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In recent years, gallium oxide (Ga,0;) has drawn considerable research
interest as an ultrawide-bandgap semiconductor due to its promising
applications in the power electronics, photodetection, and gas sensing.
Moreover, Ga,0; heterojunctions have emerged as a promising approach to
address key limitations of Ga,O; as a standalone material—most notably, its
lack of p-type doping capability. One of the key application areas for Ga, 0,
and its heterojunctions is ultraviolet (UV) photodetection, which has gained
significant attention yet remains a relatively nascent field with vast potential
for further exploration and optimization. This review provides a detailed
overview of the current state-of-the-art in Ga,O; technology, highlighting
recent research advancements, key challenges, and emerging strategies
aimed at overcoming these challenges. Specifically, it examines Ga,O,
heterojunctions for deep-UV photodetection, analysing compatible electrode
materials and assessing various substrates suitable for Ga,O; growth to

4.5 eV, this exceeds that of other com-
monly used semiconductor materials,
including silicon (Si), silicon carbide
(SiC), and gallium nitride (GaN).[!
Moreover, it has a large dielectric con-
stant, excellent physical and chemical
stability as well as a theoretical break-
down electric field strength exceeding
8 MV cm~L.[23] This is 27 times higher
than that of Si and close to double
that of SiC and GaN.[*l Hence, it has
emerged with promising material prop-
erties for electronic applications such as
power electronics®! including field effect
transistors, Schottky barrier diodes,!®!
gas sensors,l’] and nuclear radiation
detection.l®] It is also promising for opto-

enhance device performance. This comprehensive review is designed to serve
as an essential resource for researchers and engineers working with
Ga,0;-based heterojunctions, especially for applications in UV
photodetection. Written with the needs of new entrants in mind, it aims to
build a robust foundational understanding of Ga,O; technology, supporting

ongoing innovation and application expansion in this field.

1. Introduction

Gallium oxide (Ga,0;), possessing an ultrawide bandgap of
~4.5-4.9 eV, has undergone notable scientific and technological
development, pushing it to the forefront of ultrawide bandgap
semiconductor technologies. With a minimum bandgap of
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electronics including electroluminescent
devices, spintronic devices, and solar
blind photodetectors,®! among others.
Particularly, Ga,O; is uniquely suited for
applications in ultrahigh-power (1-10
kW) electronic devices. Ga,0; exists in
six different polymorphs: a, 8,7, §, ¢, and
.11 Each polymorph possesses unique
physical properties, making them suit-
able for various device applications.!'112]
Among the Ga, O, phases, #-Ga, O, has been the most extensively
studied and used due to its excellent chemical and thermody-
namic stability.[**]

A significant challenge with Ga,0; is the difficulty in p-type
doping. This is primarily due to the substantial difficulties in in-
corporating acceptor impurities and generating holes within the
material. Theoretical predictions indicate that the activation en-
ergy for acceptors such as Mg, Zn, Be, and N in f-Ga,O; is ex-
tremely high (over 1 eV), posing a fundamental barrier to achiev-
ing hole conductivity.['*l Moreover, its flat valence band results in
a large effective hole mass, low hole mobility, and a low diffusion
constant.[') Compounding these issues, holes in 8-Ga, O, tend to
localize as small polarons due to lattice distortion rather than act-
ing as “free” holes.""] These factors restrict the development of
electronic devices based on f-Ga,0, and impede its potential as
an ultrawide bandgap (UWBG) semiconductor. Therefore, most
of the development has been within unipolar devices such as field
effect transistors (FETs) and Schottky barrier diodes (SBDs).[¢!
Nevertheless, considerable research is focused on the realiza-
tion of p-type f-Ga, O, using a variety of techniques such as ion
implantation!'”] and N-P codoping.['®!

© 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 1. Number of publications on Ga,O5 heterojunctions published between 2010 and 2023. Data have been extracted from Web of Science.

To overcome the challenge of no readily available p-type Ga,0O,,
alternative p-type semiconductors may be used to create hetero-
junctions with -Ga,0,.[! This architecture enables enhanced
electrical performance of the resultant devices. Extensive re-
search has been conducted on f-Ga,0, heterojunctions involv-
ing various p-type semiconductors, including SiC,[**) GaN,[2"]
Cu,0,[?! and NiO[??] and this has been witnessed in recent years
with the rapid progress in Ga,0;-based heterojunctions as illus-
trated in Figure 1. This trend is expected to continue in the fore-
seeable future driven by substantial increases in research fund-
ing aimed at advancing the development of power devices.[?’]

This paper presents a detailed overview of the recent progress
in Ga,0; heterojunctions for optoelectronic devices, particularly
for the application of deep-UV photodetectors. The contents are
arranged as follows: first, the fundamental material properties of
Ga, 0, are detailed, followed by growth methods and a discus-
sion on the choice of substrates. Most importantly, this paper
presents a detailed overview of the Ga,0, heterojunctions and
discusses their use in UV photodetection. Lastly, it highlights the
challenges in realizing Ga,O;-based devices and the strategies to
improve.

