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ABSTRACT

Ga,0; is an ultrawide bandgap semiconductor with a bandgap energy of 4.5-5.3eV (depending on its crystal structure), which is
much greater than those of conventional wide bandgap semiconductors such as SiC and GaN (3.3eV and 3.4 eV, respectively).
Therefore, Ga,0; is promising for future power device applications, and further high-performance is expected compared to those of
SiC or GaN power devices, which are currently in the development stage for commercial use. Ga,O; crystallizes into various
structures. Among them, promising results have already been reported for the most stable B-Ga,O3, and for o-Ga,0Os, which has the
largest bandgap energy of 5.3 eV. In this article, we overview state-of-the-art technologies of B-Ga,0; and a-Ga,O; for future power
device applications. We will give a perspective on the advantages and disadvantages of these two phases in the context of comparing the
two most promising polymorphs, concerning material properties, bulk crystal growth, epitaxial growth, device fabrication, and resulting

device performance.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5123213

I. INTRODUCTION

Semiconductor power devices are now widely used for virtu-
ally every single electric power conversion device and, therefore,
improving the efficiency of the power devices is of crucial impor-
tance for global energy savings. About 13% of generated electricity
today is wasted through switching and conversion. Today’s com-
mercial high-power semiconductor devices are dominantly
Si-based. However, in the past few decades, gallium nitride (GaN)
and silicon carbide (SiC) have emerged as desirable candidates to
replace Si in high power applications for high-frequency operation,
efficiency enhancement, compactness, and weight reduction. These
materials are characterized by a bandgap of approximately 3.3 eV,
significantly wider than silicon’s bandgap of 1.12 eV, allowing the
use of high electric fields and thus high voltages with low associ-
ated losses. In the case of SiC power devices, for example, it is esti-
mated that 300 x 10° barrels of crude oil can be saved, and 83 x 10°
tons of CO, gas emission can be suppressed per year by 2050."
The power device related market is expected to reach $22 billion
by 2024, which would be a great benefit to the semiconductor
industry. Servicing the electrification of the automobile is already
one of the fastest growing segments of the electronics industry.
Nonetheless, producing large scale, cost-effective, and high quality
GaN and (to a lesser extent) SiC substrates remains the major

challenge in the development roadmap of power electronics based
on these wide bandgap materials.

There is an urgent need for new semiconductor devices to
be operated in the multiple kilovolts range for power electronics
applications in many advanced systems, including distributed
grid systems, electric vehicles, high-speed trains, and industrial
automation. Due to the limited availability of semiconductor
switches of >10kV, transformers are currently used to step
down high voltages (HVs), which will be switched and then
stepped back up to the desired HV. Recently, ultrawide bandgap
(UWB) semiconductors including Ga,O;, diamond, high Al
content AlGaN, and AIN have drawn a great deal of interest in
the research community for HV applications beyond those acces-
sible with GaN and SiC. Figure 1 demonstrates the material
properties of these semiconductors along with those for GaN
and 4H-SiC.

Considering only the material properties, diamond is the most
promising semiconductor for future high-power applications due to
its wide bandgap, high thermal conductivity, and high electron and
hole mobility. However, it possesses a number of serious challenges
which need to be addressed before diamond can be considered for
any practical application. These challenges include unavailability of
large-scale and dislocation free diamond substrates in addition to
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high ionization energies of n-type (570 meV for phosphorous) and
p-type (380 meV for boron) dopants in diamond.

High Al-content AlGaN channel MESFET's on AIN substrates or
templates have been proposed for high power applications. However,
this material system suffers from low electron mobilities due to alloy
scattering and low thermal conductivity, in addition to challenges with
producing large-scale AIN substrates. AIN-on-sapphire templates
are commercially available. However, similar to GaN-on-sapphire
templates, they suffer from high threading dislocation density which
makes them unsuitable for AIN-based vertical devices.

Ga,0;, the target material of this article, is an ultrawide
bandgap semiconductor with a bandgap energy of 4.5-5.3eV
(depending on its crystal structure), which is much greater than
those of conventional wide bandgap semiconductors such as SiC and
GaN (3.3 eV and 3.4 eV, respectively). Therefore, Ga,Oj; is promising
for future power device applications, and further high-performance is
expected compared to those of SiC or GaN power devices, which are
currently in the development stage for commercial use. Ga,O; crys-
tallizes into various structures. Among them, promising results have
already been reported for the most stable B-Ga,O; and for a-Ga,0s,
which has the largest bandgap energy of 5.3 eV (The material proper-
ties of these two different phases are listed in Table I). In this article,
we overview state-of-the-art technologies of B-Ga,O; and a-Ga,0;
for future power device applications. We will give a perspective on
advantages and disadvantages of these two phases in the context of
comparing the two most promising polymorphs, concerning material
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FIG. 1. Diagram comparing material properties of wide
bandgap semiconductors. Note that the melting point of
GaN is obtained from molecular dynamics simulations'**
and SiC is actually the decomposition temperature.
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properties, bulk crystal growth, epitaxial growth, device fabrication,
and resulting device performance.
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Il. BULK CRYSTAL GROWTH

Availability of high-quality native substrates is a critical factor
to grow high-quality epilayers, which are essential to realize high-
performance semiconductor devices. Most of the wide bandgap
semiconductor crystals, such as GaN, SiC, diamond, etc., cannot be
grown from the melt and, therefore, they were only heteroepitax-
ially grown on largely lattice-mismatched foreign substrates at the
early stage of development in contrast to the conventional semicon-
ductors such as Si and GaAs. However, the realization of bulk sub-
strates by a vapor phase growth technique has enabled the growth
of high-quality homoepitaxial layers and paved the way to the com-
mercialization of GaN and SiC devices.” Needless to say, the
importance of substrates also applies for Ga,0O; to fully exploit the
superior potential. In this section, we overview the current status
and technical issues of substrates used to grow Ga,O; epilayers.

A. B-Ga,O3 substrates

Fortunately, as oppose to other wide bandgap semiconductors,
B-Ga,O3 bulk crystals can be grown from the melt and high-quality
single crystal substrates are commercially available. This feature,
in addition to the large bandgap, makes B-Ga,0O; a very attractive
candidate for power device applications. However, it was not easy to
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TABLE I. A comparison between the material properties and technological maturity

of B- and o-Ga,03.

B o
Crystal structure Monoclinic(B-gallia) Corundum
E, 48eV 53eV
Electron mobility 200 cm®/V s 200 cm®/V's
(est.)
Ey, (est.) 6.5 MV/cm 9.5 MV/cm
£ 10 10 (est.)
BFOM 1231 3844
Thermal conductivity 0.27 W/ecm K [010] No report
0.11 W/ecm K [100]
Substrate B-Ga,O3 (melt-grown) Sapphire
Available ~ ¢2 in., Available ~ 6 in.
R&D ~ ¢6 in. cheap

Epitaxial growth
technique
Dislocation density

Surface roughness of
epilayers
(ALGa;_,):0;

n-type doping
p-type doping

Hetero-pn-junction

SI

Currently expensive
MBE, HVPE, MOCVD,
Mist-CVD, PLD, etc.
<10’ em™?

Macro step, need CMP

x<18%
Si, Ge, Sn
N (deep acceptor 1eV)
NiO (FCC crystal
structure)
Fe

Mist-CVD, HVPE,
MOCVD
Typical: 10" cm™
ELO: <5 x10°cm™
Smooth under SEM

No limitation
Si, Ge, Sn
No report
o-Ir,03, a-Rh,03

No report

produce twin-free B-Ga,O; wafers with a diameter large enough for
practical use because of the strong cleavage nature, and such
B-Ga,0; wafers have been realized only recently.” In this part, we
overview the features, present status, and technical issues of the rep-
resentative melt growth techniques of bulk f-Ga,Oj3 crystals.

