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ABSTRACT

Beta gallium oxide (f-Ga,0;) is a promising ultra-wide bandgap semiconductor with attractive physical properties for next-generation high-
power devices, radio frequency electronics, and solar-blind ultraviolet radiation detectors. Here, we present an overview and perspective on
the development of MOVPE-grown (100) f-Ga,O; thin films and its role in supplementing high-power electronics. We review the develop-
ment path of the growth process on (100) $-Ga,O; thin films with a discussion regarding the solved and remaining challenges. The structural
defect formation mechanism, substrate treatment strategies, and different growth windows are analyzed to optimize the grown film to fulfill
the requirements for device fabrication. Toward industrial applications, MOVPE-grown f-Ga,Oj3 thin films are evaluated in two aspects:
thick layers with smooth surface roughness and the electrical properties in terms of high carrier mobility and low doping concentration.
Based on the reviewed results, we propose strategies in substrate preparation treatments and supportive tools such as the machine learning
approaches for future growth process optimization and envision the rising interest of the f-Ga,Oj3-related alloy, f-(Al,Ga; _4),0s.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0122886

INTRODUCTION

The constant development of our modern society and the resulting
increase in the combustion of fossil fuels to meet the world’s energy
demand has left unprecedented marks on the Earth’s environment.
Utilizing high-efficiency power electronics in a wide range of fields such
as energy saving, energy storage, renewable energy systems, and electric
vehicles will have a tremendous contribution to the decarbonization of
the global energy sector, hence, mitigating the effects of global warming
and enabling the development toward a sustainable society. Starting with
the introduction of the first transistor in the 1940s, the power electronics
market was dominated by Si-based devices finding their application in
various fields, including power switching, radio frequency (RF), commu-
nication systems, and optoelectronics.' " However, owing to its intrinsic
material characteristics, Si-based technology nowadays approaches its the-
oretical performance limitations in terms of efficient high-power and
high-voltage devices,” which are urgently needed to meet the increasing
demand for sustainable power generation and conversion. Wide bandgap
semiconductors such as 4H-SiC and GaN offer superior material proper-
ties compared to conventional Si-based power devices due to their much

larger bandgap energy (3.3 and 3.4 eV, respectively’) and higher break-
down electric fields, thus, allowing to realize power switching devices with
increased power densities and overall better performances.*®® Although
4H-SiC- and GaN-based power electronics are already commercially
available, the lack of low-cost native single crystal substrates” still remains
a major drawback for large-scale industrial production and utilization.
Over the past decade, f-Ga,O; emerged as a promising candidate for
next-generation high-power and high-frequency applications beyond 4H-
SiC and GaN."” Owing to its ultra-wide bandgap of approximately
4.5-49¢eV (Ref. 8) and a high theoretical breakdown field strength of
about 7-8MV cm™,® B-Ga,O; exhibits an up to ten-times higher
Baliga’s figure-of-merit (BFOM) than 4H-SiC and an up to four-times
higher BFOM than GaN° and, therefore, shows great potential to outper-
form its already established technological counterparts. The high esti-
mated breakdown field allows for a more compact design with
miniatured device dimensions and a reduced minimum thickness of the
low/medium-doped drift layer which leads to a low to low on-resistance
and reduced switching losses in high-power devices. Furthermore, the
availability of f-Ga,O; high-quality single crystal substrates grown by
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various melt growth techniques such as Czochralski,'"'* edge-defined
film-fed growth (EFG),” and vertical Bridgman technique (VB)'*"°
allows for homoepitaxial growth and future mass production of f-Ga,O;
based high-power devices at low cost.

The excellent intrinsic material properties of -Ga,Oj; can be inte-
grated into a lateral or vertical device architecture, where both variants
come with their specific application fields and requirements, including
high-voltage switching devices, solar-blind ultraviolet (UV) photodetec-
tors, or gas sensors, and can potentially be further implemented into sys-
tems operating at even harsh-environmental conditions.”**'*"* A
comprehensive overview of typical device designs for f-Ga,O;-based
lateral and vertical power devices is illustrated in Fig. 1.