2. Fundamentals of Ga,0,

Ga, 0, is a UWBG material that belongs to a family of conducting
transparent semiconducting oxides.?*! Ga,O, may exist in up to
six different polymorphs, namely a, g, v, €, §, k-Ga,05.°] Mon-
oclinic Ga, 05, or f-Ga,05, has a C2/m crystalline structure and
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is the most thermodynamically stable mesomorph to exist with
a bandgap between 4.5 and 4.9 eVI??’] as is shown in the band
structure (Figure 2a) and density of states (DOS) diagrams pre-
sented in Figure 2b. The other isomers of Ga,0, will, gradually
transform into monoclinic Ga, O, as illustrated in Figure 3.
Monoclinic Ga,0; has an electron-effective mass of 0.27-
0.28m,. Semiconductors with small electron effective mass, such
as Ga,0,, exhibit small conduction band density of states and a
Fermi level that will rise rapidly above the conduction-band mini-
mum when the electron concentration is increased.?!l Ga, O, has
a melting point of #1900 °C and its thermal conductivity varies
with orientations, measuring 10.9, 13.3, 14.7, and 27 W m~! K!
along the [100], [-201], [001], and [110] directions, respectively.
The conditions required for the transformation between differ-
ent gallium oxide polymorphs are explored in Figure 3.323]
There are several crystal growth methods used for Ga,0,
bulk single-crystal growth. For example, the Czochralski process,
known for its fast growth rate, scalability to large diameters, and
the production of good quality single crystals can be utilized. This
method involves pulling a single crystal ingot from a melt con-
tained in a crucible. The Czochralski growth process is dependent
on the free electron concentration in the crystal, with concentra-
tions above 10 cm~3[1824] potentially leading to spiral growth.[”34]
The edge defined film fed growth (EFG) technique utilizes a
die to control the shape and dimensions of the crystal ingot, al-
lowing the production of various shapes such as ribbons, rods,
fibers, and tubes. EFG can produce near-net shape crystal in-
gots, reducing the need for postgrowth machining and associated
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Figure 2. a) Band structure of -Ga,0;.[2%] The Fermi energy is aligned to zero. Reproduced with permission.!?°l Copyright 2022, MDPI. b) DOS of
monoclinic gallium oxide. Reproduced with permission.[3%! Copyright 2017, Elsevier.

manufacturing costs.[*! The optical floating zone technique in-
volves placing a ceramic rod in an optical image furnace equipped
with halogen or xenon lamps and ellipsoidal mirrors to focus
light on a small area of the rod. A liquid phase, called a float-
ing zone, is established, which moves along the rod as the poly-
crystalline source material melts and solidifies into a single crys-
tal. The optical floating zone technique has been employed for
the growth of various materials, including Ga,0,, and is noted
for its versatility and attractiveness for growing nonconventional
oxides.3®l Additionally, chemical vapor deposition (CVD) is an-
other important technique that may be used for bulk Ga, O, crys-
tal growth. In a CVD process, Ga,O; is produced by a chemical
reaction of vapor-phase precursors on a heated substrate. Vari-
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ous gallium compounds have been employed as precursors for
Ga, 0, deposition using CVD techniques.[*’l Typically, precur-
sors exist as gallium(III) chloride (GaCl;) and gallium(I) chloride
(GaCl). These precursors undergo chemical reactions in the va-
por phase with oxygen to deposit Ga,0; on the substrate. The
deposition conditions, such as temperature, pressure, and pre-
cursor flow rates, are carefully controlled to achieve the desired
film properties. CVD is more commonly used for depositing
thin films of Ga,O, for various applications, including optoelec-
tronic devices, sensors, and coatings. The ability to control the
deposition process at the atomic level makes CVD a versatile
technique for producing high-quality Ga,O, films with tailored
properties.8!

Ga(lln)

Ga(ll)
liquid-Ga
o e .
¥

Nanoparicles

1933

/ T\ Deposition Temperature (K) G

8

,// l pGa \\‘ -:%4!:

(b | % s | ]
\ cofe / :'%"

R3m

Figure 3. a) Different phase paths of Ga,05.['"] b) Crystal properties of different phases of gallium oxide. Reproduced with permission.33! Copyright

2020, De Gruyter.
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Figure 4. a) DFT calculated Bandgap of -Ga,05. Reproduced with permission.[4?l Copyright 2022, AIP. b) Defect study of f-Ga,O;. Reproduced with

permission.l*1l Copyright 2021, AIP.

The bandgap of monoclinic Ga,0,; is found to be 4.5-4.9
eV, which is significantly larger than other notable semicon-
ductor materials.?®) This makes it particularly suited for solar-
blind UV detection without sensitivity to UVA/UVB, visible or
infrared light, leading to lower noise and higher photodetection
accuracy.

It is important to theoretically predict material properties and
provide a guide for the design and implementation of actual
semiconductor devices. This is conducted by using density
functional theory (DFT). DFT, also known as first principles
calculation, has been widely used to simulate the electronic,
phonon, and interface properties of many semiconductors. Of-
ten it uses semilocal exchange-correlation functionals such as the
local density approximation and generalized gradient approxima-
tion (GGA) to quantitatively calculate electronic properties such
as formation energies and charge transition levels for defects and
doping of Ga,0;. It is also employed to determine theoretical
fundamental electronic properties. Band structures,*’! substi-
tutional doping,*!! formation energies of the van der Waals
interface,[*?! for various Ga,O; structures have been accurately
calculated with DFT software. In the case of the determination of
band structures, the more precise DFT functional (meta-GGA)
has been used to compensate for the bandgap underestimation
by the GGA functional.[*] More recently, the issue of low thermal
conductivity of Ga,0, has been addressed by integrating high
thermal conductivity semiconductors such as diamond. DFT,

Table 1. Properties of different Ga,O; polymorphs.

together with machine learning-trained interatomic potentials
have been studied to unveil the thermal properties of Ga,0, and
Ga, 0, /diamond heterostructures./*44]

Figure 4a shows the DFT calculated bandgap of -Ga,0,,
which aligns closely with the experimental values. Defects in g-
Ga, 0, have been investigated to explore the hypothesis of turn-
ing itinto a piezoelectric material (Figure 4b). A later experiment
was reported, which validated this hypothesis.[*¢! Future work on
DFT will be needed to calculate larger cells for heterogeneous
structures, which is challenging as the calculation is limited by
computational power. The challenge could be addressed with ma-
chine learned interatomic potentials.

Table 1 summarizes key material properties of various Ga,0,
polymorphs. It is seen that the bandgap of y-type is much larger
than that of others, while the mechanical property (Young’s mod-
ulus) is similar among all polymorphs.