1. EFG method

At present, edge-defined film fed growth (EFG) is the most
successful bulk growth technique of B-Ga,O;. Currently, (010)
wafers up to 25x25 mm?, (201) wafers up to 2in., and (001)
wafers up to 4 in., both Sn-doped n-type conductive and Fe-doped
semi-insulating, are commercially available from Novel Crystal
Technologies, Inc.

In the EFG method, a board-shaped B-Ga,0O; crystal is grown
on top of an iridium dye with narrow slits, through which the
Ga,O; melt is supplied by capillarity [Fig. 2(a)].”® The melt area
can be much smaller than that of other melt growth techniques,
and, therefore, it is possible to minimize the dissociation and evap-
oration of the melt. The crystal shape is controlled by the shape
of the dye. The growth atmosphere needs to be controlled appro-
priately (N,/O, =98%/2% for example) to minimize the iridium
loss by oxidation. The growth rate is up to a few dozen cm/day.
The pulling direction is usually [010] in order to suppress twinning
and seed blistering. Therefore, the area of EFG-grown (010) wafers
is limited to approximately 25 x 25 mm? although numerous prom-
ising results have been reported on the substrates. In contrast,
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B-Ga,0; wafers with a principal crystal plane in the [010] zone are
scalable. Indeed, 6-in. (001) wafers have been demonstrated by
Novel Crystal Technologies, Inc. Note that the B-phase has a mono-
clinic crystal structure and, therefore, mutually orthogonal planes
and directions do not have the same indices except for (010)
and [010].

n-type conductivity has been controlled mainly by Sn
doping.” Ge doping is difficult because of the high vapor pressure
of GeO,. Although Ny — N, decreases by O, annealing after the
growth to remove residual strain, Ng — N, can be recovered to be
virtually identical to the donor concentration by N, annealing.’
The mechanism has not been clarified yet, but N, annealing could
introduce oxygen vacancies, and it is likely that an impurity-
vacancy complex consisting of a dopant element and oxygen vacan-
cies acts as a shallow donor.

In general, dislocations in the semiconductor material can
deteriorate the device performance. Experimental results suggested
that dislocations in B-Ga,O; can be current leakage paths.’
Dislocation density in EFG-grown B-Ga,O3 has been reported to be
~10® cm™2° which is much lower than that in halide vapor phase
epitaxy (HVPE)-grown GaN substrates. It should be examined if
this dislocation density is low enough for power device applica-
tions. Note that the allowable dislocation density strongly depends
on the device design and the drive conditions. In addition to dislo-
cations, rod-shaped voids also exist in EFG-grown B-Ga,O; crystals
with a density of ~10*cm™.'" The diameter of the void is around
100 nm, and the length is 15um or more. These voids are believed
to be formed by the evaporation of metallic impurities in the
crystal. The influence of these voids on the device performance has
not been clarified yet, but the inner surface of such a void could be
a current leakage path.

As described above, the EFG method is very promising.
However, the production cost needs to be reduced substantially in
order to put EFG-grown B-Ga,O; wafers into practical use. A key
technology for the cost reduction should be the suppression of the
iridium loss, although the realization needs a breakthrough.

2. Czhochralski method

The Czhochralski (Cz) method is one of the most representa-
tive melt-growth techniques, which is widely used for the mass
production of semiconductor crystals such as Si, Ge, GaAs, etc.!!
Figure 2(b) shows the principle of the Cz method. The growth of
2-in. B-Ga,O; bulk crystals has been demonstrated,'”"” and 1-in.
semi-insulating (010) B-Ga,O; wafers are commercially available
from Kyma Technologies and SYNOPTICS.

In the Cz method, the melt surface area is much greater than
that of EFG, therefore evaporation and dissociation of the Ga,0O;
melt are more significant. The amount of metal Ga produced by
dissociation increases with increasing crucible diameter, being
enough to damage the iridium crucible by forming eutectic or
intermetallic Galr phases.'* The dissociation is suppressed by
increasing the oxygen partial pressure of the growth atmosphere;
however, oxidization of the iridium crucible will be further
enhanced. Thus, a breakthrough is required to realize the mass pro-
duction of large-diameter (4-6in.) B-Ga,O; wafers by the Cz
method for power device applications.
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FIG. 2. Schematic of (a) EFG, (b) CZ, (c) FZ, and (d) VB melt growth techniques suitable for the growth of bulk B-Ga,0s.

3. Floating zone method

The first demonstration of B-Ga,O; wafers with a practical
diameter was carried out using the floating zone (FZ) method.® In
the FZ method, the B-Ga,0O; single crystal rod is grown from the
Ga, 05 melt supported between the polycrystalline feed rod and the
grown single crystal by surface tension [Fig. 2(c)]. The FZ method
does not use a crucible, and, therefore, high-purity crystals can be
grown. n-Type conductivity is controlled by intentional Si or Sn
doping.>'® The growth can be carried out under high oxygen
partial pressure without the crucible oxidization problem. However,
the large-diameter growth is difficult because of the small hot zone
and high temperature gradient owing to lamp heating.

4. Vertical Bridgman method

The first application of the vertical Bridgman (VB) method to
B-Ga,O3 was demonstrated by Hoshikawa et al., and they reported
the growth of 1-in. (100) B-Ga,O; bulk crystals with a dislocation
density as low as 10°cm™."" In the VB method, the B-Ga,Os
crystal is grown by one-way solidification of the Ga,O; melt in a
Pt/Rh alloy crucible slowly passing through a temperature gradient
in a vertical furnace [Fig. 2(d)]. The shape of the bulk crystal
follows that of the crucible. The VB method can be cost-effective
because the growth is carried out in air and the crucible material is
reusable. In principle, the VB method should be advantageous to
grow large-scale bulk crystals since the growth is carried out in a
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gentle temperature gradient. Thus, the VB method is promising for
the mass production of large-diameter B-Ga,O; wafers at a reason-
able cost although the VB technology remains in its infancy and
further development is required.

B. Substrates for a-Ga,03

0-Ga,0; is meta-stable at ambient pressure, and the melt
growth is not possible just like SiC, GaN, diamond, etc. Accordingly,
0-Ga,0; films need to be grown heteroepitaxially. Currently, only
sapphire has been reported as a substrate for o-Ga,0O;. Fortunately,
large-diameter sapphire wafers up to 6 in. are mass-produced mainly
for nitride LEDs and commercially available at a reasonable price.
However, the dislocation density of an 0-Ga,O; epilayer is typically
as high as 10'®cm™ because of the large lattice mismatch, if no
measure is taken.'®

As described in Sec. III B 2, the rapid growth of a-Ga,O; is
possible by HVPE at a growth rate over 100um/h."” It would,
therefore, be possible to produce freestanding a-Ga,O; wafers in a
similar way of producing freestanding GaN wafers, i.e., growing a
thick 0-Ga,0; layer by HVPE and removing the base substrate
after the growth.

0-Ga,0; is more stable than B-Ga,0O; at high pressures, and
B-Ga,0O5 turns into o-Ga,O; under 20-22 GPa or higher at ambient
temperature.”’ Therefore, it is expected to be possible to grow
0-Ga,0; crystals from the NaOH flux under 4.4 GPa at 1000 °C using
B-Ga,O; powder as the raw material.”" In future, such a high-pressure
flux method could be utilized to produce bulk o-Ga,O; single crystals,
similar to that now being used for diamond.

I1l. EPITAXIAL GROWTH

In order to realize high-performance Ga,O; power devices, it
is essential to establish epitaxial growth techniques which produce
high-quality Ga,Oj3 films with controlled electrical conductivity at a
reasonably high growth rate. Although most of the epitaxial growth
techniques currently being investigated for Ga,O; are based on
those proven to be effective for other conventional semiconductors,
they need to be tailor-made to fit the nature of Ga,0Os. In this
section, we overview the features, achievements, and technical
issues of epitaxial growth techniques for Ga,Os.

