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[-phase gallium oxide (Ga;03) is an emerging ultrawide bandgap (UWBG) semiconductor with
bandgap energy of ~ 4.8 eV and predicted high critical electric field strength of ~ 8 MV/cm,
enabling promising applications in next generation high power electronics and deep ultraviolet
optoelectronics. The advantages of Ga,Os3 also stem from its availability of single crystal bulk
native substrates synthesized from melt, and its well-controllable n-type doping from both bulk
growth and thin film epitaxy. Among several thin film growth methods, metalorganic chemical
vapor deposition (MOCVD) has been demonstrated as an enabling technology for developing high
quality epitaxy of Ga>Os3 thin films, (AlxGaix)203 alloys, and heterostructures along various crystal
orientations and with different phases. This tutorial summarizes the recent progresses in epitaxial
growth of f-GaxO; thin films via different growth methods, with a focus on the growth of Ga;0O3
and its compositional alloys by MOCVD. The challenges for the epitaxial development of f-Ga203
are discussed, along with the opportunities of future works to enhance the state-of-the-art device

performance based on this emerging UWBG semiconductor material system.
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L. Introduction on UWBG Ga203

Gallium oxide (Gax03), possessing a bandgap energy of ~ 4.5-5.3 eV '° is a transparent
semiconducting oxide material with excellent electrical and optical properties. Among the five
different known polymorphs of Ga;0s (a, f, 7, d, and k) as schematically illustrated in Figure 1,
the monoclinic £-Ga,0s (gallia) is the most thermally stable phase with a bandgap energy of ~ 4.8
eV > 69 Its ultra-wide bandgap (UWBG) energy, ranging in the deep ultraviolet (DUV) spectrum,
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allows its application in DUV optoelectronics, such as solar blind photodetectors. Recent

demonstrations of f-Ga,Os based diodes and transistors %12

, on the other hand, have revealed the
immense potential of this material in power switching applications due to its large critical field
strength as compared to other wide bandgap (WBG) semiconductors such as GaN or SiC. In
addition to its ultra-wide bandgap energy, the controllable doping of f-Ga>Os3 as well as its
availability of single crystal bulk native substrates promise its application in high power switching

and radio-frequency (RF) electronics '* 4.
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Figure 1. Crystal structure of (a) 5-, (b) a-, (c) x, (d) - and (e) &~Gay0s.

Density functional theory (DFT) calculations predicted the bandgap energy of f-Ga>O3
ranging between 4.5~4.9 eV > % % 15 The critical field strength of f-Ga,0s is projected at 7-8
MV/cm %1618 \which is 2.5-3.5 times higher than that of SiC (2.5 MV/cm), and GaN (3.3 MV/cm)
10.17 "indicating superior voltage blocking capabilities. Thus far, the highest peak electric field ~ 6

MV/cm has been experimentally demonstrated in f-Ga,Os3 Schottky barrier diodes (SBDs) % 19,



The peak electric field in f-Ga,O3 is expected to improve with the further development of bulk £-

Gay03 growth, thin film epitaxy and advanced device design/field management.

Unlike most other oxide materials with complex electron band structures, f-Ga,0s
conduction band structure is primarily contributed by the Ga s orbitals which is similar to the ones
observed in GaN and GaAs ?°. The electron effective mass m.~ for 5-Ga>Os is found to be light at
0.23 mo (mo is the free electron mass) *°, similar to that of GaN and GaAs 2!*?2. Consequently, one
would expect similar high electron Hall mobilities from Ga2Os in the range of ~ 10° cm?/V.s.
However, the scattering effect from polar optical phonons (POP) was found to be more significant
in Ga,03 due to its asymmetric lattice structures and optical phonon modes 2*-°, limiting its room

temperature (RT) mobility to ~200 - 250 cm?/V.s 2024,

Despite its relatively low electron mobility at room temperature, f-Ga20s is predicted to
outperform the traditional WBG semiconductors in power switching applications. For example,
the Baliga’s figure-of-merit (BFOM = g-p-E¢’) 26 of f-Ga20s (~ 3214, relative to Si) is 4X and
10X of GaN (~ 846) and SiC (~ 317) ', indicating the potentially much lower conduction losses
from S-Ga,Os power devices. In terms of Johnson figure-of-merit (JFOM = E.2-vi?/4n?) 27, which
defines the power-frequency product of a transistor, Ga>O3 also exhibits higher JFOM of ~ 2844,
as compared to GaN (JFOM ~ 1089) and SiC (JFOM ~ 278) due to its high electron saturation
velocity (vs ~ 1.2-2.0x107 cm/s) as suggested by the theoretical calculations 2> 28, The summary
of the fundamental properties and figure-of-merits of f-Ga,Os electronic devices as compared to
Si and other wide and ultrawide bandgap semiconductors are listed in Table 1. The large critical
field Ec is a key material parameter that determines the great potential of Ga,O3 in applications of

both high power and radio frequency electronics with excellent figure-of-merits.



Table 1. Properties of f-Ga>Os as compared to Si and other (UYWBG semiconductors '% 142931

Material Parameters Si gﬂ; GaN f-Ga,0O3 AIN Diamond ¢BN
Bandgap E; (eV) 1.1 3.25 34 4.8~49 6.2 5.5 6.4
Critical Field Ec (MV/cm) 0.3 2.5 33 8 15.4 10 17.5
Dielectric constant € 11.8 9.7 9 10 9.76 5.5 7.1
Electron mobility p. (cm?/V.s) 1480 1000 1250 300 426 2000 825
Thermal Conductivity (W-m1-K1) 150 490 230  10-27 320 2000 2145
Saturation Velocity (107 cm-s™) 1 2.0 2.5 1.8-2.0 1.3 1 -
Baliga’s FOM (¢-p-Ec?) 1 317 846 3214 38180 24660 79000
Johnson’s FOM (va*Ec?/4a?) 1 278 1089 2844 4453 1100 --
Doping n, p n, p n,p n n, p- n-, p n-, p-

Applications of Ga;Os for next generation high power devices have two key advantages.
One is the controllable n-type doping, which has been demonstrated so far with primary dopants
of Si, Ge, and Sn in a wide range from low-10'® cm™ to high-10?° cm™ 327, This wide range of
doping fulfills the requirements of, for example, the low doped, thick drift layers for high voltage
blocking capabilities, as well as the highly doped n* layers for forming Ohmic contacts with low
resistance. Another major advantage of Ga;Os is the availability of high-quality, scalable bulk f-
Ga0s substrates with low density of defects, which can be prepared by melt-grown methods such
as Czochralski (Cz) method ** %, edge-defined film-fed growth (EFG) %> *!, floating zone (FZ)
method *>#, and vertical Bridgman (VB) methods ***. Thus far, 8-Ga>O3 wafers with 6” diameter
were demonstrated *6. As the wafer size scales up and the technology is adopted by industries, it
is anticipated that the cost of Ga,O3; wafers will reduce *’. The Ga,Os substrate technology is
considered as a key advantage of this material among the existing UWBG semiconductor

candidates.