3. Ga,0; Heterojunctions for UV Photodetection

Ga,0;-based heterojunction photodetectors leverage the integra-
tion of Ga, O, with complementary semiconductors through pre-
cise deposition techniques, ensuring high-quality interfaces that
significantly reduce recombination losses and enhance external
quantum efficiency. The built-in electric field within the het-
erojunction further boosts photoelectric conversion efficiency.
Notably, these devices can function in a self-powered mode,

Polymorph Crystal system  Space group Bandgap [eV] Thermal expansion Young's modulus [GPa] Growth method(s) Refs.
o Trigonal R3-c 5.2 - 312.0 MOCVD, HPVE, CVD [47-49]
p Monoclinic C2/m 4.5-49 1.54 x 107%,3.37 x 344.5 CZ, FZ, VB, EFG, [27, 48, 50-52]
107, and 3.15 x MOCVD, PVD, CVD,
10-6 K~ for a, b, MBE
and ¢
7 Cubic Fd3-m 7.0 - CVvD [53, 54]
€ Hexagonal PG3mc 4.9 - 329.4 HVPE, MOCVD [48, 55-57]
6 Cubic la3 - - 296.9 MBE [48, 58]
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allowing them to detect light signals without relying on external
power sources. This section provides the detailed overview of the
Ga, O, based heterojunctions.

3.1. General Theory of UV Photodetectors

UV photodetectors have been developed for the purpose of sens-
ing UV light, part of the electromagnetic radiation with shorter
wavelength than visible light but longer than X-rays. The concept
of a phototransistor was first introduced by John N. Shive in 1948
and has since gone through continuous technological develop-
ments to reach its current state.>*! UV radiation, by nature, falls
inside the wavelength range of 10-400 nm. These detectors have
become an imperative device in many industrial applications.
The broad range of applications cover health and environmen-
tal monitoring, industrial processes, and scientific research. One
of the main uses of UV photodetectors is for monitoring solar UV
radiation and the better understanding of climatic conditions.[®]
Overexposure to UV radiation can be unsafe to human health, in-
flicting skin damage, eye damage, and ultimately leading to skin
cancer.[®!] Therefore, the use of UV photodetectors is fundamen-
tal in ensuring the protection of persons in environments where
exposure to UV radiation is a concern, such as beaches, outdoor
sports events, and places of work with UV-emitting equipment.
In industry, UV photodetectors are utilized for processes such as
photolithography and UV curing.[®?] In scientific research, they
are used in spectroscopy providing details of chemical composi-
tion and optical properties of semiconductors.%3] UV light also
has applications in optical statistics, storage, and optical com-
munications. UV photodetectors help in these applied sciences
by way of detecting the UV light used to encode data.[*l In tele-
scopes, UV photodetectors are crucial for studying astronomical
objects that emit UV radiation, such as stars and galaxies, to bet-
ter understand the universe.[®]

There are two important types of photodetectors that oper-
ate using the photoelectric effect: external and internal. In the
external photoelectric effect, photons stimulate a photocathode,
causing it to emit photoelectrons that are then captured by an
external electrode. This system converts the obtained radiation
into current. These exterior photoelectric units are principally
used in the UV, infrared, and near-infrared ranges, and are of-
ten referred to as photosensitive electrovacuum devices. On the
other hand, the internal photoelectric impact consists of two phe-
nomena: the photoconductive effect and the photovoltaic (PV)
effect. The photoconductive effect r when photons with enough
energy strike a semiconductor, freeing electrons and holes from
their bound state and increasing the semiconductor’s conductiv-
ity, which in turn reduces its electrical resistance.!%] The PV effect
takes advantage of the p—n junction to produce a photogenerated
charge. Photoconductive detectors and photovoltaic detectors are
the names given to devices that make use of these two internal
effects, respectively.[*]

UV light is typically divided into several categories based on
its wavelength as shown in Figure 5a. Deep-UV light specifically
refers to the shortest UV wavelengths, typically encompassing
UVC and the lower range of UVB (often wavelengths less than
280 nm).[%¥] Deep-UV light shows strong germicidal capabilities
but with limited natural exposure due to atmospheric absorption.
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Figure 5. a) Spectra of UV radiation. b) UV-vis absorbance spectra of f-
Ga,03/Ga,S; crystals annealed in air at 970 K (curve 1), 1070 K (curve 2),
and 1170 K (curve 3). Reproduced with permission.[3’] Copyright 2021,
Elsevier.

Figure 5b shows experimental results of the optical absorption
spectrum for a f-Ga, O, thin film.*’] It is seen that this example
of f-Ga, 0, has excellent absorption in the UV range, and a clear
cut-off before 300 nm demonstrating its suitability for solar-blind
applications.

An additional type of PV effect-based photodetector is the
Schottky barrier photodetector. Schottky barrier photodetectors
are formed by the interface between a metal and a semiconduc-
tor, creating a Schottky barrier. The Schottky barrier height at
the metal-semiconductor interface allows for rectifying behav-
ior, leading to efficient charge carrier separation and collection.
An advantage of Schottky barrier photodetectors include lower
dark current compared to p—n junction photodetectors due to en-
hanced performance in terms of sensitivity and speed.!®]

Responsivity is used to characterize the performance of a pho-
todetector and is defined as the ratio of the generated photocur-
rent to the incident optical power. Responsivity quantifies the
sensitivity of the photodetector to incoming light. A higher re-
sponsivity value indicates that the photodetector can convert a
larger portion of the incident light into an electrical signal. The
responsivity of a photodetector is said to be the photocurrent per
unit of incident optical power at a specific wavelength.[% R, is
the responsivity of a device relative to wavelength

Ri — % — Itot ;Idark (1)
i A

where I, is the photocurrent, Iy, is the dark current, I, is the
total current under illumination, and P, is the incident optical
power.

Given exposure to illumination of specific wavelength, 4, the
responsivity of a photodetector is determined by the quantum ef-
ficiency, 5, and the photoelectric gain g. The quantum efficiency is
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defined as the yield of carriers per incident photon and the photo-
electric gain is defined as the number of carriers passing contacts
per one generated pair.”?! R; can also be written as a function of
quantum efficiency

_
R = e 18 2)

The response time, 7, of a photodetector is understood to be
the time when the photocurrent drops from 90% to 10% (decay
time 7,4) and rises from 10% to 90% (rise time 7,) of the max-
imum value. An alternative definition is the time taken for the
detector output to change in response to changes in the input
light intensity, including both rise and decay time.[*”) Mathemat-
ically it exists that!’!]
=In(0.9)- 7 —In(0.1) - 7 =1n(9) - 7 ~ 2.207 (3)

T4 =7,
Furthermore, the bandwidth may therefore be written as!”!]