Device architectures

In general, lateral and vertical f-Ga,O;-based power devices
necessitate homoepitaxial drift layers exhibiting smooth surface mor-
phologies and high crystalline qualities with a low intrinsic defect den-
sity and negligible acceptor compensation. Homoepitaxial growth is
advantageous since it allows to grow layers without lattice mismatch
and maintains a high structural perfection over varying layer
thicknesses.

The lateral device architecture consists of a medium to highly
n-doped (10'7-10" cm™2) 200-300 nm thick f-Ga,O5 channel, exhib-
iting a sharp interface to the semi-insulating substrate. It is preferen-
tially utilized in low to medium voltage (<600V, 600V, 1.2kV)
devices such as power switches, RF switches, power suppliers, or power
amplifiers. The successful fabrication of lateral f-Ga,O; metal-oxide-
semiconductor field effect transistors (MOSFETs) and Schottky
junction metal-semiconductor field effect transistors (MESFETSs) has
already been demonstrated by several research groups.'” >’ To fully
exploit the theoretical high breakdown field strength of $-Ga,0s, a
vertical device architecture targeting its application in the medium to
high (1.2-6kV) and ultra-high-voltage regime (>6KkV) is preferable.
In contrast to lateral devices, where a large area f}-Ga,Os drift layer is
required to withstand high-voltage applications, vertical high-power
f-Ga,05 devices with high blocking voltages can be fabricated by
increasing the epitaxial layer thickness, which offers a better chip area
utilization and up-scaling potential. Vertical high-power [-Ga,O;
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Gate
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devices necessitate homoepitaxial ultra-low doped (<10'® cm™) drift
layers with thicknesses ranging between several to several tens of
micrometers, which are grown on a conductive substrate at reasonable
growth rates (>1 umh ™). Punch-through designs targeting the ultra-
high-voltage regime (e.g, 10kV) require an approximately 17 um
thick drift layer with a max. doping concentration of mid 10'° cm >
when an average breakdown field strength of 6 MV cm ™" is estimated.
Triangular device structures reaching the max. theoretical surface
breakdown electric field of 8MV cm™' necessitate a drift layer of
25 um with a low 10'° cm ™ doping concentration. In general, punch-
through breakdown characteristics in vertical f-Ga,O; devices are
favorable over triangular structures, since they allow to maximize the
average electric field over the entire drift region, thus, fully utilizing the
potential of the ultra-wide bandgap material. MOVPE-grown (010)-/-
Ga,05 based vertical field plate Schottky barrier diodes exhibiting an
average punch-trough breakdown electric field of 229 MV cm ™" has
been reported.”* Utilizing a vertical dielectric heterojunction structure
by integrating a high permittivity dielectric field oxide with n-type f3-
Ga,0s3, a record high electric field of 5.7 MV cm™ " has been demon-
strated by Xia et al” Although the BaTiO;/f-Ga,0; diodes consisted
of relatively thin drift regions (150 nm unintentionally doped p-
Ga,03) and the resulting breakdown voltage of 85V has not reached
the regime for ultra-high-voltage applications yet, the integration of
improved design and field management strategies provide a basis for
future f-Ga,O; vertical devices with thicker epitaxial layers and higher
breakdown voltages. To achieve the necessitated layer thicknesses of
several to several tens of micrometers and maintain a high material
quality over such large layer dimensions, a profound understanding of
how different growth parameters such as chamber pressure, tempera-
ture, and VI/III ratio affect the surface morphology and structure of
the f-Ga,Oj; layer is required. Especially in the low doping regime
(<10"®cm™?), a precise control of the highly process-dependent incor-
poration of impurities during the epitaxial growth is indispensable.