While Ga»Os3 stands out as a promising UWBG semiconductor material for next generation
high power and high frequency electronic and optoelectronic applications, there exist certain
limitations of the material that need to be addressed in order to fully maximize its potential. The

lack of p-type conductivity could be a major setback for Ga>O3 device design. It is theoretically



calculated that all major acceptor candidates for f-Ga>Os act as deep acceptors 454

, indicating a
very low activation efficiency and a trap-like behavior of the acceptors. Additionally, it is also
theoretically predicted that, the holes in many oxides (Gax0s, In203, SnO2, MgO) prefer the
localized, self-trapped form of polarons around O-site due to the characteristic lattice distortion >,
Even if there are activated holes, the conductivity of such holes will be extremely low, prohibiting
the p-type conductivity in such materials. Therefore, it would require novel device designs and
engineering approaches to overcome the lack of p-type conductivity. Designs such as fin-
structured SBDs and FETs °!:2, as well as using high-k dielectrics in SBDs ', or heterojunctions

of p-n diodes formation by adopting other p-type semiconductors (p-NiO, p-Ir203) -7, are good

examples of such attempts to overcome the lack of p-type conductivity in Ga,0s.

Thermal conductivity is yet another challenge for Ga>Os in power electronics applications.
The thermal conductivity A for f-Ga>xO3 was measured with strong anisotropy from the highest A
~ 27 W/mK along [010] direction to the lowest A ~ 10 W/mK along [100] direction °%, which are
significantly lower than those of the traditional semiconductors (Si~ 150 W/mK, SiC ~490 W/mK,
GaN ~ 230 W/mK) '*. The low thermal conductivity of Ga,O; creates self-heating effects that
could impact device performance and reliability, suggesting the need for effective heat extraction
design in Ga;0O3; devices. Common strategies to reduce the thermal resistance include substrate
thinning as well as the wafer-bonding process to the substrates with high thermal conductivity,

such as Cu, SiC, or diamond >°-'.

With its unique properties, UWBG Ga,03 has gained significant research interests, and
publication numbers in recent years increased dramatically '* %2, In the past decade, the emergence
of high-quality bulk substrates, development of epitaxial growth and the successful demonstration
of Ga;0s-based devices well exemplify the superior properties and potential of Ga,0O3. Significant
efforts have led to the advancements in understanding defects, doping, impurities, alloys,

heterostructures, electron transport and thermal properties in Ga,Os3 637,

The focus of this tutorial is to provide a comprehensive introduction to the metalorganic
chemical vapor deposition (MOCVD), also known as metalorganic vapor phase epitaxy (MOVPE),
of Ga203 thin films, as well as its alloys and heterostructures. The tutorial emphasizes the
homoepitaxial growth of f-Ga>O3 and its alloys, primarily because of its availability of high quality

and scalable native substrates grown from melt. This advantage is specific to Ga>Os3, distinguishing
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it from other UWBG semiconductors. The tutorial is structured as follows. Section II provides an
overall background on the state-of-the-art Ga>O3 thin film deposition technologies. Section III
discusses the current status of MOCVD GayOj; technology, including the MOCVD reactor setup,
precursor chemistry, and growth mechanisms. Section IV primarily focuses on the MOCVD
development of compositional (AlxGaix)203 alloys and heterostructures. Section V presents on
the application of MOCVD Ga0Os thin films and its alloys for device development. Finally, the

conclusions with future perspectives for MOCVD GayO3 are presented in Section VI.
II. Thin film epitaxy of Ga203

Prior to the introduction of MOCVD Ga;03, an overview on GaxO3 epitaxy by different
growth techniques is summarized. Thin film epitaxy is one of the cornerstone processes for the
fabrication of high-performance devices, which provides precise control of doping, film thickness
and layer structures. The Ga>Os3 thin film epitaxy has been developed fast in the past decade with
the most common growth techniques, including MOCVD, halide vapor phase epitaxy (HVPE),
molecular beam epitaxy (MBE), mist chemical vapor deposition (Mist-CVD), low pressure
chemical vapor deposition (LPCVD), pulsed laser deposition (PLD) and atomic layer deposition
(ALD). A summary of the physical properties and the epitaxial growth methods utilized to grow
the five different crystal phases of Ga>Os is presented in Table 2. These technologies with different
growth chemistries have their own pros and cons when targeting for different device designs and
applications. In this section, a brief description of each growth method is presented. The content

on MOCVD technology is included in Section III.



Table 2. Summary of the physical properties and the epitaxial growth methods utilized to grow
the five different crystal phases of GaxO3z * 14 6875,

a /] y 0 K
Crystal Corundum Monoclinic Cubic Cubic Orthorhombic
structure defective bixbyite
spinel
Lattice a=b=4.98- a=12.12- a=8.24-8.30 a=9.4-10 a=5.0463
parameters 5.04,¢c= 12.34,b=3.03 b=28.7020
A) 13.43- and 3.04, ¢ =9.2833
13.62 ¢ =5.80-5.87
Space group R3c C2/m FD3m Ia3 Pna2,
Bandgap 5.2-541 4.5-49 4.5-5.0 4.8-5.0 4.6-4.9
(eV)
Refractive 1.74-1.95 1.68-1.89 2.0-2.1 1.8 -
index (n)
Thermal - 0.27 (010), - - -
conductivity 0.11 (100)
(W em! K)
Polarization - - - - 26
(nC em™)
Epitaxial Mist CVD, MBE, mist CVD mist CVD PLD, mist CVD,
growth MOCVD, MOCVD, mist HVPE, MOCVD,
methods HVPE, CVD ALD, MBE
ALD PLD, HVPE,
LPCVD
sputtering,
ALD
References 75-82 36, 37, 81, 83-100 101 74 70, 71, 102-112
II.a HVPE

HVPE is a widely used method for growth of Ill-nitride and oxide semiconductors % 3

114 Tt utilizes the in-situ generated group-III metal chlorides at high temperature as precursors. In
oxide HVPE, the metal chloride reacts with oxygen under atmospheric pressure at certain growth
temperatures (typically ~ 1000 °C) to deposit thin films on substrates 3> °% 11>115 HVPE $-Ga,0;
offers high growth rates (~ 5 um/hr, up to 250 um/hr) ''* '3 allowing thick layer deposition, but
typically with rough surface morphologies, which requires chemical mechanical polishing (CMP)
process prior device fabrication. For n-type doping, Si is typically incorporated by the introduction
of SiCls gas, and the doping concentration ranges from 10'>-10'* cm™ 34, High-quality HVPE g-
Ga0s thin films have been demonstrated with RT carrier mobility around 150 cm?/V.s and low

carrier concentration around 103 e¢m™ 3. Other crystal phases (a and x) of GaxO; were also



demonstrated by HVPE heteroepitaxy on different substrates at a much lower growth temperature