1220 _ 220
2t 2wty h 2zt

Af = 4)

Detectivity is the figure of merit for a photodetector, and it is
used to illustrate the performance of a photodetector. It character-
izes how well a weak signal can be detected compared to detector
noise, often expressed as the inverse of noise equivalent power!’?]

1/2
D* = w (5)

n

where A, is the effective area under radiation, Afis the band-
width, and I is the current noise which is caused by carrier
generation and recombination processes. The three main con-
tributions to noise that limit the detectivity are dark current-
induced shot noise, Johnson-Nyquist noise, and thermal fluc-
tuation “flicker” noise. If the noise is primarily a result of dark
current, then the detectivity may be calculated as!”?

1/2
L RlA) o

(qudark) i

Photoconductive detectors may more simply be described as
a radiation-sensitive resistor. If a photoconductor has area A =
wl and a thickness of ¢, then the photoconductivity of the device
under equilibrium may be expressed simply asl®!

Ln = anA¢.g ()

where I, is the short-circuit photocurrent under DC conditions
and ¢, is the photon flux density.

External quantum efficiency (EQE) is defined as the number of
free electrons produced by incident light that are collected by and
extracted from the device per photon incident on it.73! It may be
defined mathematically as the number of photogenerated elec-
trons per second divided by the number of incident photons on

the device per second as shown in Equation (8), where h is the
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Planck’s constant, ¢ is the speed of light, A is the wavelength, ¢ is
the elementary electric charge, and R, is the responsivity!’*

EQE = he R, (8)
ed

Dark current is the current that exists in a photodetector when
there is an absence of illumination. Typically, dark current is a re-
sult of a thermally generated charge within the device material.
Lower device dark current is desirable as it indicates less noise
and a better signal-to-noise ratio, which is paramount for appli-
cations where the photodetector is required to measure very low
light levels. In recent years, one experiment!””] has managed to
obtain a dark current value for the photodetector device using a
graphene/Ga, 0, heterojunction measuring 1.2 x 10~* nA. Of the
dark current measurements obtained by the different heterojunc-
tion photodetectors reviewed in this paper, this was found to be
the lowest.

Forming a Ga,O; heterojunction with another material, such
as zinc oxide (ZnO) or SiC, can provide several benefits for pho-
todetection applications. Different materials result in different
outcomes and may improve device characteristics such as dark
current, noise levels, and responsivity.!! Certain heterojunctions
may also allow for UV detection at specific ranges of UV light.
Some key heterojunctions highlighted in Figure 6a—d.

When comparing the unique properties of different hetero-
junctions involving Ga,0, with various materials like ZnO, 8!
GaN,[?*81] gluminum gallium nitride (AlGaN),’®?) nickel oxide
(Ni0),I®#%] and copper oxide (CuO)®¥ the following differing
strengths must be recognized.

The Ga,0,/Zn0O heterojunction offers potential for UV
optoelectronic/®] applications due to the wide bandgap of ZnO
and the well-matched band alignment with Ga,0,.”] The high
electron mobility and transparency of ZnO make it suitable
for transparent electronics and UV photodetectors when com-
bined with Ga,0,.[®8 The Ga,0,/GaN heterojunction exhibits
a large conduction band offset and is very promising for high-
performance UV photodetectors due to its selective UV sensitiv-
ity, thermal stability, and efficient carrier dynamics. Ga,0; NiO.
Ga,0;,CuO heterojunctions have the potential for photocatalytic
and photoelectrochemical applications!®] due to the light absorp-
tion properties that CuO provides. Ga,0; and CuO can enable
efficient solar energy conversion and water-splitting processes
for renewable energy applications. The small selection of Ga,O;-
based heterojunctions displays different device properties, which
may be employed across a discrete range of applications.

Challenges in the development of Ga,0;-based UV photode-
tectors include optimizing the material quality, improving light
extraction efficiency, enhancing carrier injection efficiency, and
addressing reliability issues. Further research efforts are expected
to focus on addressing these challenges to advance the perfor-
mance and reliability of Ga,0, UV photodetectors. These chal-
lenges are discussed further in Section 6.

3.2. Review of Recent Ga,0,-Based Heterojunctions for
Photodetectors

The highest detectivity recorded in the photodetectors reviewed
in this paper was 61.83 x 10' Jones a heterojunction formed
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Figure 6. Different Ga,0;-based photodetector heterojunctions reported in the literature: a) Ga,O; /metal. Reproduced with permission.[’¢] Copyright
2020, IEEE. b) Ga,0;/SnS. Reproduced with permission.[’”] Copyright 2022, Wiley. c) Ga,0;/ZnO. Reproduced with permission.l”8] Copyright 2022,

Wiley. d) Ga,0;/NiO. Reproduced with permission.[”® Copyright 2020, ACS.

using silicon and Ga,0,.°"! The photodetector with the high-
est responsivity in the reviewed devices was also the Si/Ga,O,
device,® which was fabricated using the metalorganic chemi-
cal vapor deposition (MOCVD) method. Most EQE values in the
review demonstrated values between 0 and 100%, however, the
photodetector f-Ga,0,/Sil®!l generated an EQE value of 2.34 x
10%%, which was by far the highest. The lowest response time
recorded was that of a Nb-SrTiO;/MgO/p-Ga,0; device, which
had a rise time of 12.4 X 10~ s and a decay time of 41.7 X
107 5.1°2) While the detectivity, response time, and quantum effi-
ciency are key parameters for photodetector devices, the respon-
sivity of the device is deemed the most important.[®*! It should be
the primary parameter to consider when optimizing a photode-
tector. Figure 7 illustrates the recent progress on the responsiv-
ity in Ga, O, photodetectors. The trend shows that the responsiv-
ity of most devices remains relatively low with few exceptions.
Table 2 summarizes the key properties of a wide range of Ga, O,
heterojunction-based photodetectors.