A. Epitaxial growth of -Ga,Oz

In most cases, B-Ga,O; films for power device applications
are grown homoepitaxially since high-quality native substrates are
available as described in Sec. II A, (010) and (001) substrates are
most frequently used. On (010), relatively smooth epilayers can be
grown at a rapid growth rate although the wafer size is limited. (001)
wafers are scalable and the epi growth rate on (001) is reasonable,
however, the surface morphology tends to be rough. Therefore, it is
not easy to grow an abrupt interface and the CMP process is required
prior to the device fabrication. (100) wafers should also be scalable,
but the epi growth rate is extremely low and twin boundaries are
easily introduced although twinning can be suppressed to some
degree by using miscut substrates.”” (201) epilayers also suffer from
stacking fault. In conclusion, (010) and (001) are the realistic choices
at present. In the following part, we overview the most frequently
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reported growth techniques for B-Ga,0;, i.e., molecular beam epitaxy
(MBE), HVPE, and metalorganic vapor phase epitaxy (MOVPE).

1. MBE

Plasma-assisted MBE and Ozone-MBE have been reported.
Higher growth rates can be achieved in ozone-MBE compared
with those in plasma-assisted MBE. Nevertheless, in ozone-MBE,
the growth apparatus needs to be designed so that the ozone
injection nozzle is close to the substrate surface and ozone gas can
reach the surface during its short lifetime. The relationship
between the growth rate and crystal orientation has been studied
in detail. The growth rate is the fastest on (010) and much slower
on cleavage planes such as (100) and (001).”* The growth rate is
suppressed and becomes even negative under Ga-rich growth con-
ditions because of the formation of volatile sub-oxide Ga,0O.”**”
The negative growth (etching) can be utilized as a cleaning tech-
nique of the B-Ga,O5 substrate surface prior to the film growth.*

The B-(AL,Ga, ,),05 solid solution can also be grown, although
the Al composition is limited because the stable structure of AL,O; is
not the B-gallia structure. The solubility limit increases with increas-
ing growth temperature.”” However, the Al composition is less than
20%"° because the MBE growth temperature is usually limited to less
than 700 °C to suppress the decomposition of B-Ga,O; in a vacuum.

The residual carrier concentration of an Uunintentionally doped
(UID) B-Ga, O3 epilayer is reported to be less than ~7 x 10'* cm™.*’
The primary residual donor is believed to be Si coming from an
ambient environment and the quartz parts used in the plasma
source. Intentional n-type conductivity control is possible using
mainly Sn- or Ge—doping.‘ﬁ‘0 B-(AlLGa,_,),03/p-Ga,O; modulation-
doped FETs (MODFETS) have already been demonstrated,””*"** and
the 2DEG channel mobility has been reported to be as high as
143 cm®/V s at RT.”

The biggest drawback of MBE for commercial applications is
that the growth rate is very low and, therefore, not suitable for the
growth of thick drift layers of vertical power devices. MBE could be
still useful for lateral devices.

2. HVPE

Currently, HVPE currently gives the highest growth rate of
B-Ga,0s as a vapor phase growth technique and it is possible to
grow over a few dozen um/h under atmospheric pressure.’*
In addition, the influence of carbon impurity can be minimized
upon n~ doping control since carbon-free precursors are used.
Thus, HVPE is promising for growing thick drift layers with high
productivity. At present, (001) B-Ga,O; homoepitaxial wafers with an
n" layer are commercially available from Novel Crystal Technologies.

Figure 3(a) shows the principle of HVPE. GaCl, is used as
the Ga precursor in the HVPE of B-Ga,0;. CaCl, is produced by the
chemical reaction between metal Ga and HCI gas upstream in the
reactor. O, is used as the oxygen precursor in many cases while H,O
was also reported.”” In any case, the equilibrium constant of the
chemical reaction to produce Ga,O; is much greater than that of
GaN-HVPE. Therefore, special attention should be paid to sup-
press the parasitic gas-phase reaction when the precursors are
supplied at high partial pressures upon rapid growth. The homoe-
pitaxy of B-Ga,O; has been reported mainly on (001) and
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On both (001) and (010), macrosteps develop
strongly when a thick film is grown.”>*

In general, HVPE-grown crystals tend to have relatively high
incorporation of Si impurity from the quartz reactor because
Si-included gas is released when hydrogen-included gas is in
contact with quartz at high temperatures. On the other hand, the
residual Si concentration needs to be low enough for precise con-
ductivity control. In order to remove hydrogen-included gas from
the system, it is effective to use Cl, gas instead of HCl gas for
GaCl, synthesis and to use O, gas rather than H,O as the oxygen
precursor. As a result, the residual carrier concentration can be
suppressed to less than 10> cm™.’° Other than Si, Cl impurity is
also detected at a concentration of ~10'®cm™.”> Experimentally,
Cl has been reported to be electrically inactive in B-Ga,Os,” although
Cl s predicted to be a shallow donor.”® However, careful investigation
should be continued to check whether Cl could affect the electrical
properties under specific conditions. Intentional Si doping has been
carried out using SiCly as a dopant source and it is possible to
control the net carrier concentration in the 10'® cm™ range.”

In order to mass-produce B-Ga,0; epi wafers for power device
applications by HVPE, it is essential to develop a large-scale multiple-
wafer apparatus. A planetary reactor or a close coupled showerhead
reactor should be employed to secure in-wafer/wafer-to-wafer unifor-
mity because the growth rate decay along the gas flow direction is
fast in HVPE of B-Ga,0s. Reducing the reactor pressure is also an
effective option.

3. MOVPE

MOVPE is the most widely used epitaxial growth technique
for the mass production of III-V compound semiconductor epi
wafers. MOVPE of B-Ga,0; has been investigated using TMGa,
TEGa, and Ga(DPM); as gallium precursors, and O,, and H,O

FIG. 3. Schematic of (a) HVPE and (b) mist-CVD
systems used for the epitaxial growth of o- and B-Ga,0;.

Carrier gas s O Ga,0,
u Exhaust
Solution Substrate

as oxygen precursors. Equilibrium constants of chemical reac-
tions to produce Ga,O; by MOVPE are much greater than
those of GaN, and the parasitic gas-phase reaction easily occurs
especially upon rapid growth. Accordingly, the MOVPE of
B-Ga,O; is carried out at a reduced reactor pressure in many
cases. A close coupled reactor is also effective to minimize the
parasitic reaction and high growth rates up to 10um/h have
been demonstrated.”’

In general, MOVPE-grown epilayers tend to include carbon
impurities originated from the metalorganic compound precursors.
Carbon is predicted to be a shallow donor in B-Ga,0;,"' and the
concentration should be reduced for precise n~ control in drift
layers. Promisingly, the carbon concentration in a MOVPE-grown
UID B-Ga,O; film was reported to be less than the detection
limit of SIMS (~2 x 10" cm™)."” Intentional n-type conductivity
control by Si doping is possible and carrier concentrations between
10" ~ 10%° cm ™ are reported.”"* In a recent report, a high-purity
Si-doped B-Ga,O; film with a net carrier concentration of
2.5x 10" cm™ has been demonstrated, and the bulk electron
mobility was as high as 184 cm?/V s at RT."* Note that the growth
rate of the B-Ga,O; film was relatively low, less than 1um/h. It
should be assessed whether such high purity and large mobility can
be maintained at higher growth rates.

The MOVPE growth temperature of 8-Ga,O3 can be higher than
that of MBE because the reactor pressure is much higher. The high
growth temperature raises the solubility limit of B-(ALGa, ,),0;, and
the growth of B-(ALGa, _,),03 with x >40% has been demonstrated
at >800 °C."”* The B-(ALGa, _ ,),05/B-Ga,0; super lattice with abrupt
interfaces can also be grown.”