B-(Al,Ga;_),05 alloys

Increasing the bandgap by alloying f-Ga,05; with AL,O3 opens
up the possibility of realizing the fabrication of lateral /-
(AL Ga; ,),05/f-Ga,0; heterostructure modulation-doped field effect
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FIG. 1. lllustration of typical designs for
[-Ga,05-based lateral (a) and vertical
power devices (b).
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transistors (MODFETs),”* which are predicted to show a significant
enhancement in the device performance compared to f-Ga,0; based
devices.” In contrast to uniformly doped f-Ga,Os5 thin films, where
room-temperature mobilities are limited to 200 cm® Vs (Ref. 31)
by enhanced polar optical phonon scattering, in modulation-doped
barrier layers with sharp doping profiles, higher electron mobilities
can be realized due to the reduction of scattering events resulting from
the separation of the two-dimensional electron gas (2DEG) channel
from ionized donor impurities.””*******> To maximize the perfor-
mance of modulation-doped f-(Al,Ga; 4),03/Ga,05 heterostructure
devices, the development of high-quality f-(Al,Ga; 4),0; epitaxial
films with high Al compositions resulting in large band offsets at the
p-(AlLGa,_,),05/Ga,Oj3 interface is required.”‘}1

The material properties for f-Ga,O5 and -(AlyGa; )05 alloys
with x=0.25 and x=0.5, respectively, are summarized in Table I.
Duan et al” calculated that the electron mobility for ordered
f-(Aly 25Gag 75),05 and f-(Aly5Gags),05 alloys at 300K is limited
to approximately 104 and 81cm® V™' s7', respectively, due to
enlarged Pauling ionicity, Frohlich coupling constant, and optical pho-
non scattering as the Al composition increases. The results imply that,
indeed, at least 30% to 35% Al content in homogenously doped
p-(AlGa,_,),0s5 alloys is required to result in a BFOM equivalent to
f-Ga, 03, but with a significantly larger breakdown field strength by
~2MV cm™ " due to the wider bandgap. However, Varley™ predicted
BFOM values for ff-(AliGa; 4),05 as a function of Al composition
with various model mobilities ranging from constant to -Ga,Os to
rapidly decreasing with higher Al contents, showing that if the mobil-
ity can be maintained relative to f-Ga,Os, the resulting BFOM for a
variety of compositions should exceed that of -Ga,Os. Since only a
few experimental studies have been published yet regarding homoge-
nous doping of f-(AlyGa;_,),0;5 layers with varying Al composi-
tions,”**** and the growth of high-quality films without phase
segregation or degradation of the crystalline quality at high Al compo-
sitions on -Ga,O5 substrates is still challenging,””****>**"" the
potential of f-(AlyGa;_4),03/Ga,0;3 heterostructures remains to be
explored and clarified. Moreover, due to the lattice mismatch between

TABLE |. Material properties of -Ga,O3 and f-(Al,Ga;_,),05 alloy with x =0.25
and x = 0.5. Bandgaps of x =0.25 and x = 0.5 are estimated from Refs. 35 and 36.
The electron mobility limit for -Ga,0; is taken from Ref. 31, whereas the electron
mobility ranges for x =0.25 and x = 0.5 are taken from Ref. 37, respectively. The
breakdown field strength is calculated using the empirical relationship in Ref. 38. The
relative dielectric constant for 5-Ga,Oj is taken from Ref. 39 and for Al,05 from Ref.
40. The relative dielectric constants for x=0.25 and x=0.5 are estimated from
25% to 50% of the difference between the relative dielectric constant values for -
Ga,03 and Al,05. The calculation of BFOM is based on Ref. 41.

p-Ga03  B-(Aly25Gag 75)203 f-(Aly5Gag5),03

Bandgap E; (eV)  4.6-4.8 5.0-5.2 5.6-5.8
Electron mobility 200 104 81
u(em?visTh

Breakdown field  7.9-8.7 9.7-10.7 10.0-10.7
Ep MV cm ™)