4. Brief Overview of Growth Methods for Ga,O,
Films and Its Heterojunctions

Ga, 0, films have been grown using a variety of growth methods,
each of which has its own merits and demerits. Therefore, it is
important to briefly discuss each one of them.

4.1. Molecular Beam Epitaxy

Molecular beam epitaxy (MBE) is used to grow precise thin films
of materials at an atomic level.'3”] The method is illustrated in

Adv. Electron. Mater. 2025, 2400898 2400898 (7 of 24)

Figure 8a. First, gallium and oxygen are vaporized from elemen-
tal sources in a high-vacuum chamber. The evaporated gallium
and oxygen atoms are then transported and deposited onto a sub-
strate, forming the thin film of Ga,0,.1* As the growth process
is controlled at the atomic level, this allows for extremely precise
control over the film composition and thickness. MBE is typically
used to develop epitaxial films of Ga,0,, which maintain prop-
erties for advanced optoelectronic devices.'*! To attain precise
stoichiometry and film composition, controlling the flux and the
ratio of gallium and oxygen molecular beams is a must.'*%) Fur-
thermore, the temperature must be closely monitored as it affects
the growth rate, orientation, and crystallinity of the film. Temper-
atures between 800 and 900 °C are used™!! and growth under
high-vacuum is essential to reduce the incorporation of impuri-
ties within the film.[142]

4.2. Chemical Vapor Deposition

CVD is a technique that is generally used for the deposition of
thin films of materials onto substrates.'**] Concerning Ga,0;,
precursor gases containing gallium and oxygen are fed into a
growth chamber containing a substrate.'**] As the precursor
gases react at the substrate surface, the deposition of a thin film
of Ga,0, takes place. During CVD, the temperature and pres-
sure of the process dictate the growth rate and crystallinity of the
growing Ga,O; film.['*]

MOCVD is a technique that is used for the deposition of semi-
conductor materials!*?] with precise control of thickness, com-
position and crystalline structure in the form of thin films.[*]
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The MOCVD method is illustrated in Figure 8d. In MOCVD,
metalorganic precursors are used to introduce desired ele-
ments into the reaction chamber. These precursors are typically
volatile, including compounds such as trimethylgallium (TMG),
triethylgallium,'*¥] and various oxygen-containing molecules.
Before film growth, the substrate on which it will be deposited
must be carefully selected, cleaned, and loaded into the growth
chamber. The properties of the grown film are heavily impacted
by the orientation and the material of the substrate.!'*’]

When introduced to the heated growth chambers (for Ga,0,
typically ~800 °CI*>]), the precursor compounds decompose into
metal atoms and organic byproducts. For example, TMG de-
composes, releasing gallium atoms. Reactive species that are fed
into the chamber then react with the now decomposed metal
atoms forming the desired compounds (in this case Ga,05) on
the surface of the substrate, forming a thin film layer.'>!] Again,
as with CVD, different parameters such as the thickness, crys-
talline structure, and growth rate of the film are controlled by pa-
rameters such as flow rates, substrate temperature, and reactor
pressure.['>2] The CVD method is illustrated in Figure 8b.

4.3. Physical Vapor Deposition

Physical vapor deposition (PVD) is a method for the deposition
of thin films of materials through conducting physical processes
such as evaporation or sputtering.['*! In the case of Ga,0,, the
material is evaporated or sputtered from a solid source in a vac-
uum chamber. The evaporated or sputtered Ga,0O, atoms con-
dense on a substrate, which consequently forms a thin film.[*>*]
PVD is used to develop Ga,O; films with controlled thickness,
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structure, and composition.[?”) PVD methods are widely used for
the fabrication of Ga, O, thin films to be used in optical coatings,
sensors, and photonic devices.[>*]

4.4. Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a versatile thin film deposition
technique that involves using a high-energy pulsed laser to ablate
material from a target and deposit it onto a substrate to create
thin films. To prevent contamination and increase the purity of
the deposited films, the process is carried out under vacuum or
controlled atmosphere.

The material that is to be deposited is known as the target. The
target is prepared by shaping it into the desired composition and
form. The material chosen to be the target is important as to fa-
cilitate efficient ablation it should have good absorption of the
laser wavelength. Subsequently, a high-energy pulsed laser beam
is focused onto the surface of the target material.['**! A plasma
plume is created as a result of the intense laser pulse rapidly heat-
ing and vaporizing the target material.'>*) The plume contains
atoms, ions, and clusters of the target material, which exists in
a high-energy state. The plume makes contact with the substrate
and condenses to form a thin film with the same composition as
the target material.['”] For Ga, O, this process can be carried out
at temperatures ranging from 400 to 1000 °C.[158]

4.5. Sol-Gel Synthesis

Sol-gel synthesis is a chemical-based method that is used to
produce inorganic and hybrid organic-inorganic materials in
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the form of gels or thin films.[">® The method is illustrated in

o ® T 5 = §@ T @® @ , 4 X

g § § 2 2 i ol E_’ o E Figure 8e. This method works based on transforming a sol (a col-
loidal suspension of nanoparticles!*®l) into a gel network by car-
rying out numerous chemical reactions.['®!] The process begins

5 |8 8 g & €88 § § 8§ with the solution preparation.['®”) The solution (sol) is typically

= & o S s s s N prepared by hydrolysing metal salts or metal alkoxides in a suit-
able solvent to form metal hydroxides. The sol then undergoes

o © a series of hydrolysis and condensation reactions whereby a net-

= 5 o ~ . . . 163] .

v 2R %% 5528 3z 8832 2% work of interconnected nanoparticles is formed.['*] The gel is

g |° N i ° = ° e S S ° < ST formed by the network trapping the liquid phase in its structure.

8 xa yy Q%! xQ x O xq *Q To enhance its structural integrity, the gel is allowed to mature.