As described above, the combination of high growth rates
(much higher than that possible by MBE) and the possibility of
growing abrupt heterointerfaces, which is difficult by HVPE, makes
MOVPE very promising for mass production of B-(Al,Ga;_,),0;
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epiwafers. Although the residual carrier concentration is higher
than that of the HVPE-grown film at present, the bulk electron
mobility is excellent. Scalability of the growth apparatus should be
better than that of MBE and HVPE. MOVPE has great potential to
play a leading role in the mass production of B-Ga,0; epiwafers for
power device applications in future.

B. Epitaxial growth of a-Ga,03

As explained in Sec. II B, a-Ga,O; is needed to be grown het-
eroepitaxially. Sapphire can be utilized as the substrate, which leads
to very high dislocation densities due to the large lattice mismatch,
if no measure is taken. The epitaxial growth has been reported
mainly on c-plane substrates, but the growth on other crystal
planes such as a, m, and r is also possible. In this section, we
review the current status of mist-CVD, HVPE, MOVPE, and MBE,
which are mainly reported as the growth techniques for a-Ga,Os.

1. Mist-CVD

In the mist-CVD technique, the aqueous solution of precur-
sors is ultrasonically atomized and the mist is transferred together
with a carrier gas onto the heated substrate surface to grow Ga,0;
[Fig. 3(b)].” The growth is usually conducted under atmospheric
pressure. Gallium (III) acetyl acetonate or GaCls is used as the Ga
source, and H,O is the primary oxygen source. HCl is sometimes
added to the aqueous solution to improve the precursor solubility.
Isomorphic o-Ga,O; is obtained by growing at sufficiently low
temperatures in the range of 500-600°C on a sapphire substrate.
The use of the GaCl; precursor enables a larger growth rate as high
as 4.5 um/h.*®

The o-(Alldn,Ga; _,.),0; solid solution can be grown by
adding aluminum(III) acetyl acetonate and/or indium(III) acetyl
acetonate in the aqueous solution.”” o-(AlLGa, _,),0; can be
grown with no Al composition limitation, and wide range bandgap
control (5.3-8.8€V) has been demonstrated.*’ Although the low
thermal stability of o-Ga,Oj3 (usually ~500 °C) is a drawback, alloy-
ing with o-Al,O; dramatically improves the thermal stability.
o-(AlLGa; _,),03 with only x < 1% was reported to be stable up to
800°C.”" o-(In,Ga, _,),0;3 can be grown without phase separation
when y = 0% 8% and y = 67% -70%."

Mosaicity of a-Ga,O3 grown on (0001) sapphire by mist-CVD
is characterized by a very narrow tilt angle and a broad twist angle.
FWHMs of x-ray rocking curves of 0006 and 1012 diffractions
measured in symmetric and skew-symmetric geometries were
20-60 arcsec and 1000-2000 arcsec, respectively,’””' suggesting
that the dislocations having an edge component are dominant.
The plan-view TEM observation revealed that the total dislocation
density is ~10'° cm™, which is much higher than that in a GaN
film grown on the sapphire substrate (typically ~10°cm™2).
The dislocation density can be reduced to ~ 6x10%cm™ by
bending the dislocations using the interfacial strain of the
a-(AlGay_,),05 super lattice.”® The epitaxal lateral overgrowth
(ELO) is also effective, and the dislocation density in the laterally
grown wing region was reported to be less than 1 x 10”7 cm™.

Impurity concentrations in mist-CVD-grown a-Ga,O; were very
high when the method was first applied to a-Ga,0Os. For example,
[H]=2x10"cm™, [C]=1x10°cm™>, [Si]=9x10®¥cm™, etc.”’
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At present, the purity has been much improved [for example,
[H]=2x107cm™, [C]<D. L (7x10"°cm™)]"* mainly by
improving the precursor purity. Si concentration and residual
carrier concentration have not been disclosed recently. In a
mist-CVD reactor, the quartz surface is exposed to high partial
pressure of H,O which leads to Si contamination in the growth
environment. Therefore, the mist-CVD-grown a-Ga,O5 films typi-
cally have high unintentional Si concentration, which is needed to
be reduced to enable the precise control of carrier concentration.

n-type doping control is conducted by adding a dopant source
such as tin(I) chloride dehydrate in aqueous solution, and the
carrier concentrations in the range of 1x10'7-3x 10" cm™ have
been reported.'>"”* Carrier mobility in Sn-doped c- and m-plane
films has been reported to be 24 cm?/Vs (n=2x10"%cm™) and
60 cm*/V's (n=1x 10'® cm™), respectively.

Although it is difficult to achieve p-type conductivity in
0-Ga,03, corundum-structured p-type o-Ir,O; and o-Rh,O; are
available.”” a-Ir,05 was reported to exhibit clear p-type conductiv-
ity with u=2.3cm?/Vs when p=1x10* cm™>. The small lattice
mismatch between o-Ir,O; and o-Ga,O; (~ 0.3%) would be
advantageous to form a hetero pn-junction and to growth of
o-(Ir,Ga,;_,),0; solid solutions for bandgap tuning. Normally-off
MOSFETs using a novel p-type corundum semiconductor were
demonstrated in 2018 by FLOSFIA and Kyoto University.

As described above, the mist-CVD technique has achieved
promising results and is cost-effective due to the simple growth
apparatus. However, mist-CVD is a relatively new technique and
has not been applied to mass-production of semiconductor epiwa-
fers. In order to utilize the mist-CVD for commercial production,
it is necessary to realize the multiwafer large-scale growth appara-
tus, and the realization requires a steady effort to accumulate basic
technical knowledge and know-hows.

2. HVPE

HVPE can be utilized to grow not only B-Ga,O5 but also high-
purity o-Ga,O; at high growth rates. The growth principle for
0-Ga,0; is similar to that of B-Ga,0s. Isomorphic 0-Ga,O; can be
grown on a c-plane sapphire substrate when the growth tempera-
ture is sufficiently low (typically 500-600 °C)."” The growth rate
increases with increasing growth temperature under fixed precursor
supply, which suggests that the growth occurs under the influence
of the chemical reaction rate. Nonetheless, the growth rate increases
with increasing precursors supply, reaching over 100um/h with
maintaining a specular surface.

The structural quality of HVPE-grown o-Ga,0; is similar to
that of a mist-CVD-grown film, but the tilt angle tends to be larger
(~100 arcsec) probably because of the un-optimized nucleation
process. The dislocation density measured by plan-view TEM is
typically ~10'®cm™. ELO can also be done by HVPE to reduce
the dislocation density down to less than 5 x 10°cm ™~ in laterally
grown wing regions.”” It is also possible to perform facet-initiated
ELO (FIELO), which can reduce the dislocation density not only in
wing regions but also above mask windows by bending the disloca-
tions by inclined facets.”* The rapid growth by HVPE is advanta-
geous to achieve island coalescence in the ELO process especially
when a small fill factor mask (wide mask and small windows) is
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used and, therefore, the dislocation density can be reduced
effectively.

The residual Si concentration in an HVPE-grown UID
0-Ga,0; film can be less than the detection limit of SIMS
(3x10" cm™, for example),” in spite of the existence of H, gas as
the by-product of the chemical reaction between Ga metal and HCI
gas to synthesize GaCl, probably because of the low growth temper-
ature. Cl impurity has also been detected, and the concentration is
typically ~1x10'®cm™." The residual carrier concentration in
UID 0-Ga,0; films has not been reported yet, but the film is virtu-
ally semi-insulating.

n-type conductivity control is possible by doping donor impu-
rities, such as Ge.”* Ge is expected to substitute Ga sites causing
smaller strain than other donor impurities such as Si and Sn with
larger ionic radius. The GeCly melt (the melting point is ~—50 °C)
is used as a dopant source and the doping is performed by intro-
ducing the vapor into the HVPE reactor by means of
the conventional bubbling technique. High Ge concentrations
([Ge] =2.5x 10" cm™>, for example) can be achieved without the
broadening of XRC-FWHM. The electron mobility of a Ge-doped
0-Ga,05 film has been reported to be as high as 28 cm*/V s when
n=3x10" cm™, which is much higher than that of Sn-doped
mist-CVD-grown films (4 cm?/Vs when n=2x10Ycm™>, for
example). The resistivity of the Ge-doped film was 8.6 mQ cm,
which is much smaller than that of commercially available conduc-
tive SiC wafers.