Relative dielectric 11.2 10.6 10.0
constant &

BFOM S,UEbr3 2430-3340 2240-3000 3840-5000

scitation.org/journal/apl

the f-(AlyGa; _4),05 layer and the f/-Ga,O; substrate, heteroepitaxial
growth beyond a critical thickness will lead to an enhanced formation
of dislocations in the layer as a consequence of strain release and,
therefore, to a degradation of the thin-film quality. Homoepitaxial
growth will allow us to maintain a higher crystalline quality over a
wide range of Al compositions and layer thicknesses, and, therefore,
is urgently needed. A f-(ALGa;_),0; bulk crystal growth study
with up to 30% Al composition and the corresponding electrical prop-
erties is soon to be published by Zbigniew Galazka et al. from the
Leibniz-Institut fiir Kristallziichtung (IKZ) and will open up the possi-
bility of further clarifying and evaluating the potential for future
p-(AlGa,_,),03 device applications.

Deposition and properties of f-Ga,Oz thin films

To produce the discussed electrically functional part of the device,
homoepitaxial and heteroepitaxial 5-Ga,O; growth have been demon-
strated using various deposition methods such as molecular beam epi-
taxy™* >’ (MBE), halide vapor phase epitaxy”* *° (HVPE), pulsed laser
deposition” >’ (PLD), atomic layer deposition””®" (ALD), or metal-
organic vapor phase epitaxy”” ” (MOVPE). Over the last few years, an
extensive research effort led to an enormous improvement in the mate-
rial quality and transport properties of f-Ga,O; thin films grown by
MOVPE.”"” Its ability to achieve high growth rates at moderate cham-
ber pressures and temperatures while maintaining high crystalline quali-
ties represents a major advantage of MOVPE compared to other growth
techniques such as MBE. Although MBE exhibits a less complex growth
environment than MOVPE, extremely low growth rates (<0.5 umh™")
due to limited evaporation of the metal source’®*” and the formation of
the Ga,O volatile suboxide during growth™ as well as the restricted
deposition area and the requirement for ultra-high vacuum (UHV) limit
its application on an industrial level. To date, HVPE dominates the
growth of f-Ga, 05 thick layers for vertical power devices since it allows
to grow f-Ga,0j films at relatively fast growth rates >10 um h™"./*"”
However, extremely high growth rates typically result in layers with
high surface roughness and high density of pits” and, therefore, require
a polishing process step prior to device fabrication,”* making an applica-
tion on an industrial scale unfeasible. MOVPE growth rates with up to
3umh™! while maintaining a high crystalline quality have recently
been demonstrated,”” turning MOVPE into the leading method in real-
izing mass production of future -Ga,O; high-power devices.

Comprehensive growth studies have shown that high-quality
homoepitaxial -Ga,Os thin films can be achieved within a wide
MOVPE growth window using temperatures ranging from 600 to
950 °C and chamber pressures between 10 and 80 Torr as well as vari-
ous VI/III ratios ranging between 200 and 10 000.°%%0707 71737580
The majority of the experimental research has thereby focused on
homoepitaxial growth on (100)**** %"~ and (010)"*""***"-oriented -
Ga,O; substrates using tetraethylgallium (TEGa) as metal-organic
(MO) precursor and pure oxygen as oxidant source, since they enable
comparatively easy thin-film growth with smooth morphologies and
high crystallinity.

Stable and controllable n-type doping using different group IV
elements (Si,”**"""7>% $n,**% and Ge’”) with carrier densities rang-
ing between mid-10"" and 10°°cm > has successfully been demon-
strated. Si is considered as the most efficient dopant candidate for
MOVPE growth of -Ga,0Os, mainly resulting from its ability for com-
plete dopant incorporation and activation as well as its high doping
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efficiency and low memory effect in the reactor.”””>" A Langmuir
adsorption model has been proposed by Chou et al®* to reveal the
competitive adsorption process between Ga and Si adsorption on the
Ga lattice site, resulting in a growth rate-dependent doping behavior.