(500-900 °C) 17:116,
ILb MBE

MBE is one of the early growth techniques used for Ga;Os epitaxy. Different from growth
methods that transport the precursors in the gas phase, MBE utilizes ultra-high vacuum (~10"2
Torr) and effusion cells to sublime the metal sources. Under high-vacuum conditions, the mean
free path for molecules becomes long enough that the precursors are ballistically transported to the
substrate like a beam. In MBE Gay0O3, there are generally two types of oxidation source: oxygen
plasma ''7 and ozone 7, and the typical growth temperature ranges between 500 - 800 °C 3¢ 88 %0
7. 18 The growth rate of MBE Ga,Os is relatively slow (around 50-200 nm/h) 88 117118 ‘wwhich
also enables precise control over thin layer epitaxy, such as Ga,O3 Si delta-doped layer %120, The
implementation of indium (In) flux during MBE of f-Ga>O3 (metal-oxide catalyzed epitaxy,
MOCATAXY) greatly reduces the surface desorption, resulting in the increase of growth rate and
expansion of the growth regime to higher MBE growth temperatures on crystal orientations such
as (001) and (201) '2!-122_In addition, the utilization of suboxide molecular-beam epitaxy (S-MBE)
resulted in a remarkable improvement in the growth rates of Ga,Os; with excellent crystallinity,
exceeding 1 um/hr in an adsorption-controlled regime '2*. Heterostructures of (AlxGa1x)203/Ga20s
have been demonstrated by MBE growth. The formation of 2-dimensional electron gas (2DEG)
by modulation doping in B-(AliGaix)203/Ga;03 heterostructure results in much lower sheet

resistivity and promising carrier transport properties 2% 12°,

II.c Mist-CVD

Mist-CVD growth technique is considered as a low cost and simple approach which is
efficient in reducing the oxygen vacancies as the growth is performed under sufficient overpressure
of oxygen using water/alcohol solutions. For the growth of GayOs; thin films, gallium
acetylacetonate [Ga(CsHsgO2)s] in water is ultrasonically atomized to create a mist which is carried
to the heated substrate by using O2 or N2 carrier gas to form thin films by chemical reaction.
Different polymorphs of Ga>Os including a-, -, and &- have been grown by using this growth
technique °7 8% 93 109, 126-128 ' Heteroepitaxial growth of a-GaxOjs thin films on c-plane sapphire

82, 126-128

substrates and homoepitaxial growth of f-GaOs films on (010) oriented S-GaxO3
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substrates have been demonstrated °>. While controllable n-type doping in a range of 10'7 to 10"
cm™ was achieved in a-GaxOs heteroepitaxial films grown on c-plane sapphire substrates using Sn
as dopant, the mobility was found to be limited (< 24 cm?/Vs) due to the crystal defects such as
dislocations in the epi-layer '?%. Since a-Ga,Os is metastable, the growth window for the phase
pure 0-Ga>Os3; remains narrow as compared to f-Ga03. High temperature growth (> 550°C) on
sapphire substrates leads to inclusion of f-phase. On the other hand, electrically conductive Sn-
doped f-Ga>O3 homoepitaxial films were grown on Fe-doped f-Ga>Os substrates at a growth

temperature of 700°C with a carrier concentration of 10'® cm™ and hall mobility of 45 cm?/Vs %>,

II.d LPCVD

In LPCVD growth of Ga>Os3, high purity metallic Ga and O are used as sources, and SiCly
is used as n-type dopant. Growths are performed in the temperature range between 750°C to
1050°C 3% %4 95 129-133 By tuning the growth conditions (growth temperature, precursor flow,
pressure, etc.), the growth rate can be controlled between ~ 1 - 10 pm/hr 3% 131 132 Both
unintentionally and Si-doped high-quality LPCVD homoepitaxial f-Ga,O3 thin film growths on
(010) and (001) B-Gax0; substrates have been successfully demonstrated '3!. For heteroepitaxy,
we have demonstrated the use of off-axis c-sapphire substrates to overcome the issue caused by
lattice-mismatch. Room temperature mobility for f-Ga>O3 grown on off-axis c-sapphire exceeded
100 cm?/V's, which represents one of the record value for f-Ga,Os heteroepitaxy **. LPCVD
growth technique represents a low cost and scalable growth method that can potentially produce
high-quality and thick drift layers for vertical SBDs '**. In addition, LPCVD growth technique has

also been demonstrated to grow high-quality In,Os films with fast growth rates 33 13°,

Il.e PLD

PLD is a simple and versatile deposition method that is effective in depositing doped thin
films and heterostructures at relatively low deposition temperature. In PLD, the target material is
physically vaporized by pulsed laser and consequently deposited on the substrates. However, the
low operating temperature also leads to the lower material quality, as well as the low deposition
rate. PLD is a common technique for depositing transparent conducting oxide. It has been

demonstrated as a feasible technology for the deposition of highly n-type doped conductive /-



Gay0; films *°. The typical growth temperature for PLD ranges from 500 to 800 °C 3 136137
addition to S-phase Ga,Os deposition, PLD of k-Ga,O3 on sapphire substrates was reported ! 138,

II.f ALD

ALD or atomic layer epitaxy (ALE) is a growth technique with sequential gas injection,
and self-limiting reaction characteristics. The precursors are injected by pulses into the chamber
and each pulse has its own limited surface reactions for a very thin layer (atomic layer) of
deposition. The ALD method operates under low deposition temperature with relatively lower
growth rate. However, due to the pulsing injection of precursors, growth rate by ALD can be
precisely controlled '*°. Depending on the selection of precursor and temperature, amorphous
oxides can be deposited with high surface uniformity, which makes ALD a widely used technique

for dielectric deposition 8! 140- 141,

III. Overview on MOCVD f-Ga203

MOCVD growth of f-GaOs; has been demonstrated with high crystalline quality and
effective n-type doping. Triethylgallium (TEGa), Trimethylgallium (TMGa), Ga(DPM); (DPM =

dipivaloylmethanate), high purity O, H2O vapor, or N>O have been used as precursors 32 37 83 100,

142-146  Gi Sn, and Ge were demonstrated as effective shallow donors 3> 8 144
Tetraethylorthosilicate (TEOS) and silane (SiH4) have been used as Si source, whereas
tetraethyltin (TESn) and Germane (GeHs/N;) were used as Sn and Ge sources, respectively.
Previously, IKZ (Germany) demonstrated homoepitaxial growth of f-Ga;O3 on (010) native
substrates with mobility up to 130 cm?/V-s, with Si doping concentration between 1 x 107 to 8 x
10" ecm™ *2. However, using Sn as a dopant, the doping range was limited to 4 x 10'7 - 1 x 10"
cm™ with mobilities ranging between ~50 -100 cm?/V s *2. This limitation was attributed to the Sn
memory effect in the MOVPE reactor, indicating challenges to achieve low carrier densities and
incorporation issues that decreased the doping efficiency at high Sn doping levels. Additionally, a
recent study on Ge doping of Ga,0O3 by MOCVD also revealed challenges in achieving controllable
Ge doping for n-type conductivity '#4. A free carrier concentration ranging from ~2 x 10'® to ~3
x 102 cm™ with corresponding mobilities ranging from ~140 to ~38 cm?Vs were achieved. The

study showed that lowering the growth temperature increased Ge doping concentration, and the