= Q Following maturation, the gel is then put through drying pro-

cesses to remove any remaining solvent and transform the gel

< e into a solid material. In terms of Ga,0, deposition,!16#133] this

= % E process is adapted to produce precursor solutions that may be

& 5 © dip-coated or sprayed onto substrates(?*! to form thin films where
the deposited films may be processed further to achieve the de-
sired properties.!1%]

>

> — k) - v D 1;

v ) — ~ N —

§2 |5 3 x Sofg 2 8 X .

g= i . S = 5. Substrates and Substrate Preparation for

Ga,0; Heterojunctions

The theory behind substrates must be discussed when consider-

g e © ?2 e © gé %2 ° B ing heterojunction device design. The growth method and how a
F=2) — . . . . .
85X X X X oxx o X X x substrate incorporates with the active materials may have an im-
= = 1= s} ) . . .
a7 2 o pact on the electronic parameters of the device, which has been
discussed in this section.
z Le .
<< © =& Lz
8 = S X — a
ag ° o2 X o 5.1. General Substrate Theory
5 < )
v o
Substrates play a crucial role when it comes to the perfor-
- o @ mance and growth of epitaxial layers to be used in optoelec-
L [ . . .
3 |f2f & 2 45 _ 5 E E tronic devices.['%17% To reduce defects and guide good growth,
e S: 2 < = E g
E '“__i g S - the crystal structure of the substrate should match that of the
i < . . . oy .
thin film material that is grown.['”!] Additionally, matching the
lattice parameters of the film and substrate is crucial to ensure
i lower strain and to minimize defect formation at the interface
s & 8 .. s between the materials.['7?] Doing so enhances the quality and re-
_ 18 % .8 g 45 2@ & & liability of the films. Furthermore, certain substrates may be ap-
s S8 S & «% &£ 9 9 o . o 4
5 Teset 6 9K 2 0§ £ plied in cases where the optical properties influence the light ab-
& “ 2 . QU . = = z . .. .. - .
= % © % °© 3 i § o O, o o 9 sorption, emission or transmission characteristics of the epitaxial
= 92 & < zg5 2 - 3 layer material.l1”3]
7 = = For Ga,0; thin film deposition, some substrates are more
commonly used.['7# Sapphire (Al,O;) is used as a substrate
3 9 due to its similarity in crystal structure.l'’”] Subsequently, the
$ O|F e ow w  w § £ . lattice mismatch between the two materials is low meaning
E |gg S o 5 T3 88 g g that the number of defects at the interface is reduced. Fur-
s |88 g S S & 89 9 thermore, sapphire substrates are also UV transparent making
0 [ () N . .
g | - R S them suitable for multiple architectures of deep-UV photode-
13 1.
a T tectors. Silicon substrates are another common example of a
- suitable substrate.!!38176-180] Silicon is widely used in the semi-
o . .
o = . conductor industry due to its abundance, low cost, and the
% 5 I % availability of well-established processing techniques.'8! Sili-
S s Z 2 con is a suitable match as it has a relatively close thermal ex-
I ) v ° © ansion coefficient to that of Ga,0,['®] meaning that thermal
~ © =z O = = ON 3 = p 23 g P
s B = = I B 3 i 1 1 1
2 E: o Z E S & o8 {Z g = stress during the growth of the epitaxial layer is reduced.!'®
(S W T S & Ea & = 8§ A third and final example of a common substrate for Ga,O,
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thin film layers is Ga,O; itself.['*" Using Ga,0; ensures that
as the crystal structure between the substrate and the thin film
will be the same, the lattices will have an exact match lead-
ing to high-quality growth and excellent crystallographic align-
ment. As the thermal expansion coefficients are also the same,
thermal stress during growth is minimized adding to the re-

Adv. Electron. Mater. 2025, 2400898 2400898 (12 of 24)

duced likelihood of cracking or delamination in the epitaxial
layers.'85] However, Ga,0, wafers are prohibitively expensive.
Other substrates such as GaN, glass, PET, SiC, and quartz may
be used, however, the aforementioned substrates in this sec-
tion are much more prominent as substrate suiter material in
research.
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Desired film growth Substrate Treatment process Refs.
p-Ga, 0, Diamond Cleaned using acetone, IPA, and BOE, followed by DI water and washed for 30 [197]
min with ultrasonication.
N, dried and substrates were then loaded to the growth chamber and kept in
an N, ambient environment for 30 min at room temperature.
p-Ga, 03 Silicon Cleaned with organic solvents and N, dried before loading into the system. [176]
f-Ga,0; Sapphire Ultrasonically cleaned with acetone, alcohol (IPA or ethanol), and DI water for [192-195]
5-10 min each, dried in pure N,, and then loaded into the reactor chamber.
p-Ga, 04 p-Ga, 05 Mixed solution of 20% HF and H,0O, for 60 s, then rinsed with high-purity DI [196]
water, and then dried with high-purity N,. Subjected to high-temperature
thermal annealing in a chamber in an oxygen atmosphere at 900 °C for
15 min, and then the temperature was lowered to 800 °C for subsequent
growth.
p-Ga, 03 Sio, Cleaned in acetone for 10 min, HF (20:1) for 10 s, and then rinsed in DI water [197]
for 1 min before loading into the MOCVD system. The SiO, substrates were
produced by thermally growing a 60 nm-thick SiO, layer on the Si substrate.
p-Ga, 0, GaN Annealed at 900 °C in the N, and O, mixture for 5 min at 40 Torr to remove [20]
any surface contaminants.
p-Ga, 04 epiGaN/sapphire Cleaned by acetone, alcohol, and deionized water followed by blow-drying with [198]
compressed N,.
a-Ga, 04 Sapphire Immersed in a mixture of ethanol, acetone, and DI water in an ultrasonic bath [49]
for 30 min before drying in pure N,.
£-Ga, 04 6H-SiC The substrates were chemically and sequentially cleaned with H,0,/H,O/HCI [199]

1:6:1), H,0,/H,0/NH;-H,0 (1:5:1), and HF (5%) solution.
202/, 3°M;

5.2. Substrate Preparation

While vapor deposition systems are designed to deposit high-
quality thin films, the success of these systems is equally depen-
dent on the preparation of the substrates.