High room-temperature electron mobility of 194cm” V™' s~
with a corresponding free carrier concentration of 8 x 10> cm ™ has
already been demonstrated for MOVPE-grown Si-doped (010) /-
Ga,05,”" which approaches the predicted theoretical limit of approxi-
mately 200cm> V' s7'.>" An overview of the room-temperature
mobility vs carrier concentration of reported state-of-the-art MOVPE-
grown f-Ga,Oj thin films is shown in Fig, 2,'%>7%7580782

Although higher electron mobilities have been reported for
MOVPE f-Ga,O; thin films grown on (010) substrates compared to
other orientations so far, the layers typically show a rougher surface
morphology mainly caused by the formation of (110) and (-110) fac-
ets along the [001] direction during growth.””””*>* The faceting of
the growth surface appears to be independent of the deposition
method and has also been reported for (010) -Ga,O; layers grown
via MBE.”"”” However, (100) is the plane with the lowest surface
energy’” and the least density of surface states, which leads to a low
trap density at the gate dielectric interface. Additionally, (100) sub-
strates are more mechanically stable compared to (010)-oriented sub-
strates; therefore, device separation at the end of the process chain is
expected to be easier due to suppressed unintentional cleaving.
Furthermore, step-flow growth at high growth rates resulting in layers
with low surface roughness and high crystalline quality for thicknesses
up to 3 um has already been demonstrated’” and, therefore, turns the
(100) plane into the favorable substrate orientation for future power
electronics requiring high crystalline quality, high electron mobilities,
and low doping densities.

HOMOEPITAXIAL (100) -Ga,Oz THIN FILMS VIA
MOVPE FOR POWER ELECTRONIC APPLICATIONS

Even though the (100) plane is the preferred cleavage plane of
B-Ga, 05 with the lowest surface energy and is easy to be prepared,””*”
previous studies have shown that homoepitaxial layers grown on

1
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FIG. 2. Room-temperature Hall mobility vs
carrier concentration for state-of-the-art
MOVPE-grown f3-Ga,03 thin films on dif-
ferent substrate orientations (and miscut)
using various n-type dopants and varying
growth conditions.

4o o00vOroLAE B ADDD

substrates with no intentional miscut (<0.3°) suffer from a high den-
sity of twins and stacking faults*® in the grown layer due to the double
positioning of Ga adatoms®” on the (100) plane. These structural
defects harm the electrical properties of the grown film since they
compensate for the n-type doping and significantly reduce the carrier
mobility. This defect formation is mainly induced by the nucleation of
2D islands on the (100) plane, resulting from limited effective diffusion
lengths of Ga adatoms during growth.”**°

As shown in Fig. 3(a), the transmission electron microscopy
(TEM) analysis reveals the presence of a high density of planar defects
from a layer grown on a low miscut substrate (~0.5°), and these
defects turn out to be twin lamellae,”* which can be described by a c/2

twin lamellae

(€)

[010]

FIG. 3. The twin lamellae are characterized by (a) a cross-sectional TEM image,
(b) an SEM image, (c) a light microscopy image, and (d) an AFM image. Figure (a)
is reproduced with permission from Bin Anooz et al., Appl. Phys. Lett. 116, 182106
(2020). Copyright 2020 AIP Publishing.
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glide reflection of the monoclinic lattice. Such twin lamellae can pene-
trate through the whole layer and end up on the surface,”” making
them even visible under scanning electron microscopy (SEM) and
light microscopy, as shown in Figs. 3(b) and 3(c), respectively. The
observed twin lamellae are bulk defects with an 2 to 5 um long axis
along the (010) direction, and the height of the defect out of the sub-
strate surface is around 50 to 100 nm, as shown under the atomic force
microscope (AFM) in Fig. 3(d). Most twin defects were formed inside
the epilayer, while the substrate was free of structural defects.”””’ Two
major issues are observed with the existence of structural defects in the
layers: (1) mobility collapse and (2) inhomogeneous electrical proper-
ties. For the issue of mobility collapse, the carrier mobility is measur-
able only in layers with electron concentration above >1 x 10'® cm ™2,
and the measured carrier mobilities are between 30 and 10cm® V'
s~ ', which are quantitatively lower than the theoretical calculation™
by one order of magnitude. The layers are still conductive for the elec-
tron concentration <1 x 10'¥cm ™3, but the carrier mobility is not
measurable. A similar mobility collapse is reported in the GaN system
and is explained by the presence of potential barriers due to a high
density of dislocations.”"”” For the inhomogeneous electrical proper-
ties, the four-terminal resistances of the van der Pauw measurement
show a ten-times higher resistance along the (001) direction than the
(010) direction, which is not expected since the electron transport
properties of 3-Ga,Os3 have been shown to be almost isotropic.” This
anisotropic resistance can, thus, be related to the structure of the twin

scitation.org/journal/apl

lamellae mentioned above since the long axis of the twin lamellae is
perpendicular to the (001) direction.