incorporation of Ge into the films was dependent on the metalorganic precursor type. Doping
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Gay03 with Ge was found to be more difficult when using TMGa as a Ga precursor, compared to
using TEGa. The study also revealed a strong memory effect of Ge doping dependent on the reactor
geometry. Using a vertical far-injection reaction chamber, high-quality UID Ga,0O3 homoepitaxy
with room temperature mobility of 176 cm?/V-s with background concentration of 7x10' ¢m™
was demonstrated 7. Recent demonstration of lightly-doped (010) Ga,Os exhibited low
temperature peak mobility of > 10* cm?/V-s from low-temperature Hall measurement (45K) 47,
indicating ultra-high purity of MOCVD grown GaxOs. A close-coupled showerhead design to
overcome the limited growth rate in MOCVD GayO; systems has also been demonstrated. By
reducing the distance between the showerhead and substrate susceptors, the gas-phase reaction
between MO sources and oxygen could be suppressed, leading to a fast growth rate of 10 um/hr
on sapphire substrates 43, While TMGa shows promises for achieving faster growth rates, the
homoepitaxial growth of Ga;Os films using TEGa faces challenges as the film thickness increases,
limiting the development of thicker drift layer for vertical power devices. Thus far, the typical
growth rate for high-quality homoepitaxial Ga;Os using TEGa as Ga precursor is in the range of ~
1um/hr 8384 Another key contribution of the MOCVD growth technique is the demonstration of
high-quality f-(AlkGaix)203 epitaxy with high Al incorporation up to 40% on native (010)
substrates '*¥. These results indicate a great potential of MOCVD growth method for developing
high-quality f-Ga>O3 based thin films and heterostructures for high-performance device

applications.

A comprehensive investigation of the bandgap states in MOCVD-grown £-GaOs3 utilizing
Deep-Level Transient Spectroscopy (DLTS), Deep Level Optical Spectroscopy (DLOS), and
admittance spectroscopy (AS) revealed a significant decrease (~10x reduction) in the overall trap
concentration as compared to the prior studies on the full bandgap spectrum of defects in the films
grown by PAMBE and EFG '¥°. By systematically studying the deep level defect evolution as a
function of MOCVD growth temperature, a distinct concentration trends for various bandgap states
were observed '°°. A noteworthy observation was the increasing prevalence of the Ec.0.12 eV state,
which seems to be associated with Si concentration, and the simultaneous decrease of the Ec-4.4
eV state concentration as the growth temperature rises from 800 °C to 920 °C, suggesting strong
influence of MOCVD growth conditions on the distribution (concentrations and energy levels) of
individual defect states of Si-doped f-Ga>Os. The growth temperature also plays a crucial role in

adatom diffusion at the growth surface, which in turn strongly influences the surface morphology
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of f-Gax0; *°. Lower growth temperatures (~800 °C) resulted in a rougher surface with visible
macroscopic dents, whereas a uniform and smooth surface was observed at 880 °C *°. Another
study on MOCVD homoepitaxial growth of A-Ga,O; films revealed decent transport
characteristics with atomically flat surfaces at growth temperature below 700 °C '*! indicating a
wider MOCVD growth window in terms temperature. The use of low temperature (600 °C) buffer
layer also enhanced the Hall electron mobility of unintentionally doped as well as Si-doped f-
Ga,0s films '*2. A monotonous decrease in the film growth rate was observed with the increase of
chamber pressure from 20 to 100 Torr ¥, resulting in higher Si incorporation in the film. This was
likely caused by a reduction in precursor diffusion from the gas phase to the growth surface and

an increase in the gas-phase reaction of the precursors.

In addition to f-Ga,O3 MOCVD growth on (010) Ga,Os3 substrates, (100) Ga,0s3 epitaxy
attracted quite significant interests. While on-axis growth of (100) f-Ga20Os3 leads to incoherent
boundaries, stacking faults, and degraded carrier transport, the vicinal (100) substrates with off-
axis angles between 2° to 6° were selected to address these issues by suppressing twinning domains.
These studies provide important insights into surface and chemical reaction kinetics of MOCVD

Ga»0s growth on (100) orientation %% 153154,

Another major challenge for high-quality MOCVD f-Ga,0Os epitaxy is the gas-phase reaction
of precursors above the growth surface. The typical growth rate ranges from 0.2~1.0 pm/h,
primarily limited by the gas phase reaction, in which TEGa was predominantly used as the
precursor for Ga>Os epitaxy. However, until recently, it has been demonstrated that TMGa source
could deliver high-quality homoepitaxy (growth rate < 3 pm/hr) as comparable to the ones grown
by TEGa %> 6. In Fig. 2, the state-of-the-art MOCVD growths, using different precursors,
dopants, growth conditions and substrates, are shown in RT electron Hall mobilities as a function

of net charge concentration.
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Figure 2. Room-temperature mobility versus net carrier concentration from the state-of-the-art

S-Gax0Os3 thin films grown by MOCVD. The corresponding growth rates are also listed.

While MOCVD homoepitaxial growth of f-Ga>Os3 thin films showed superior structural and
electrical characteristics, recently few research was also devoted to the heteroepitaxial growth of
-Gay0s films 35159 and its alloys 6% 16! on different substrates, including c-sapphire, GaAs and
Si. However, MOCVD f-Ga;0Os epilayers grown on these foreign substrates did not exhibit
satisfactory structural and electrical properties. When using on-axis c-plane sapphire as a substrate
for heteroepitaxy, f-Ga,O3 grows with its (201) orientation aligned to the sapphire (0001) plane
with rotational domains and lattice distortions ' . The growth of (201) 5-Ga>O;3 was also observed
on GaAs substrates of varying orientations '°° . A prior MOCVD growth study revealed amorphous
Gay0; films on Si substrates '°®, indicating that the selection of substrate plays a significant role

in the crystalline structure and quality of Ga,0Os3 epifilms.
III.a Chemical reaction kinetics in MOCVD Ga203

The schematic in Fig. 3 shows the typical oxide MOCVD system. Major components in
MOCVD system include gas/precursor delivery system, source injection control, showerhead, the

main reactor chamber with RF heating coil and pressure controlling units with high-capacity pump.
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The design considerations for a MOCVD reactor are unique compared to other types of CVD
techniques that operate at atmospheric or low pressure, ultra-high vacuum, or plasma-enhanced
conditions '%3-1%, This includes the handling of volatile precursors, delivery of uniform, consistent
gas flow to the substrates, precision control of the reactor pressure, effective heating and cooling
of the reactor component to reach the desired temperature gradient, fast switching valves to switch
sources for precise multilayer growths.
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Figure. 3: Schematic of a typical oxide MOCVD system.