Substrate preparation is a crucial step in ensuring efficient and
effective growth of thin films on a wide variety of substrate ma-
terials. Thin film growth on substrates can occur via homo- or
heteroepitaxial growth and it is common for the substrate to dic-
tate the ability of the growth of the thin film growth.[149-186.187]
Several other factors which dictate thin film growth on the sub-
strate include lattice mismatches between the materials, which
can induce lattice strain,['®® growth temperature,*®] chamber
pressure,!'®] and the use of off-angled substrates to promote step
flow growth of thin films.[1]

Before any thin film growth occurs, a key step in the prepara-
tion of the substrate is cleaning. Despite numerous substrates be-
ing meticulously prepared by manufacturers and vacuum sealed,
a pretreatment of the substrate is required. This pretreatment re-
moves organic and inorganic material, which may stunt or hin-
der the growth of thin films. The literature is inundated with thin
film deposition techniques and alongside this, numerous clean-
ing methods for a variety of substrates. Table 3 highlights a wide
variety of pretreatment techniques covering a range of substrates
and the desired thin film to be deposited.

Table 3 emphasizes the pivotal role of substrate preparation
in the successful deposition and quality of thin films, where
specific pretreatment techniques are essential to mitigate con-
tamination and ensure the substrate and desired film are com-
patible. Each pretreatment is tailored to a particular substrate
and thin film pairing, reinforcing the importance of thorough

Adv. Electron. Mater. 2025, 2400898 2400898 (13 of 24)

cleaning and preparation to achieve efficient and effective film
growth.

6. Contacts for Ga,0;-Based Heterojunction
Photodetectors

An ohmic contact is a type of electrical junction that exists be-
tween a semiconductor and a metal, which displays linear -V
curve properties,??l In an ohmic contact, current can flow easily
in both directions!?!) between the metal and the semiconductor
as the interface between each exhibits a low resistance path.[2?2]
The band alignment in ohmic contacts gives ease to the flow of
current with minimal losses.!?3-2%] Because the flow of charge
carriers over the interface can be in either direction, this opens
up applications that require a bidirectional flow of current.l?*! In
photodetectors, ohmic contacts together with externally applied
voltages are used to extract photogenerated charge carriers from
the semiconductor material. The low resistance path enables for
high sensitivity and fast response times in photodetectors.!2%]
Table 4 provides a generic list of common Schottky and ohmic
contacts found in the industry for Ga,0,.[2%!

Schottky contacts are well suited to high-frequency applica-
tions as they have exhibit fast switching speeds.[?! Schottky con-
tacts are a good choice for photodetection devices as they con-
tribute to high signal-to-noise ratios and low dark currents in the
device; both improved qualities enhance the performance of a
photodetector to detect light signals.

The use of titanium (Ti)!?'% and gold (Au)!?'!l as metal con-
tacts for Ga,0,[2'2] UV photodetectors and light-emitting diodes
(LEDs) offers several advantages, including good electrical prop-
erties, chemical stability, and compatibility with Ga,O, material
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Table 4. Typical metals to form ohmic and Schottky contacts with Ga, 05

Ohmic contacts Schottky contacts

Ti/Au Cu
Mg/Au Pd
ITO/Ti/Au Pt/Au
Ti/AU/Ni Ni/Au
AZO/Ti/Au Co

properties. Ti/Au layers are commonly used?'3] as metal contacts
in Ga,05-based devices as Ti/Au layers are often used to form
ohmic contacts on Ga,0, semiconductor materials.?'*) Ohmic
contacts have low resistance and can host efficient carrier in-
jection and extraction in devices such as UV photodetectors.
The combination of Ti with Au offers a lower specific contact
resistance,?%®] which is paramount for device performance. The
work function of the metal should be close to the electron affin-
ity of Ga, O, to achieve ohmic behavior. As Ti and Au have work
functions that are compatible with Ga,0,, carrier transport, and
good electrical contact may be facilitated at the semiconductor
interface. While the Ti forms the ohmic contact with the Ga,O;,
the Au provides a protective layer to the contact reducing oxida-
tion and degradation.?!5] As a result, Ga,0, devices using these
contacts can ensure longevity through operation regarding the
electrodes.

Figure 9 presents a comparative chart showing the energy
alignment of various materials with respect to the vacuum level.
The materials included are -Ga,0,, GaN, SiC, ZnO, NiO, CuO,
AlN, Au, Ti, and ITO. Each material is represented with its cor-
responding electron affinity (E,) and bandgap energy (E,). The
electron affinity values indicate how easily an atom can accept an
electron, while the bandgap energy values reveal the difference in
energy between the valence band and the conduction band, which
is needed to determine the optical and electrical properties of the
materials.

B-Ga, 0, has a high E, of 4.0 eVI?!®) and a significant bandgap
of 4.9 eV,[2%] indicating strong insulating properties. Materials
like NiO and CuO have lower bandgaps (3.7 eVI?'7] and 1.24 eV,
respectively®), suggesting they may have different conductive
or semiconductive properties. Au and Ti are included with their
work function values, represented as 5.1 eV[?!8] and 4.3 eV,[2!
respectively, showing the energy needed to remove an electron
from the surface of these metals. As Ti has a work function like
the E, of p-Ga,0,, this reduces the barrier height meaning it is

www.advelectronicmat.de

easier for electrons to travel across the interface between the two
materials.

The ideality factor of a material is a parameter that describes
the deviation of a Schottky diode from ideal behavior. The ideal-
ity factor considers nonidealities such as interface traps, surface
states, and barrier inhomogeneities. The ideality factor of Schot-
tky diodes is typically close to 1, however, this is not the case as
diodes exhibit impactful behaviors such as non-ohmic character-
istics, leakage currents, and characteristics that deviate from the
ideal thermionic emission theory. The closer the ideality factor is
to 1 for a diode, the better the performance of said diode should
Dbe. Tables 5 and 6 list the electronic properties of typical electrode
arrangements with different treatments and ideality factors for
Au, Ni, and Pt, respectively. Figure 10a graphically shows a com-
parison among Au, Ni, and Pt in terms of ideality factor. It shows
that Au and Pt are much better than Ni, as their ideality factors
are close to 1. Figure 10a indicates that Au appears to provide a
higher barrier height than the other two contact materials, both
of which are similar to each other.