The mechanism of twin lamellae formation has been studied in
early work on epitaxial growth by Hall et al.”* and Dickson ef al.” In
the case of a proper surface misorientation, the adatoms are able to
reach the nearest step edge easier if their effective diffusion length is
comparable to the surface terraces width, which inhibits the formation
of twin lamellae through double positioning. On the other hand, if the
effective diffusion length is shorter than the terrace width, the twin
lamellae formation is promoted due to island nucleation on the growth
terrace. A quantitative model that describes the formation of twin lamel-
lae through double positioning has been presented by Schewski et al.””
With the above understanding, the correlation among the surface mor-
phology, the effective diffusion length, and the surface terrace width can
be established based on the substrate misorientation and the growth
conditions. Three typical surface morphologies are usually observed
under AFM [Fig. 4(2)]:"> 2D islands growth, step-flow, and step-
bunching. Among all morphologies, the step-flow morphology mor-
phology has the lowest density of defects, as revealed by TEM investiga-
tions [Fig. 4(b)], which makes it highly desirable in MOVPE-grown f-
Ga,0;. However, step-flow growth mode can only be obtained when
the effective diffusion length of the adatoms corresponds to the terrace
width of the substrate surface. For such a purpose, applying a higher
substrate misorientation is an intuitive solution, but it conflicts with the
principle of sustainable development due to a more considerable

2D Island growth

J |

@ |

Step flow growth

J |

Step Bunching ]

eff. diffusion length

terrace length

2D-island®

interface

eff. diffusion length

terrace length

eff. diffusion length

terrace length

FIG. 4. (a) Scheme of the correlation between surface morphology, the effective surface diffusion length and the surface terrace width, and the corresponding AFM image of
each morphology: 2D islands growth, step-flow, and step-bunching. (b) TEM image of a ;-Ga,Oj3 layer which showed step-flow morphology under AFM. The TEM image is
reproduced with permission from Anooz et al., Appl. Phys. Lett. 116, 182106 (2020). Copyright 2020 AIP Publishing.
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100.0 nm
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100.0 nm

FIG. 5. AFM images of homoepitaxial (100) f-Ga,Oj3 thin films with step-flow morphology under the growth condition of Ref. 67 and different film thicknesses: (a) 0.3, (b) 3,
and (c) 4 um. Figures (a) and (b) are reproduced with permission from Chou et al., AIP Adv. 11, 115323 (2021). Copyright 2021 AIP Publishing.

material loss. Therefore, prolonging the effective diffusion length of Ga
adatoms by finding a proper growth window is another approach to
achieve the desired step-flow growth mode.

A well-controlled VI/III ratio has also been shown experimentally
to be a critical factor to control the surface morphology of the
MOVPE-grown layer. An increase in the Ga flux and a decrease in the
VI/III ratio increase the effective diffusion length of the Ga adatoms,
enabling step-flow growth to be maintained at various miscut angles,
ie, 2° 4°, and 6°. Growth on the substrates with 4° and 2° miscut
resulted in RT Hall mobilities of 131 and 120cm? V! s}, respec-
tively. A record RT Hall mobility of 153 cm® V™' s~ with a free car-
rier concentration of 1.4 x 10" cm™ for Si-doped (100) f-Ga,05
with a miscut of 4° and a film thickness of 300 nm was achieved,”’ and
a lateral MOSFET structure based on such films has been successfully
demonstrated with a breakdown voltage around 1200V, which is
equivalent to an average breakdown field strength of 2MV c¢cm™ "%
Kinetic Monte Carlo (KMC)”® simulation also suggested that the oxy-
gen amount plays an important role in morphology control. Once
oxygen atoms are attached to the Ga adatoms on the surface, the acti-
vation energy for a motion of Ga adatoms becomes much higher, and
the nucleation is much easier to happen on the surface terrace instead
of the step edge, resulting in undesired 2D island growth.