The significance of the HVPE technique which can effectively
improve the crystal quality by ELO combined with the rapid
growth, is quite large for meta-stable a-Ga,Oj;, which needs to be
grown on largely lattice-mismatched substrates. The realization of
freestanding o-Ga,O5 wafers by HVPE can also be expected, as it
happened in GaN industry. Although a large-scale reactor needs to
be developed for commercial use, there is a great deal of flexibility
in the reactor design; cost-effective high-throughput systems can be
built since the growth temperature for o-Ga,0j is relatively low.

3. MOVPE and MBE

Promising results have been reported for B-Ga,O; using
MOVPE and MBE, however, the growth of o-Ga,O; by these
growth techniques is still at the stage of investigating growth condi-
tions to grow pure-phase o-Ga,Os.

n* Ga,0,

Sapphire Sapphire

(a) (b)

Y1520, RS
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In the case of MOVPE, it was reported that the polymorph of
Ga,05 on sapphire can be changed from B-Ga,O; to €-Ga,03, and
then to a mixture of e-Ga,0; and a-Ga,O3 by increasing the addi-
tion of HCl gas. However, isomorphic 0-Ga,O; has not been
achieved yet.”

In the case of MBE, thickness of isomorphic a-Ga,0O; on sap-
phire is limited. The maximum thickness has been reported to be
approximately 0.3 nm on the c-plane, 14 nm on the a-plane, and
200 nm on the m-plane.””*®

It is not clear at present why the growth window of MOVPE
and MBE is very narrow. The mechanism of the phase selection in
these growth techniques needs to be clarified experimentally and
theoretically, and the growth conditions should be improved
accordingly.

IV. DEVICE FABRICATION AND CHARACTERIZATION

Although promising results have been achieved on the
epitaxial growth of o-Ga,O; on sapphire via, mainly, mist-CVD
and HVPE, there are only a few reports’ > on 0-Ga,05-based
electronic devices. FLOSFIA demonstrated the first vertical Schottky
barrier diodes (SBDs) on thin-film corundum-structured gallium
oxide (a-Ga,0O;) grown on sapphire substrates by the MIST
EPITAXY technique.”” Taking advantage of the misfit dislocations
and strain accumulated between the o-Ga,0O; layer and the sap-
phire substrate, the epistructure was then lifted off the sapphire
substrate and mounted on a heat sink (Fig. 4). The ability to peel
off 0-Ga,0; from sapphire not only simplifies back-side Ohmic
contact deposition but is also of crucial importance to efficiently
remove the heat from the device. The latter is of particular interest
in the Ga,0O; community as this material suffers from very low
thermal conductivity. The SBDs exhibited an on-resistance and
breakdown voltage of 0.1 mQ cm?® and 531V (SBD1) or 0.4 mQ cm?
and 855V (SBD2), respectively. FLOSFIA also reported the first nor-
mally off Ga,0O; MOSFETS in 2018 fabricated on the o-Ga,0O; film
grown on sapphire.”’ They demonstrated a gate threshold voltage
of 79V using a novel p-type corundum semiconductor which
functions as an inversion layer. Dang et al.” fabricated MESFETSs
on a-Ga,0; thin films grown on sapphire by mist-CVD. They
used AgO, as a Schottky gate contact. The rectification ratio and
reverse breakdown voltage of typical SDs were 6x10° and 19.6 V,

+ +
TN
Electrode (Ti/Au)
(© (d)

FIG. 4. Schematic demonstrating fabrication steps of the Schottky diode on o-Ga,03. Reproduced with permission from Oda et al. Appl. Phys. Express 9 021101 (2016),

Copyright 2016 The Japan Society of Applied Physics.
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respectively. The ON/OFF ratio of the corresponding transistors
was 2x107.

On the other hand, electronic devices based on B-Ga,05 have
shown marked progress, including MOSFETs,*”~** MODFETSs,* %"
FinFETs,”*”"" and SBDs”*™"* on B-Ga,O; substrates facilitated by
the availability of substrates. In the following, we will discuss the
progress that has been made so far to develop some of the neces-
sary processing steps for device fabrication, including ion implanta-
tion, Ohmic contact, Schottky contact, and dry etching. We will
then overview various device structures and their characteristics.

A. Building blocks for device fabrication
1. Ohmic contact

Borrowing from GaN technology, Ti/Au has been commonly
used as an Ohmic contact in Ga,0Os-based electronic devices.”””””
Yao et al.*’ investigated different metals (Ti, In, Ag, Sn, W, Mo, Sc,
Zn, and Zr) as electrical contacts with n-type single-crystal
B-Ga,03 (201) substrates and studied the impact of annealing tem-
perature up to 800 C (in flowing Ar). Their studies confirmed that,
among all the studied metals, Ti contacts with an Au capping layer
were ohmic with the lowest resistance after annealing at 400 C for
1 min. However, the contacts degraded when annealed above 500 C.
Recently, interfacial reactions and interdiffusion of Ti/Au ohmic con-
tacts with a tin-doped single-crystal B-Ga,O; (010) substrate have
been investigated.”" These studies concluded that the ohmic proper-
ties of the Ti/Au metal stack on Ga,QOj; are attributed to the inter-
diffusion of Ti and Au and the resulting thin Ti-TiO, layer, which
helps band alignment.

2. Schottky contact

Ni and Pt have been commonly used as the Schottky contact
in Ga,0;-based devices,””"*%~** although other metals includ-
ing Cu, W, and Ir have been studied as well.*>* Studying various
wet chemical treatments on the electrical behavior (e.g., barrier
heights and ideality factors) of Ni-B-Ga,0O; Schottky diodes con-
cluded that the pretreatment with organic solvents followed by
HCI, H,0,, and DI water results in the most favorable characteris-
tics. Schottky diodes with five different Schottky metals (W, Cu, Ni,
Ir, and Pt) were fabricated and little dependence of Schottky
barrier height on the metal work function was observed.””

Ahmadi et al.”’ studied the Schottky contact of Ni on B-(Al
Ga),0; upon varying the Al content from 1 to 13%. The Schottky
barrier height and ideality factor were extracted from the I-V mea-
surements. They observed that the apparent Schottky barrier height
has similar values for different compositions of B-(Al,Ga;_4),0;
for the samples studied. This behavior was attributed to the lateral
fluctuation in the alloy’s composition, with the barrier height deter-
mined by the lowest Al composition material.

3. lon implantation

Development of Si ion implantation in B-Ga,O; has enabled
low-resistance ohmic contacts.””’**""" Sasaki et al”’ studied
Si-ion implantation doping with concentrations ranging from
1%x10"”cm™ to 1x10*° cm™ in B-Ga,Os. The impact of anneal-
ing temperature on the activation of implanted Si atoms was
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investigated and shown that for concentrations below
5x 10" cm™, a high electrical activation efficiency above 60% was
obtained after annealing at a relatively low temperature in the range
of 900-1000°C. Contact resistance and resistivity as low as
4.6x107° Qcm® and 1.4 mQ cm, respectively, were achieved for
the sample with an implanted-Si concentration of 5 x 10" cm™.

Implantation of Mg and N of B-Ga,O; as deep acceptor
dopants has been also explored.”’ A significant diffusion of Mg
atoms was observed when annealed at temperatures above 900 °C,
whereas N diffusion was negligible when annealed up to 1100 °C. It
was also shown that Mg implantation induces more damage in the
B-Ga,Os5 crystal structure in comparison with N implantation.
Though holes were not observed with Mg and N implantation,
carrier compensation in bulk n-type substrates implanted with Mg
or N was observed as evidenced by current blocking in n-“p”-n
structures, where “p” represents the implanted region.