For precise control of multiple layer growths via MOCVD, the gas switching needs to be
executed in a timely manner and reflected immediately with source altered on growth surface. The
precursor delivery system is typically made of an array of high-purity MO precursors held in
individual bubblers, with each source having its own settings of bubbler temperature, carrier gas
flow and pressure. The source injection control is controlled by a critical component, usually
named injection block. Showerhead is the gas block that regulates the source gases fed from
pipelines into stable, homogenous flow to ensure that the source is uniformly delivered to the
growth surface, where the geometry of the reactor chamber and typical chamber pressure need to
be considered. With appropriate designs, MOCVD epitaxy could achieve high-quality, uniform
thin films on large wafers. In some designs, the substrates are placed on a fast-rotating susceptor

to further enhance the uniformity of the growth.
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Previously, the growth mechanisms of MOCVD oxides were primarily focused on ZnO and
perovskite oxides. For MOCVD IlIl-oxides (Ga203, Al>O3, Inp03) and compositional alloys, the
studies on chemical reactions are still limited. Due to the reactive nature of the metalorganic
sources, triethylgallium was primarily chosen as the precursor for Ga;Os epitaxy, and the growth
rate is potentially limited by the gas-phase reaction between MO precursors and oxidation source.
However, the general reaction/deposition process in MOCVD, as shown in Fig. 4, consists of
several key steps: 1) Transport of the precursors to reactor region in the form of vapors. 2) Gas-
phase pre-reactions of precursors, these also include pyrolysis and adduct formation of the
chemical species. 3) Mass transport of the chemical active species to substrate surface. 4)
Adsorption of the reactants to the substrate surface. 5) Surface diffusion of adatoms to the growth
sites, nucleation, and surface chemical reactions, leading to the thin film deposition. 6) Desorption

and mass transport of precursor fragments from substrate surface '>% 167- 168,
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Figure 4. Schematic of typical processes occurring in MOCVD Ga,Os reactor using TEGa and O»

as precursors: (a) precursor breakdown, (b) precursor prereactions, (c) byproduct formation, (d)
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surface adsorption of adatoms, (e) surface desorption of adatoms, (f) surface diffusion of adatoms,

(g) incorporation of adatoms at incorporation sites, and (h) gas transport by the carrier gas.

Among these steps, different physiochemical kinetics are involved. The dominant kinetics,
that determine the growth characteristics such as reaction rate, deposition rate, uniformity, and
impurity incorporation, are highly dependent on the growth parameters such as temperature,
pressure, gas flow, and concentrations of chemicals. For instance, one of the key factors that
determine the deposition rate is the growth temperature. It is commonly categorized into three
temperature regions. At lower growth temperatures, the deposition rate is primarily controlled by
chemical reaction kinetics. The growth rate corresponds to the surface reaction rate of the chemical
compounds, which increases exponentially with substrate temperature according to the Arrhenius
law. As growth temperature increases, the deposition rate is primarily limited by the amount of
chemical species reaching the growth surface by mass transport or diffusion of chemical species.
As growth temperature becomes excessively high, the growth rate may decrease due to the
depletion of precursors in the gas-phase, as the boundary layer near substrates gets enough heated
and promotes significant pre-reaction of precursors. Additionally, the surface desorption and

decomposition process can also be significantly promoted, leading to lower growth rates.

One key trait for oxide MOCVD is the pyrophoricity of the MO sources. The reactivity of the
MOCVD precursors is mostly determined by the nature of organic moiety attached and the
electropositive metallic character '®. Typically, higher reactivity with less stability is associated
with higher metal-carbon bond energies '®°. Similar to this, a key factor in the reactivity of
metalorganics is the stability of the resultant alkyl radical as well as the reduction in metal-carbon
bond strength caused by increased steric bulk and branching in the alkyl radical !”°. During
MOCVD growth of Ga2O3, the incorporation of carbon into the growing layer poses a significant
challenge as it originates from metalorganic precursors. While TMGa and TEGa are commonly
used as precursors for Ga;O3 epitaxy, one main concern of using TMGa is the high level of carbon
incorporation into the growing layers due to the formation of highly reactive methyl radicals during
the pyrolysis process as discussed in later paragraphs. On the other hand, TEGa produces a stable
ethylene group, which has limited participation in substrate surface reactions, thus effectively
reducing carbon incorporation into the growing layer. This makes TEGa a potentially preferable

option over TMGa for achieving lower levels of carbon incorporation in Ga,Oj3 films 71172,
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With few research on the growth dynamics and chemical kinetics, MOCVD growth of
semiconducting f-Ga>O3 has recently been explored. In the most recent work by Goto et al., the
thermodynamics of MOCVD f-Ga>Os using triethylgallium (TEGa) and oxygen was analyzed '7>.
The metal alkyl precursors are known for their pyrophoric property. The electropositive character
of the metal elements such as Al, Ga, In, and Zn, as well as the moiety of organic ligands (methyl,
ethyl) lead to strong reactivity with oxygen or moisture. The reaction models for MOCVD Ga0O3
is, therefore, vastly different from the models for III-V or Ill-nitrides. The major reactions
involving the decomposition pathways of TEGa (Eq. (1)- Eq. (4)) and TMGa (Eq. (5)- Eq. (7))
precursors and oxidation reactions are listed below. TEGa is pyrolyzed through a three step -

hydride elimination reaction with formation of gallium hydride and ethylene as by-products '7! 174

175

Ga(C,Hs); » HGa(C,Hs), + C,H, Eq. (1)
Ga(C,H;g), —» H,Ga(C,Hs) + C,H, Eq. (2)
Ga(C,Hs) —» GaH; + C,H, Eq. (3)

The expected reaction of gallium hydride with O, in order to form Ga,O3, can be as follows.
2GaH; + 30, —» Ga,03; + 3H,0 Eq. (4)

TMGa, on the other hand, undergoes a two-step unimolecular reaction with the loss of methyl

groups, resulting in the formation of monomethylgallium.
Ga(CH3)3; — Ga(CH;3), + CH; Eq. (5)
Ga(CH3), — Ga(CH3) + CH; Eq. (6)

While there are still lack of studies on the reaction mechanism between TMGa subproducts and
0O, to form Gay03, we can hypothesize that monomethylgallium reacts with O> to form Ga,Os

through the following reaction.
2Ga(CH3) + 30, — Ga,03 + 3H,0 + 2CO, Eq. (7)

The hydrogen and hydrocarbon by-products are consumed via combustion processes and turn

into CO, CO, and H>O. The reaction pathway for hydrocarbons indicates that it is less likely to
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contribute in carbon incorporation in MOCVD f-Ga,03 as compared to MOCVD I1I-V and III-
nitrides. Kinetic calculations also suggest that higher growth temperature and higher VI/III ratio
could further suppress the incorporation of carbon. Most importantly, the gas phase reactions
between precursors and O; are very active. It is therefore inferred that the mass transport of Ga
species to the growth surface is one of the key limiting factors for MOCVD S-Ga>O3 growth.
Hence, suppression of the gas phase reactions can enhance the deposition rate of f-Ga>Os. Since
TMGa decomposes through a two-step reaction, while TEGa follows a three-step pyrolysis process,
the shorter reaction pathway in TMGa leads to higher growth rates of Ga,Os films compared to the
processes utilizing TEGa. MOCVD p-Ga,03 growth rates typically range from 0.2 to 1.0 um/h
when TEGa is used as the Ga precursor. In contrast, f-Ga,O3 films grown using TMGa as the Ga
precursor has been demonstrated with faster growth rates up to 3 pm/h with decent transport

