that 8-GapOs FETs can be used
for wireless communications at frequencies up to ~10
GHz.

7.2 \Vertical FET

As of the time of this writing, there have been a few
groups developing vertical §-GayO3 FETs in the world.
Two representative developments are discussed in this
subsection.

7.2.1 Current-aperture FET

Vertical FETs with a current aperture were often selected
as a first target in the history of vertical transistor devel-
opments due to its simple structure. Figure 14 shows a
schematic cross section of a vertical D-mode B-GayOs3
MOSEFET with a current aperture that is bounded laterally
by N-implanted CBLs [97]. It should be noted that three
ion implantation processes were conducted to form the
N-doped p-Gay;O3 CBLs, a Si-doped n-GayO3 channel,
and heavily Si-doped #*t+-GayO3 source ohmic contact
regions. Decent device characteristics such as a maxi-
mum Iy of 0.42 kA/cm? and a specific Ry of 31.5 mQcm?
were demonstrated. The Iq on/off ratio of over 10% was
recorded. The three-terminal off-state V}, was limited to
less than 30 V owing to large electric field in the Al,O3
gate dielectric due to the high Si doping density of the
channel.

E-mode operation of vertical 8-GayO3 MOSFETs was
also demonstrated [98]. The device fabrication process
and structure of the E-mode MOSFETs were almost the
same as those of the D-mode MOSFETs. There were two
modifications from the D-mode structure: a decrease in Si

Al,O5 20 nm

Si-
implanted

70 nm

n*-Ga,0,

Si-implanted
n-Ga,O3 channel

Si-
implanted

n*-Ga,03

UID Ga,0, buffer layer

200 nm

Fe-doped semi-insulating
B-Ga,03 (010) substrate

Fig. 13 Schematic cross section of short-gate Ga,O3 MOSFET. Adapted with permission [94]. Copyright 2020, AIP
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Fig. 14 Schematic cross section of vertical D-mode Ga, O3 FET with current aperture. Adapted with permission [97]. Copyright 2019, IEEE

doping density of the channel from 1.5x10'® to 5.0x 107
cm~3 and formation of an n**-region-gate overlap to
avoid channel depletion in the gate-source access region
at thermal equilibrium. A turn-on threshold Vj of larger
than +3 V and an Iq on/off ratio of over 10° were attained.
The off-state V},, was enhanced to ~250 V thanks to the

reduction in the Si doping density in the channel.

7.2.2 Fin-channel FET

Top- and side-gate configuration formed on mesa
trenches of fin-channel FETs allows superior gate con-
trollability compared with that of planar FETs. The fin-
channel FET structures are often developed for low-
voltage, high-speed applications; however, the gate con-
figuration is also effective for vertical power FETs on
electric-field management. The same group of Cornell
University that developed the trench SBDs reported ver-
tical B-GapO3 FETs with a sub-um fin channel [99]. E-
mode operation was achieved for the devices by means of
full channel depletion from the sidewalls at V; = 0 V. The
fin-channel FETs demonstrated excellent device charac-
teristics such as a large Iq of 1 kA/cm?, a specific Ry of
10-20 mQcm?, an I on/off ratio of ~10%, and an off-state
Vir of ~1 kV.

8 Conclusions

This article presents an overview of current R&D sta-
tus of B-GapO3 science and engineering, which covers
material properties, melt bulk growth, epitaxial thin-film
growth, device processing, and state-of-the-art device
technologies. The extremely large BFOM and the avail-
ability of high-quality, large-diameter single-crystal wafers
produced from melt-grown bulks are especially attrac-
tive from practical application perspectives. Over the past
10 years, all the aspects of 8-GapO3 material and device
technologies have significantly progressed, and several

development milestones on the way to industrialization
and commercialization of 8-GayO3 FETs and SBDs have
already been achieved. It is gratifying that Ga;Os has
gained a lot of popularity for the last 10 years thanks to
the accomplishments and is now largely accepted as one
of the promising UWBG materials in the semiconductor
community. However, there is no room for doubt that the
current 8-GapO3 device technologies are still immature,
and that we still have a long way to start to introduce them
into markets. Future intense efforts are indispensable to
develop advanced device structures to improve their char-
acteristics. Overcoming the two shortcomings related to
fundamental material properties, which are the absence
of hole-conductive p-Ga;Os and the poor thermal con-
ductivity, should be tough challenges. The potential of
B-GayO3 devices is worth putting the effort into the devel-
opments, because it can be expected that f-GayO3 power
and harsh-environment devices will contribute to global
energy saving and creation of new application fields of
semiconductor device electronics, respectively. The con-
tinued efforts on material and device engineering should
lead to generating far-reaching technological and socioe-
conomic impacts.
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