Mg/N implantation was used to form a current blocking layer
(CBL) in planar-gate current aperture vertical Ga,O3 MOSFETs.*”"*
In these device structures, Si-implantation was used under source/
drain to reduce the contact resistance. Mg implantation was used in
the first-generation devices,”” which led to poor off-state device char-
acteristics as well as a reduced peak extrinsic transconductance.
Moreover, the device could not be fully pinched-off. These nonideal-
ities were attributed to the diffusion of Mg at high temperatures. In
the next generation,” N-implantation was utilized to form the CBL.
Well behaved devices with an on-current density of 0.42 kA/cm?, an
Ronep of 31.5m cm?, an ID on/off ratio larger than 108, and small I
dispersion were demonstrated.

4. Dry etching

Chlorine-based dry etching of B-Ga,O; has been studied
by several groups.” ™ Hogan et al.”’ compared Chlorine-based
Reactive ion etching (RIE) and inductively coupled plasma (ICP)
etching techniques. The impact of RF power and chamber pressure
on the etch rate and surface roughness for three crystallographic
planes, ie., (100); (010); and (201) was investigated by RIE, and
moderate etch rates (<20 nm/min) were achieved. Higher etch rates
with smoother surface morphology were demonstrated using ICP,
perhaps due to the much higher plasma densities and uniformities
possible with plasma powers beyond those realized by RIE. They also
utilized ICP to study the etch rate of B-Ga,O; (010) with different
gas chemistries, including BCl;, BCl3/SFs, CF4/O,, and BCl;/O,,
and a maximum etch rate of 43.0 nm/min was achieved by BCl.
Zhang et al.”® also studied the ICP (ICP-RIE) etching of B-Ga,Os
(201) in BCly/Ar chemistry and demonstrated etch rates above
150 nm/min using an RIE/ICP power combination of 60 W/900 W.
They showed that adding Ar to BCl; did not change the etch rate sig-
nificantly till it reaches a BCl;/Ar flow rate of 25/15 sccm. Further
increase in the Ar flow rate reduced the etch rate, which was unex-
pected. Ar+ ions can help to remove the etch products and create
active sites for chemical etching, which should lead to higher etch
rates. However, since BCl; produces heavy BCI** and BCI®" ions that
participate in physical etching, meaning BCl; by itself provides both
chemical and physical etch components in the plasma and, therefore,
the addition of Ar may not result in an improvement of the etch rate
and merely dilutes the plasma chemistry.
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The impact of BCly/Ar ICP etching of B-Ga,O; (201) on the
quality of Ni Schottky contacts was also studied.””*””>" It was
shown that electrically active damage introduced during etching
negatively affected the Schottky barrier height and diode ideality
factor. The low power etching conditions (150 W of 2 MHz ICP
source power and 15W rf of 13.56 MHz chuck power) which
resulted in an etch rate of 12 nm/min, had minimal impact on the
reverse breakdown voltage (6% reduction) and the diode ideality
factor (increased from 1.00 to 1.06). The barrier height reduced from
1.2eV to 1.01eV. In contrast, high power etch conditions (400 W
ICP and 200 W rf) resulting in an etch rate of 70 nm/min, signifi-
cantly damaged the surface and reduced the reverse breakdown
voltage by 35%. In addition, the high power etch reduced the barrier
height to 0.86 €V and increased the ideality to 1.2. The same group
later investigated the effect of annealing before and after gate metal
deposition on reducing the damage induced by dry etching.”” They
showed that annealing at 450 C for 1 min in Ar ambient before gate
metal deposition was very effective to reduce the surface damage and
recover the Schottky diode characteristics.

Very recently, Chlorine-based dry etching of a-Ga,O; was
studied.'”’ The effects of the BCls/Cl,/Ar gas ratio, bias, and plasma
powers and chamber pressure on the etch rate, surface roughness,
and mask selectivity were investigated. In contrast to previous dry
etching studies on GaN, and similar to those on B-Ga,0;, BCl; was
found to be more effective than Cl, to etch a-Ga,O;. A high etch
rate of 65 nm/min, and nearly vertical sidewalls and smooth etched
surfaces were achieved. It was shown that the Si;N, hard mask has
the highest resistance to BCl;-based etching compared to SiO, and
the photoresist.

B. Schottky diodes (SDs)

SDs are attractive because of their fast switching speed due to
the absence of minority carriers. B-Ga,O; SDs with a breakdown
voltage above 1kV'’'"'® have been demonstrated by several
groups. Different techniques such as field plates,'’*'"” guard rings
(N-implanted rings),'’" and trench Schottky barriers'’>'"* have
been utilized to improve the breakdown voltage.

Although these are very promising results, when designing for
practical applications, the voltage variations (e. g. brownout and
startup conditions) require the ability for the diodes to operate
under high current surge in the circuit. This means if the input
voltage is dropped, the current must increase to maintain a cons-
tant output power. A conductivity-modulation concept is typically
used when designing a SiC Schottky diode to accommodate higher
current when needed during the surge. As demonstrated in Fig. 5,
p-type regions are implanted in the n-type drift layer. Therefore,
the diode has two turn on voltages: (i) Schottky junction turn-on
voltage (Von,sy) and (ii) p-n junction turn-on voltage (Vo pn). The
diode is biased to operate at low voltages slightly above the V.
However, in rare occasions that surge occurs in the circuit, there-
fore, the voltage on the Schottky diode is increased to the second
turn-on voltage (V,,pn) to accommodate the surge current and
maintain a low voltage across the diode because of conductivity
modulation.

In B-Ga,O; SDs, however, it is difficult to adopt a conductivity-
modulation concept due to the unavailability of conductive p-type
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FIG. 5. Schematic of the SD using conductivity-modulation to accommodate for
current surge in the circuit.

B-Ga,O; which can provide holes in the device. Therefore, devel-
oping technologies in B-Ga,0O; that can accommodate surge is
necessary.

C. Field effect transistors (FETs)

The first B-Ga,O; FET was reported by Higashiwaki et al. and
was fabricated on the Sn-doped B-Ga,O; (010) film grown homoe-
pitaxially on a Mg-doped B-Ga,O; substrate by MBE."'” At this
time the device fabrication techniques were immature and therefore
a circular FET pattern was used to produce a device without the
need for device isolation. Though it possessed poor ohmic contacts
and high gate leakage current, a promising breakdown voltage of
more than 250 V and an on/off drain current ratio of ~10* were
obtained. To improve the ohmic contacts, Si-implantation in the
source/drain region area was employed followed by an activation
annealing at 925°C in an N, environment.>''" An atomic layer
deposition (ALD) Al,O; dielectric was employed to reduce the high
gate current leakage previously observed on their devices. The sup-
pressed gate leakage resulted in a high drain current on/off ratio of
over ten orders of magnitude because of an extremely low off-state
drain leakage of a few pA/mm, and the breakdown voltage increased
to 370V in the off-state. Moreover, stable transistor operation was
sustained at temperatures up to 250 °C, although the drain leakage
current increased six orders of magnitude at this high temperature.
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This group changed their device fabrication approach going
forward, using ion implantation for the active region and the
ohmic contacts. First a 1.2 um UID Ga,Oj; epilayer was grown on
an Fe-doped semi-insulating B-Ga,O; (010) substrate by ozone
MBE."” Selective area Si-implantation was used to define 300 nm
deep channels with a uniform concentration of 3 x 10" cm™.
Rectangular devices with 2 um gate length were then fabricated.
Room temperature drift mobilities of 90-100 cm®V~'s™" were
measured in the channel on these devices.”” To increase the
breakdown voltage, the gate-connected field plates were later used
and a breakdown voltage up to 750 V in Ga,Os devices was demon-
strated.''” Pulsed measurements showed a power added efficiency of
12%, drain efficiency of 22.4%, output power density of 0.13 W/mm,
and maximum gain up to 4.8dB at 1GHz.'"” These devices also
showed excellent Gamma-ray tolerance after exposure to the highest
dose (230 kGy).'"* Radiation-induced degradations in the gate insu-
lation and surface passivation limited the overall radiation resistance
of these devices.