characteristics comparable to the films grown using TEGa 4% 14,

IHL.b MOCVD f-Ga203 homoepitaxy on different crystal orientations

Considering the low symmetry of the monoclinic crystal structure, epitaxial growth of /-
Gax03 was primarily established on (010) orientation with high quality and excellent electronic
transport characteristics > ®. One exception could be the homoepitaxy by HVPE, which was
demonstrated along the [001] orientation **>. However, this technique results in relatively rough
surface morphologies that require chemo-mechanical polishing (CMP) prior device fabrication.
Several limiting factors have proven the difficulties for epitaxial growth along different crystal
orientations such as (100), (001), and (201), which were made available in bulk substrates. These
limiting factors include the limited growth rate, strongly faceted surface, three-dimensional surface
structures, or crystal structure-related defects. Despite the extensive growth studies on (010)
oriented Ga>O3 substrates, there is still a lack of MOCVD homoepitaxial development of f-Ga>O3
films on other orientations. In recent years, MOCVD growth studies on (100) Ga>O3 substrates,
particularly on off-axis (100) substrates have been performed. Homoepitaxial growth on on-axis
(100) Gax0Os3 substrates leads to the formation of incoherent boundaries and stacking faults due to
the limited diffusion length of the surface adatoms and 2D-island growth mode '>*. Therefore, the
epilayer on (100) suffered from charge compensation and degradation of carrier transport > 13,

Vicinal (100) substrates with an off-axis angle between 2° to 6° were selected to address this issue.
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The step edges on the growth surface provide additional nucleation sites, and thus enhance the

step-flow growth mode, suppressing the formation of twinning.

The growth surface morphology of f-Ga>Os can be described by the surface kinetics model,
formalized by Bales et al. !7®. The model explains the nucleation and growth of islands on growth
surface by assuming that the incoming adatoms are either incorporated into step edges or form
two-dimensional islands. Prior studies on homoepitaxial growth of (100) f-Ga,O3 have suggested
that the prevailing growth mode is the 2-D island formation mode. By introducing proper miscut
angles on the substrates, step-flow growth of f-Ga>Os on (100) plane can be achieved as the terrace
width becomes comparable to the diffusion length of adatoms on the growth surface '**. The
limited surface diffusion of the Ga adatoms on growth surface results in the formation of twin
lamellae, hampering the mobility of charge carriers. Prior studies indicated that the surface
diffusion coefficient on the (100) f-Ga2Os plane is approximately two orders of magnitude lower
than that experimentally found in GaAs, yet it is six orders of magnitude higher than the reported
values for cubic GaN !**. The surface diffusivity is most likely to be dependent on the surface
arrangement as well as the surface energy of the crystal planes. Epitaxial growth on (100)
substrates with a miscut towards [001] results in high-quality f-Ga>Os films with good electrical
transport properties !> "7 When the (100) plane is miscut oriented towards [001] direction, the
terraces on (100) plane are terminated by (201) plane causing mono-layer formation with uniform
step height which promotes step-flow growth '8, However, when grown on substrates with miscut
towards [001], the layer completely twins with respect to the substrate, leading to stacking
mismatch boundaries that hamper electrical transport. Miscut along [001] direction provides
mixture of mono- and bilayers with different step heights which cause twinning and leads to
formation of 2D islands. The epitaxial growth on substrates with miscut towards the [001]
direction often leads to the formation of (201) facets at step edges. The (201) facet has significantly
lower surface energies as compared to the (001) surface. When the substrate miscut is towards
[001], no symmetrical surface equivalent to the (201) facet exists, and therefore, the (001) facet is
expected to form, since all other considered surfaces have higher energies. Nonetheless,
experimental observations reveal the nucleation of a twinned (201) terminated nucleus on the

(001)-B facets, leading to a twinned orientation at the step edge, thereby a significant reduction of
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the surface energy. Results from these studies revealed a strong influence of both substrate miscut

angles and directions on the structural and electrical properties of f-Ga,O3 epitaxial layers.

Recent study also indicated that the step-flow growth mode could be achieved with
different miscut angles by adjusting the diffusion length of the adatoms using different growth
conditions, such as the O»/Ga ratio, Ar push gas flow, and chamber pressure *°. Very recently,
MOCVD growth of unintentionally doped < 3 pm thick £-Ga>Os films have been demonstrated on
(100) oriented off-axis f-GaxO3 substrate with smooth surface morphology and good electrical
transport properties by using height-adjustable showerhead to suppress the gas-phase pre-reactions
179180 These studies have shown the feasibility of developing Ga>O3 homoepitaxy along various

crystalline orientations.
IIL.c Other Ga203 polymorphs grown using MOCVD

Using different growth conditions (e.g., temperature, pressure), precursors (e.g., oxidation
source), and substrate selection, various phases of Ga>O3 could be grown by MOCVD on different
substrates, such as sapphire (a-, c-, m-, r-planes), MgO (cubic), and MgA1>O4 (cubic, spinel) 13>
181,182 The scientific community has shown great interest in metastable thombohedral corundum
structured a-Ga»Os (space group R3C) due to its large bandgap of 5.3-5.41 eV 7. This is primarily
because 0-Ga>Os3 thin films can be epitaxially grown on low-cost isostructural sapphire substrates
and its electrical conductivity can be regulated 3% ¥, Despite numerous studies on the growth of
a-GaxO3 using various growth techniques such as mist-CVD, MBE, and HVPE, limited research
has been conducted on the MOCVD development of phase pure a-Ga>O3 films. Previously, a-
phase Ga;O3 has been demonstrated by MOCVD on m-, and r-plane sapphire substrates, using
oxidation sources of N2O and O > 185, MOCVD growth of phase pure a-Ga,Os films and its Al-
alloy have been successfully demonstrated on m-sapphire substrates for entire Al composition
range °. For the meta-stable y-Ga,Os, there is no report of pure y-phase grown by MOCVD.
However, phase segregation and existence of y-phase were extensively observed in epitaxial thin
films 36138 grown by different methods including MOCVD !37- 188 The orthorhombic x-phase
Gay0s3 represents another interesting polymorph of Ga>Os3, which is predicted to have strong
spontaneous electrical polarization and ferroelectric characteristics '%. In recent years, researchers

have carried out several investigations on the growth of x-Ga>0O3, with MOCVD proving to be a
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valuable tool in demonstrating high-quality heteroepitaxial growth of the binary compound, as
well as the growth of Si-doped electrically conductive k-Ga2Os5 thin films ' 182190 x-phase has
typically been shown to be grown at relatively lower growth temperatures (~500-600 °C) through
MOCVD 70: 102,191,192