The chamber pressure is another critical growth parameter that
implicitly but significantly influences the VI/III ratio during the
growth and thereby the surface roughness of the grown samples,
which is reported in both (100)** and (010)”* f-Ga,O5 thin films.
Since the growth window mostly reported for MOVPE-grown f-
Ga,05 thin films is in the mass-transport-limited regime (the growth
rate increases linearly with the increase in Ga precursor concentra-
tions), the chamber pressure is believed to be critical for the trans-
port mechanism of the gaseous precursors in the chamber. It is
observed that a higher chamber pressure shortens the effective diffu-
sion length of adatoms and results in a morphology transition from
step-flow to 2D-island growth with a decrease in the thin-film
growth rate simultaneously. On the other hand, a lower chamber
pressure transits the surface morphology from step-flow to step-
bunching and increases the thin-film growth rate while keeping the
other parameters fixed. Similar observations regarding the influence
of the chamber pressure have also been made by layers grown on
(010) oriented substrates.”"”*

However, to fulfill the requirement for the vertical device structure,
a homoepitaxial drift layer with a thickness of several micrometers grown
on conductive substrates should be achieved. Together with the recent
development of the conductive ff-Ga,O5 bulk crystal,” a significant
enhancement of the epitaxial film thickness up to 3 um and a growth
rate above 1 umh™" was demonstrated by lowering the VI/III ratio to
the boundary of O-rich and Ga-rich growth conditions,”” while a step-
flow morphology resulting in a smooth surface roughness
(RMS <1.0nm) has been maintained for various film thicknesses, as
shown in Figs. 5(a)-5(c). It seems that the growth environment under a
lower VI/II ratio results in a more stable Ga wetting layer (or Ga
adlayer), stabilizing the surface morphology during growth. Just like the
adlayer mechanism reported in the GaN system,”” '" the reduction in
the VI/III ratio has significantly affected the effective diffusion length of
Ga adatoms on the (100) -Ga,Oj5 surface during film growth. A similar
result has been reported by Okamura et al."’" for smooth (010) f-Ga,O5
films grown by MBE, where step-flow growth was also attributed to the
slight Ga-rich growth window together with a 2° substrate miscut along
the (001) direction, and a similar diffusion-enhanced mechanism was
proposed.

OUTLOOK OF (100) -Ga,0; TOWARD POWER
ELECTRONICS APPLICATION

Achieving f-Ga,0; films with smooth surface morphologies at
high thicknesses and excellent electrical properties is crucial for devel-
oping high-performance power electronic devices, and it is an ongoing
work in the community. Many researchers have already reported as-
grown films with high mobility and low compensator concentration.
However, challenges remain in obtaining a smooth surface (both
microscopically and macroscopically) at a high thickness (>3 um)
while maintaining good electrical properties. For the microscopic
smoothness, the smoothest surface at a thickness above 3 um is dem-
onstrated for the (100) orientation (RMS < 0.5nm) due to its step-
flow growth mode on the intentionally misoriented substrate.”” On
the other hand, the (010) orientation, due to its facet growth mode
whose coalescence results in the formation of trenches, the film rough-
ness is usually in the range of 1-2 nm, and it tends to get even rougher
with further increase in thickness or growth rate.”” Mazzolini et al.””
and Okumura et al.'”' have demonstrated smooth (010) films grown
by MBE where step-flow growth was dominated and attributed to an
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offcut along the [001] direction. The above observations motivate to
gain a further understanding of the optimal substrate geometry and
wafer flat specifications for (100) and (010) -Ga,Oj; substrates and all
other potential orientations. However, since both (100) and (010) sub-
strates contain cleavage planes, any stress applied during the grinding,
polishing and misorientation treatment might induce self-cleavage
requiring proper treatment strategies. For the macroscopic smooth-
ness, it has been observed that a large number of parasitic particles
start to appear on the grown film surface when the thickness increases
above 3 um. Such particles might be potential compensators and even
induce structural defects, which dramatically degrade the electrical
performance of the thick layer and are the hindrance toward the
growth of tens of um-thick films. At the current stage, 3.2 um thick-
ness is the highest value reported for MOVPE-grown f3-Ga,O; films
regardless of the orientation. An upcoming report from our side will
address more details of parasitic particle formation and the optimiza-
tion approach.