The development of chlorine-based dry etching of Ga,0; has
enabled device isolation through mesa etch.''>''® The group at
AFRL have fabricated MOSFETs on Sn-doped B-Ga,O; channels
grown by MBE''” and MOCVD®* on Fe-doped B-Ga,O; (010) and
Mg-doped B-Ga,O; (100) substrates, respectively. An average
gate-to-drain electric field of 3.8 MV/cm, which is the highest one
reported for any transistor and surpassing bulk GaN and SiC theo-
retical limits, was obtained. Alternate dielectrics and channel
dopants have also been explored. Moser et al''’ studied high-k
ALD HfO, dielectrics for gates in MOSFETs with Sn-doped chan-
nels and a pulsed current density of >450 mA/mm was observed
upon applying a gate voltage of 4 V. The same group demonstrated
the first MOSFET with the Ge-doped channel grown by MBE on
(010) Fe-doped semi-insulating substrates.”’ The Ge-doped
channel devices performed similarly to previously reported devices
with Sn- and Si-doped channels with the drain current ON/OFF
ratios >10° and the saturated drain current >75mA/mm at
VG =0V. Hall effect measurements showed a high carrier mobility
of 111 em?/(V's) with 4 x 10'” cm™ active carriers. They were also
first to report the RF performance of B-Ga,O; MOSFETs.''®'"”
A gate recess design was used to scale the gate length and a highly
doped cap layer was employed under source and drain to reduce the
ohmic resistance. Current density, transconductance, fr, and fyjax of
150 mA/mm, 21.2 mS/mm, 3.3 GHz and 12.9 GHz were measured on
these devices, respectively. A maximum output power of 0.23 W/mm
was demonstrated with a maximum power added efficiency of 6.3%.
An output current of 20mA mm™' and an on-resistance of
520 mQ cm” were achieved on these devices when a highly-Si-doped
Ga,0; cap layer was used under the source and drain.'”’
Joishi et al.'*' have investigated the impact of Fe-related trap states
in the UID buffer due to the diffusion of Fe from the Fe-doped
substrate, on MOSFET characteristics. They showed that increasing
the buffer layer thickness from 100 nm to 600 nm improves the
charge density/electron mobility from 1.4 x 10" cm™>/65 cm*/V s
to 1.7x10"”cm™>/105cm*/Vs. Additionally, the growth of a
thicker UID buffer layer improved the DC-RF dispersion.

In power switching applications, high voltage and high
current devices are required. MOSFETs with a breakdown voltage
of ~2kV have been demonstrated using a 400-nm thick composite
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field plate oxide, with a combination of atomic layer deposited and
plasma enhanced chemical vapor deposited SiO, layers.'*” E-mode
transistors are typically more desirable over D-mode devices due to
safety considerations and simplicity of gate-drive circuitry. The
E-mode Ga,O; MOSFETs have been realized by depleting the
channel via a wrap-gate fin-array field-effect transistor (finFET)
structure,”” an unintentionally doped Ga,Oj; film with low carrier
concentration as the channel,”® and a gate-recessed structure with
ALD SiO, as the gate dielectric.'”” Chabak et al.”” were the first to
demonstrate E-mode MOSFETs in Sn-doped Ga,O; wrap-gate
finFET's on a native semi-insulating Mg-doped (100) B-Ga,O5 sub-
strate. These finFETs demonstrated normally off operation with a
threshold voltage between 0 and +1 V during high-voltage opera-
tion and an Ion/Iopr ratio of greater than 10° which were mainly
limited by a reduced Ion due to the high on-resistance. The same
group recently reported E-mode B-Ga,Oj; transistors grown homoe-
pitaxially by MBE, utilizing a recessed-gate process, which depleted
the channel under the gate followed by the deposition of ALD SiO,
as the gate dielectric.'”* Wong et al.” also demonstrated E-mode
MOSFETs with low series resistance using Si-ion implantation of
the source/drain contacts and access region. In these devices, the
channel was formed by an unintentionally doped Ga,0O; film with
low background carrier concentration. They achieved a positive
threshold voltage without additional constraints on the channel
dimensions or device architecture. The devices suffered from noni-
dealities associated with the Al,O; gate dielectric, which caused
large hysteresis.

The primary drawback of Ga,0;-based MOSFETs is that the
low channel mobilities in the channel lead to very low current den-
sities compared with their GaN counterparts. To address this issue,
modulation-doped field effect transistors (MODFETs) have been
investigated.”>'**~'*” Ahmadi et al.”® and Zhang et al.®” have sepa-
rately reported (AlGa,;,),03-Ga,O; modulation-doped FETs
using Ge and Si as n-type dopants in the barrier, respectively.
Though Ge is an attractive dopant it has been shown that Ge incor-
poration in B-Ga,O; films reduces as the substrate temperature
increases.”’ Unfortunately, this is in conflict with the higher sub-
strate temperatures required to grow (AlLGa,,),0; films with a
larger Al content.”® Therefore, the Ge-doped MODEFET structures
suffer from a low Al content (Al,Ga,_,),O3 barrier. In contrast, Si
incorporation does not depend on the substrate temperature, which
allows high growth temperatures for (AL, Ga,;_,),0; films.'*®

It was expected that the introduction of B-(AlLGa;,),03
and formation of two-dimensional electron gas (2DEG) will lead
to an enhancement of electron mobility in these structures.
However, the highest room-temperature electron mobility reported,
so far, in B-(AlLGa;,),05-Ga,Os heterostructures has been only
180 cm*/V's.'*”~"*" The electron mobility increased to 2790 cm*/V s at
50 K. This high electron mobility allowed for the observation of
Shubnikov-de-Haas oscillations from which an electron effective
mass of 0.33 m, was extracted, establishing that phonon scattering
coupled with the high electron effective mass limited the electron
mobility. A maximum drain current of Ips=257 mA/mm, a peak
gm of 39 mS/mm and a pinch off voltage of —7 V have been mea-
sured on MODFETs."”” Very recently, the same group increased
the breakdown voltage of the MODFET from 475V for a device
with a gate-drain spacing (Lgp) of 1.55um to a high breakdown
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voltage of 1.37kV for a gate-to-drain separation (LGD) of 16 um
having a specific ON-resistance of 120.1 mQ cm? using SiNx as the
passivation dielectric.'”

For high voltage and high-power applications, vertical topolo-
gies are preferred to enhance the packing density of devices and
suppress the sensitivity of surface effects. Two types of vertical
Ga,05-based devices have been reported to date, including current
aperture vertical transistors (CAVETs) and FinFETs.

Wong et al.'** fabricated a current aperture vertical transistor
(CAVET) with a Mg-implanted current blocking layer (CBL).
They recently showed that the N-implanted CBL helps to improve
the device characteristics as N atoms are more stable in B-Ga,Os3,
whereas Mg diffuses during the postimplantation-annealing.”’
It must be noted that in this device structure, holes that are gener-
ated during the reverse bias will be collected in the CBL. If the CBL
is not grounded, the accumulation of holes in this region will
lead to a large positive voltage in the CBL and result in a shift in
threshold voltage and huge instability in the device performance.
Unfortunately, both Mg and N are very deep acceptors (1 eV) in
B-Ga,03, and although the N/Mg-implanted layers can be used to
block the current, N/Mg-doping of B-Ga,0; does not lead to a con-
ductive p-type B-Ga,Os film. Therefore, it is not possible to make
the ohmic contact with these current blocking layers. Moving
forward, one needs to consider this serious issue while designing
B-Ga,03-based CAVETs.