IV. Overview on MOCVD f-(AlxGaix)20s3 alloys

While Ga>Os with its predicted large critical field strength is considered as a promising
candidate for high power electronic applications, the bandgap engineering of Ga>O3 by alloying
with AlbO3 can extend its applications in integrated power electronics and radio frequency
electronics with even higher critical field strength due to the tunable bandgap of (AlxGaix)203
alloy (~4.87 eV [$-Gax0s] to 8.82 eV [a-ALLOs]) . As the two parent compounds (Ga,O3 and
AL O3) of (AlxGai«)203 alloy exist in different crystal structures, namely monoclinic f-Ga>O3 and
corundum 0-Al>O3, the epitaxial growth of high-quality phase pure f-(AlxGai-x)203 faces certain
challenges. Nevertheless, recent progresses on the MOCVD growth of f-(AlxGaix)203 epitaxy
exhibited great promises for the control of uniformity, composition, and purity of the AlGaO
epilayer. Several efforts have been made on the epitaxial growth of f-(AlxGaix).0;3 alloys on
differently oriented 5-Ga20j substrates by using MOCVD growth technique 4% 187, 188, 193-200 prijqy
efforts on the MBE growth of phase pure f-(AlxGaix)20s films on (010) oriented S-Gaz03
substrates exhibited phase segregation as the Al composition reaches above 20% 2°!. By using
MOCVD growth method, Al incorporations up to 40-43% have been demonstrated in (010) f-
(AlxGaix)20;5 thin films 48 187 188.202 Hijoh crystalline quality S-(AlxGaix)20; films and -(AlkGai.
x)203/-Ga,0s3 superlattice (SL) structures with abrupt interfaces and uniform Al distribution were
achieved up to Al compositions of ~27% '*®. However, due to the asymmetric bonding strength of
monoclinic f-(AlxGaix)203 alloy along different crystal orientations, high Al incorporation in pure
[-phase was challenging in f-(AlxGai)203 films grown along (010) orientation. Phase segregation
from B to y with domain rotations was observed in MOCVD grown f-(AlxGai«)203 films with
more than 27% Al compositions '*’. Separately, n-type doping of MOCVD grown (010) S-(AlxGai-
203 thin films was demonstrated by using Si as the dopant 4% 19619 " A controllable doping
concentration from low-10'® cm™ to low-10'7 cm™ with room temperature mobility of 42-108

cm?/Vs was achieved for the Al compositions varied between 6.3% and 33.4% '*%,
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Unlike (010) oriented f-(AlxGaix)203 alloy where higher Al incorporation remained
challenging due to phase segregation, the (100) '°° and (201) '3 orientations of f-Ga,Os substrates
showed great promise for achieving phase pure f-(AlxGai-x)203 films with higher Al composition.
By the systematic tuning of [TMAI]/[TEGa+TMAI] molar flow ratio, chamber pressure and
growth temperature, f-(AlxGaix)203 films and f-(AlxGaix)203/4-Ga03 SLs with Al compositions
up to 52% were achieved by MOCVD on on-axis (100) f-Ga>O;3 substrates '°>. The bandgap
energies of (100) S-(AlxGai«)203 range between 4.83 £ 0.12 eV (5-Ga03) and 5.85 £ 0.08 eV (-
(Alp.52Gag 43)203). The MOCVD growth of f-(AlkGai«)203 films on (201) oriented f-GaxOs3

substrates also revealed high-Al incorporation (x < 0.48) in pure P-phase '**. Although

nonuniform Al distribution was observed in (201) S-(AlxGai«)20; films, the materials were found

to maintain f-phase without phase segregations or domain rotations.

Owing to the highly asymmetric crystalline structure of monoclinic f-Ga>O3z with three
unequal axis lengths, the maximum Al incorporation in MOCVD f-(AlxGai«)203 thin films grown
on different surface planes of f-Ga,Os substrates exhibited a strong orientation dependency.
Previous studies on the MBE growth also showed highly orientation dependent Al incorporation
in f-(AlxGaix)203 films grown on different planes of f-Ga>Os3 substrates. The maximum Al
incorporation of 62% was achieved on (100) oriented 5-Ga,Os substrates 2, whereas (001) and
(010) oriented f-(AlxGaix)20s3 films exhibited maximum Al compositions of 15% 2** and ~20%
201 respectively. Similarly, MOCVD epitaxial growth of -(AlxGaix)205 thin films using TEGa
as Ga precursor also shows maximum Al incorporation along (100) orientation (up to x < 52%),
whereas the (001) oriented S-(AlxGai-x)20s films showed relatively lower Al incorporation up to <
25%, 148, 187,195, 198,205, 206 " jpdicating a strong influence of substrate planes on the maximum Al
incorporation in f-phase. Our recent investigation on MOCVD development of f-(AlxGaix)203
films with different crystal orientations using TMGa as the source of Ga has yielded even higher
Al compositions, surpassing 90% 2%7. This finding suggests that the incorporation of Al is also
strongly influenced by the choice of metalorganic precursors. A recent STEM study revealed that
54% of Al in (AlxGaix)203 thin films grown on (010) f-GaO; substrate substitutes on the
octahedrally coordinated Ga; site '*. While DFT calculations show that Al prefers the octahedral
site, its occupancy of both octahedral and tetrahedral sites is strongly influenced by surface

reconstructions and kinetic restrictions during epitaxial growth, ultimately reducing the f-phase
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stability for x <~50% '8, Increasing Al compositions above ~27% in (010) oriented (AlxGai-x)203
films resulted in S-phase to j~phase transformation '*’. Local heterogeneity in (010) (AlxGa1.x)203
films leads to the formation of planar defect perpendicular to the growth direction when the local
Al concentration reaches a critical value of ~50% that further impacts the -phase stability 3%, At
higher Al concentrations, the planar defect becomes increasingly favorable, and its formation
results in a reduction of stress in the tensile strained film. In addition, (AlxGai«)>03 films grown
on other orientations of f-Ga>Os substrates, such as (201) and (001) resulted in local segregation
of Al, indicating strong influence of substrate orientations on the phase stability, alloy
homogeneity and maximum Al incorporation in the films '°* 1>, We relate these experimental
findings on maximum Al compositions of f-(AlxGaix)203 films with the surface energy of
different planes of f-Ga,03 substrates. A monotonical increase of maximum Al composition in f-
(AlxGa1x)20s films with the decrease in surface free energy of the different orientations, following
the order Esurf (1008 < Esurf (201) < Esurf (010) < Esurf (001)a 2°® as shown in Fig. 5. The maximum Al
incorporation along (100) plane with the lowest surface free energy is much higher than along
other orientations, such as (010) or (001). The presence of low density and weak dangling bonds
on a very stable growth surface, for example, (100) surface results in an easier desorption of
adatoms due to the lower adhesion energy on (100) terraces, causing higher reevaporation of
adatoms supplied to (100) planes as compared to other planes. However, as the Al-O bonding

energy is much higher than that of Ga-O bonds 2%

, we speculate that the reevaporation rate of Al
atoms on (100) growth surface could be lower than Ga adatoms, potentially resulting in higher Al
incorporation in f-(AlxGaix)20; films grown on (100) plane. This indicates that the incorporation
of aluminum is more favorable on planes with lower surface energy. Thus, the maximum Al
incorporation in f-(AlxGaix)203 films follows the order of Almax (100) < Almax (-201) < Almax (010) <
Almax (001), inversely following the trend of surface free energy of different planes of f-GayOs.
Nevertheless, the composition of the alloy in films may also be influenced by various other factors
such as growth methods and conditions, including growth temperature, chamber pressure,

precursor flow rates, VI/III ratio, selection of precursors, substrate miscut directions and angles,

and design of the reactor that affects the gas phase pre-reaction of the precursors.
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Figure 5. Relationships between the surface energies of different surface planes of f-Ga,Os 2%
and the maximum Al composition in MOCVD grown fS-(AlxGaix)203 thin films on differently

148, 187, 193, 195, 198,206 " indjcating that the substrate plane with lower

oriented f-Ga>O3 substrates
surface energy promotes higher Al incorporation in phase pure f-(AlxGai-x)203 thin films. The f-

(AlxGaix)20s5 films are grown using TEGa as Ga precursor.