Moreover, for the development of the MOVPE process, the
growth of an epitaxial (thin) film is an implicit function of many pro-
cess parameters, which results in high-dimensional parameter space.
Searching for the optimized parameter combination is extremely time-
consuming and comes with a high cost of resources and labor. Recent
works have demonstrated the potential of implementing the machine
learning approach to investigate the thin-film growth rate'"” as well as
the doping level'”” of MOVPE-grown (100) 8-Ga,Oj thin films using
real experimental datasets. It has been demonstrated that the algo-
rithms like Random Forest'”* can assess the non-linear relation and
the importance of the growth parameters. By training such a model,
one can explore the parameter space of the growth technique by focus-
ing on the critical parameters, which show a strong correlation with
the desired properties. In addition, one can also, based on domain
knowledge, create new artificial parameters (e.g., the ratio between dif-
ferent growth parameters) to verify the hypothesis via estimating the
influence of the newly added parameter, and new insight into the
growth process and the observed mechanism might be found.** Such a
data-driven approach can be a powerful tool to speed up the develop-
ment cycle of material growth, which is not limited to the MOVPE
process.

In addition to the immense study of homoepitaxial grown f-
Ga,O; thin films, modulation doping of S-(Al,Ga, ,),0O; barrier
layers in f-(AlyGa;_4),03/Ga,05 heterostructure field effect transis-
tors (FETs) is predicted to show a significant enhancement in the
device performance compared to conventional -Ga,0Os-based devi-
ces. To realize its promised potentials, the challenges of phase segrega-
tion and nonuniform distribution at high Al content need to be
addressed, and a profound understanding of the influence of the
growth condition on electrical properties of MOVPE-grown f-
(AlyGa; _4),05 alloys is the key interest. It has been shown recently
that crystal orientation plays an important role in the Al incorporation
limit and band offsets, and (100) orientation is predicted to be the
promising orientation to have the highest critical thickness'”” and
incorporated Al content.’**® The potential role of off-oriented (100)
p-Ga,O; substrates is suggested to achieve the full advantage of f-
(Al,Ga;_),05/Ga,0; heterostructures with the benefit of suppressing
the formation of twin defects as reported in Ref. 46, and the same ben-
efit might be acquired by all other preferential orientations with proper
off-orientation. Finally, the successful development of high-quality f-

scitation.org/journal/apl

(AlyGa; _4),05 single crystal substrates will allow one to achieve
homoepitaxial thin films with a higher crystalline quality for varying
Al compositions and will enable the next step in further going down
the road in the realization of future high-power electronics.

In summary, we have reviewed the electrical, structural, and
growth development of MOVPE-grown f-Ga,0O; with the aim of
demonstrating the power device prototype in vertical and lateral archi-
tecture. The current endeavors of growing high-quality f-Ga,O; films
have been demonstrated by introducing the (100) substrate orientation
and exploring the new growth window to reach the epitaxy require-
ment for the high-voltage sustainable device. Following the review of
the development path and the recent results, we identified the solved
challenges and the remaining issues and depicted the future perspec-
tives of -Ga,O3 based on the learned experience. The 3-Ga,0s-based
power device and its alloys have great potential for next-generation
high-power and radio frequency electronic applications for electric
vehicles, power conversion, satellite communication, radar, and wire-
less infrastructure.
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