Hu et al,”’ on the other hand, employed a deep-etch process
to fabricate ~1 um thick vertical structures on a low-doped Ga,0;
substrate. Very recently, normally-off Ga,0; vertical FinFETs with
a threshold voltage of 4V, breakdown voltage of 1.6kV, and a
drain current density of 600 A/cm > were demonstrated.''’ The
high threshold voltage was achieved by Fin-shaped channels with
submicrometer widths. The main issue in these devices is the low
electron mobility in the channel (10-30 cm?/V s) due to the surface
roughness and charged surface states caused by dry etching.
The low electron mobility in the channel leads to higher R,,.
Additionally, the surface states due to surface damage caused by
dry etching may lead to a hysteresis and a shift in the threshold
voltage and device degradation. Therefore, to enhance the perfor-
mance of B-Ga,Oz; FinFETs and improve their reliability, various
techniques including wet etching, regrowth, and annealing must be
investigated to improve the surface quality of the sidewalls, and con-
sequently, the electron mobility of the channel in these structures.

As mentioned earlier, vertical devices are more sensitive to
defects and the dislocation densities in the substrate. Therefore, in
an immature material system or in a material system in which high-
quality substrates are not available, typically increasing the device
area (necessary to increase the current for high power applications)
leads to reduction in the breakdown voltage and an increase in the
reverse-biased leakage current. This is due to the increase in the
number of defects or dislocations in the device (which are typically
electrically active and form leakage paths) when the device area
increases. This phenomenon has also been reported in B-Ga,0;
Schottky diodes. However, very recently, Novel Crystal Technology
announced that in the epistructures consisting of 5um of lightly-
doped (2-9 x 10" ecm™) Ga,0; films grown on n*-doped B-Ga,03
(001) substrates by HVPE, the film quality is such that the break-
down voltage in the reverse direction shall not decrease even if the
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electrode size of the SBD is enlarged on all over the entire 2-in. epi
wafer. This rapid progress in bulk and the epitaxial growth of
B-Ga,0O; indicate its great potential, particularly, for high-power
vertical devices.

V. CONCLUSION AND FUTURE PERSPECTIVE

To summarize, both o- and B-Ga,Os are promising semicon-
ductors for future power electronics applications. For Ga,0O; to
achieve its full potential, significant sustained funding is necessary
for scientific discovery and technology development. This will be
catalyzed by “a Kkiller application” in which the advantages of
Ga,0; are irrefutable. Such an application is needed to be identified
as was done in the case of GaN for next-generation RF transistors.

As discussed earlier, high quality single crystal f-Ga,O; can
be grown cost-effectively via conventional melt growth techniques
and is already commercially available. The availability of the bulk
substrate is the main advantage of B-Ga,O; over o-Ga,O; and
other UWB semiconductors and makes the B- phase particularly
interesting and provides more advantages for devices with vertical
topologies. This is because the performances of vertical devices,
such as gate leakage and reliability, are more sensitive to the dislo-
cation density. Additionally, since the electron mobility of Ga,0Oj is
mainly limited by high phonon scattering and high electron
effective mass, modulation-doped heterostructures do not lead to
any significant improvement in the electron mobility. Therefore, in
contrast to GaN power transistors that are dominantly based on
AlGaN-GaN high electron mobility transistors (HEMTs), the fabri-
cation of lateral f-Ga,05-based MODFETs or MOSFETs may not
provide substantial advantages for high power application. Instead
such devices with lateral topologies will increase the device foot-
print that will lead to an increase in cost. Therefore, design and
fabrication of B-Ga,0;-based lateral power conversion devices dis-
regards the main advantage of this semiconductor which distin-
guishes it from all other wide bandgap semiconductors and that is
the availability of the cost-effective high-quality bulk substrate.
Lateral devices still remain viable for RF applications.

Nonetheless, as mentioned earlier, low thermal conductivity of
B-Ga,0; is one of the major obstacles of this material system that
must be overcome before it can be considered for practical applica-
tions. It has been shown'” that a p-Ga,0O5 homoepitaxial device
suffers from an unacceptable junction temperature rise of ~1500 °C
under a targeted power density of 10 W/mm with a wafer thickness
of 500 um. The effectiveness of various active and passive cooling
solutions was tested to achieve a goal of reducing the device operat-
ing temperature below 200 °C at a power density of 10 W/mm. This
study showed that 100 um of B-Ga,O3, even when integrated with a
diamond substrate, is still too thick to achieve the target cooling.
In contrast, when the Ga,O; substrate was thinned down to 10 um,
integration with a diamond substrate reduced the junction to
package thermal resistance by a factor of six. Flip-chip heterointe-
gration, as shown in Fig. 6, has also been suggested as an effective
technique for thermal management. The metal bumps shown in
this figure help in removing the heat from the device active region
through the contacts, however the dominant thermal resistance is
still the contribution from the Ga,O; as the heat flows laterally
through the semiconductor to the location of the device-side bond
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pads. Incorporating high thermal conductivity into nano-crystal
diamond passivation further helps with heat removal from the device
active region. Figure 7(a) shows the comparison of the device junc-
tion temperature rise at 10 W/mm upon varying the carrier wafer
material (AIN vs diamond), carrier thickness (100 um vs 250 um),
and electrical bump material (In vs Au). Figure 7(b) shows the effect
of the thermal conductivity of the epoxy under-fill material on the
device temperature rise. Therefore, although the low thermal conduc-
tivity of Ga,Oj; is the main drawback of this material system, there
are feasible pathways to address this issue.

One of the advantages of o-Ga,Oj; is its corundum crystal
structure which allows for an all-oxide p-n junction through the
epitaxial growth of heterostructures with corundum-structured
p-type oxides such as Rh,O3 or Ir,O;. Moreover, there are several
transition metal oxides (a-M,O3; M =Fe, Cr, V, Ti, Rh, and Ir)
which form in the corundum crystal structure (Fig. 8) with

ferroelectric and ferromagnetic properties, enabling integration
with multifunctional devices.”*'”” Additionally, o-Ga,O; has a
similar crystal structure as that of sapphire (Al,O;) and o-In,0s.
Therefore, the epitaxial growth of a-(In,Ga,Al),O; alloys allows
bandgap engineering from 3.8 eV to 8.8 eV. The possibility of epitax-
ial growth of o-(AlLGa;),0; films with a larger Al content on
0-Ga,O; enables larger conduction band discontinuity in these het-
erostructures which will, consequently, allow for higher densities of
two-dimensional electron gas in these heterostructures beyond what
is achievable in B-(Al,Ga),03-Ga,O; heterostructures. Nonetheless,
0-Ga,0; bulk substrates are not currently available and o-Ga,0;
films must be grown heteroepitaxially on sapphire substrates, and the
threading dislocation density is several orders of magnitude larger
than that in B-Ga,O; substrates. As mentioned earlier, devices with
vertical topologies are more sensitive to threading dislocation density.
Therefore, at least until high quality free-standing 0-Ga,0O; substrates
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with low threading dislocations are available, horizontal structures
are more suitable for a-Ga,O;-based electronic devices. Additionally,
since a-Ga,O; can be lifted oftf sapphire relatively easily, the low
thermal conductivity of this material can be addressed simply by
bonding it to other substrates (SiC, AIN, diamond, etc.) with
higher thermal conductivity. Therefore, o-(In,Ga,Al),O; hetero-
structures are very promising for high power switching and RF
applications. Nevertheless, as mentioned earlier, there have been
only a few reports on o-Ga,0; devices, which is mainly due to
the unavailability of substrates. Therefore, to discover the full
potential of the o-(Al,Ga,In),O; material system, it is crucial to
realize high-quality o-Ga,0; freestanding substrates or template
substrates. HVPE will play a key role in the development of such
a-Ga,O; substrates, just like it did in GaN technology. The key
technologies, such as rapid growth, conductivity control, defect
control, have already been demonstrated as described in Sec. I1I B 2.
Therefore, demonstration of high-quality a-Ga,0O3 substrates in the
near future is expected and will require further development of the
key technologies.
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