Following our studies on the MOCVD growth of f-(AlxGaix)20;3 epitaxy on top of
differently oriented S-Ga,Os substrates such as (010), (100), (001) and (201) planes which
exhibited highly orientation dependent Al incorporations in S-(AlxGaix)203 alloys, the band
offsets at MOCVD grown f-(AlxGai-x)203/f-Ga203 interfaces for different orientations by varying
the Al compositions are also reported '**2%, The valence band offsets up to -0.19+0.06 eV (x=0.52,
(100)), 0.18+0.06 eV (x=0.48, (201)), -0.13+0.06 eV (x=0.35, (010)), and -0.08+0.06 eV (x=0.25,
(001)) were measured. The conduction band offsets up to 1.21+0.16 eV (x=0.52, (100)), 0.76+0.20
eV (x=0.48, (201)), 0.57+0.20 eV (x=0.35, (010)), and 0.35+0.22 eV (x=0.25, (001)) were
determined from the extracted bandgaps of f-Ga>0s and f-(AlxGai—~)203 alloys with different Al
compositions. The determined band offsets revealed the formation of type-II (staggered gap)
heterojunctions at (100). (001) and (010) oriented f-(AlxGai1—)203/f-Ga,0s interfaces and type I
(straddling gap) heterojunction between (201) B-GaxO; and f-(AlkGai«)20;3 for all the Al

compositions investigated. Both valence and conduction band offsets were found to increase as
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the Al composition increases. The bowing parameters of 1.25 eV, 0.80 eV and 0.75 eV were
extracted from the quadratic fitting of the conduction band offsets along (100), (201) and (010)
orientations, respectively. The (100) orientation exhibited larger conduction band offsets as

compared to (010) and (201) orientations which is consistent with theoretical DFT predictions >!°.

Recently, in-situ MOCVD deposited amorphous Al>Os dielectric on f-Ga,Os 2!!:212 and g-
(AlxGa1x)20;3 22 has been demonstrated with improved interface quality as compared to other
conventional dielectric deposition techniques such as ALD and sputtering. Type II band
alignments were reported at the MOCVD grown Al,O3/f-(AlxGai«)203 interfaces with different
Al compositions for (010) and (100) orientations, whereas type I band alignments with relatively
lower conduction band offsets were measured along (201) orientation 2'2, which were found to be

consistent with the band offsets at ALD deposited AlbO3/f-(AlxGai«)203 interfaces.

In addition to the growth of f-phase (AlxGaix)20;3 thin films, epitaxial growth of phase
pure a-GaxO3 and a-(AlxGaix)203 for the entire Al composition range (0 < x < 1) on m-plane
sapphire substrates are also successfully demonstrated by MOCVD 7>, The coherent growth of a-
(AlxGa1x)203/a-Ga203 SL structures for x = 0.78 exhibited sharp interfaces and uniform Al
distribution. The phase stabilization of a-Ga>Os; was achieved at relatively lower temperature
(650°C). Bandgap energies ranging from 5.41 (x = 0) to 8.81 eV (x = 1) with a bowing parameter
of 2.16 eV were determined by XPS measurement. Type I (straddling) band alignment between a-
(AlxGai1—«)203 and a-Al,O3 were determined for the entire Al composition range with a valance

and conduction band offset of 0.27 and 3.13 eV between a-Al,03 and a-GaxOs.
V. Application of MOCVD Ga203 and (AlxGai1x)203 alloys

Recent years, progresses have been made for device demonstrations based on the MOCVD
grown thin films. Gax O3 MOSFET fabricated on MOCVD grown Si-doped (100) p-Ga>O3 was
reported with device transconductance of 21 mS/mm, and extrinsic cutoff (fr) and maximum
oscillation (fimax) frequencies of 3.3 GHz and 12.9 GHz, respectively 2!*. MOCVD-grown $-Ga>0s3
metal-semiconductor field-effect transistor (MESFET) with improved ON-state performance has
been demonstrated. The ON current value of 130 mA/mm was achieved for a depletion mode /-
Ga>03 MESFET with an ON-OFF ratio of over 10'°2!*, MOCVD grown f-Ga,Os lateral MESFET
showed encouraging LFOM (355 MW/cm?), Vgr (~2.5 kV), and Eavc (~2.5 MV/cm) 25, In
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addition, MOCVD-grown £-Ga>O3 vertical Schottky barrier diode (SBD) has been reported with
low differential specific on-resistance of 0.67 mQ cm? and Baliga’s figure-of-merit (BFOM) of
0.04 GW/cm? using -Ga 05 drift layer (~1.1 pm) 2!, Most recently, MOCVD grown f-(AlxGai.
x)203/-Ga,03 modulation-doped heterostructures by utilizing a delta-doped f-(AlxGaix)203 (x =

20%) barrier have been demonstrated with a peak current of 22 mA/mm and on-off ratio of 8 x 10°
217

VI. Conclusions and Outlook

This tutorial provides an overview on the MOCVD development of Ga2Os3 thin films, its
alloys and heterostructures. Significant progresses have been made in the past decade from bulk
synthesis, thin film epitaxy, to device demonstrations. Particularly, the demonstration of high-
quality f-Ga;03 epitaxy by MOCVD with record high transport properties, ultra-low defect
concentration, and controllable n-type doping in a wide range promises the MOCVD p-Ga,03

technology for future high-performance power electronic device applications.

Nevertheless, further investigation to understand the fundamental material characteristics
of MOCVD f-GaxOs such as defect states, charge compensation, and impurity incorporation is still
necessary. Comprehensive defects characterization including high resolution STEM imaging,
DLTS, DLOS, quantitative SIMS mapping, and electron paramagnetic resonance (EPR), together
with first principle density functional theory can provide a big picture of defects identification.
The development of f-Ga>Os thin films for both lateral and vertical power devices will require the
investigation of material epitaxy along different crystalline orientation and doping capability. For
high performance vertical power devices, high quality epitaxy of thick f-Ga>Os3 drift layers with

low controllable doping concentration is required.

To address the fundamental limit of the relatively low bulk electron mobility (~200-250
cm?/Vs) in f-Ga>0; due to optical phonon scattering, the use of two-dimensional electron gas
(2DEG) of (AlxGaix)203/Gax03 heterostructures is expected to increase electron mobility because
of the plasmon-phonon coupled dynamic screening 2!, Specifically, with the nap of 5x10'? cm™,
the room temperature mobility is predicted to be 500 cm?/Vs, according to the density functional
theory. In order to demonstrate experimentally, epitaxy of high quality (AlxGaix)203/Gax0;

heterostructure with high Al composition, large band offset and smooth interfaces is still required.
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