7. Challenges

The main fabrication challenge for the production of Ga, 0O, de-
vices involves depositing a uniform layer of material, which is
crucial for consistent electronic properties across the device.[??]
Achieving a uniform deposition is difficult due to volatility
and high temperatures required for the deposition of Ga,O;.
For methods like CVD, the temperature ranges from 800 to
1000 °C.[23] Furthermore, Ga,0;-deposited thin films are usu-
ally subject to an annealing process,?*! which involves heating
the material to enhance its crystalline structure, this must also be
precisely monitored and controlled.?>! If proper annealing con-
ditions are not met this can lead to poor crystallinity!’®* and a
higher density of defects such as vacancies and interstitials which
affect the electronic and optical properties of the material.[?¢]
P-type doping in Ga,0, is notoriously difficult.®”] This re-
sults in great difficulty in developing functional electronic de-
vices like transistors, which require both n-type and p-type ma-
terials to form a p-n junction.”*8] The difficulty exists because
Ga, 0, has a strong tendency to stabilize in the n-type form. This
limitation hinders the creation of homojunction devices such as

LEDs and high-power transistors. Another reason the doping of

Ga, 0, symmetrically to obtain both n-type and p-type material is
challenging!?®! is due to its wide bandgap and the nature of its ox-
ide bonds. The low thermal conductivity of Ga, O, has also been

Vacuum
11.3 eV J 1.4eV I [
EA 4eV 3.4eV 29eV 4.3 eV 3.85eV ¢=5.1eV ¢$=4.3eV 4.4 eV
37ev  1.24ev =
33eV U 6.1eV !
E, 49ev 3.5eV 346V CuO Au
NiO
GaN SiC
ZnO AIN
B-Ga,0, ITo

Figure 9. Energy band alignments for Ga, 05 and related materials to form heterojunctions.
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Table 5. Electronic properties of Ti/Au electrodes with different treatments.

Contact Doping Treatment Contact resistance [Q cm?] Refs.
Ti/Au 3x 10" -Si implantation in contact region 4.6x107° [220]
—950 °C annealing
—450 °C RTA for contact
Ti/Au 5x 10" -Si implantation in contact region 4.6 x107° [227]
—925 °C annealing
—470 °C RTA for contact
Ti/Au 3% 10" -Si implantation in contact region 7.5% 107° [222]
—950 °C annealing
-BCl; ICP etching prior
—470 °C RTA for contact
Ti/Au 3x 10" -SOG layer gives Sn diffusion 2.1%x 1073 [223]
-BCl3/Ar ICP etching prior
—450 °C RTA for contact
Ti/Au 1020 -High doping concentration of Si 1.1x 107 [224]
Ti/Au 5x 10" -Si implantation in contact region 4.6x 107° [225]
—950 °C annealing
Ti/Au 5x 10" -Si implantation in contact region - [226]
—950 °C annealing
-BCl,/Ar RIE
Ti/Au 5x 10" -Si implantation in contact region 8.1x107° [227)
—925 °C annealing
-BCl, /Ar RIE
Ti/Au 5% 10" -Si implantation in contact region 7.5% 107° [222]
—950 °C annealing
-BCl, /Ar RIE
Ti/Au 5% 10" -BCl;/Ar RIE - [228]
Ti/Au 1.8 % 10 - 3.29%x 107® [229]
Ti/Au 3x 10" -Si implantation in contact region 1.51x 1076 [229]
—950 °C annealing
-BCl,/Ar RIE
Ti/Au 3x 10" -Si implantation in contact region 3.93x 1076 [229]

—950 °C annealing
-BCly/Ar RIE

one of the obstacles hindering its applications in power electronic
and optoelectronic devices. Researchers have tried various meth-
ods to overcome this challenge, such as building heterojunctions
together with high thermal conductivity materials such as dia-
mond, in which diamond serves as a heat sink.[**°! Theoretical
analysis has also been conducted trying to unveil thermal bound-
ary resistance at the interface of Ga,0; and diamond.[*’]

The growth and morphology of Ga,0; on substrates have a
critical impact on device performance. The structure and orien-
tation of the grown film impacts its electrical and interface prop-
erties with other materials.[?%%! If the material growth is nonuni-
form, this can lead to films with mixed phases, grain boundaries,
and other defects.?!) Controlling the thickness of the Ga,O,
layer is paramount regarding device characteristics such as ca-
pacitance, breakdown voltage, and general performance.l?%?] If a
sample is developed with an uneven thickness, the consequence
may be uneven electric fields and potential premature breakdown
or suboptimal performance in electronic devices.[** Having pre-
cise control over deposition techniques is necessary to achieve
the ideal sample thickness. High-quality interfaces are required
for efficient charge carrier transport.[28] If any diffusion or inter-

Adv. Electron. Mater. 2025, 2400898 2400898 (15 of 24)

mixing is present at the interface, this can degrade device perfor-
mance by introducing states that trap or scatter carriers.['¥”] The
structural parameters of Ga,O;, such as lattice constants, angles,
and bond lengths, must be ideal to achieve optimal electronic
properties. If any deviations from the ideal structure exist, this
can introduce strain, defects, and dislocations that impair device
performance.l®*] Subsequently, precision throughout the growth
process and material handling is extremely important to main-
tain structural integrity.[264]

Improving response times in sensors and other devices is also
an ongoing challenge. For Ga,0;-based devices, a slow response
can be due to suboptimal material properties, such as trap states
or poor carrier mobility.l2®?] Engineering the material to reduce
these limitations can enhance the response time, which is critical
for applications requiring fast switching or sensing.[2¢]

8. Strategies to Improve

The optimization of the deposition and annealing processes play
a significant role in the improvement of Ga,O; film quality.[2%]
Techniques such as MBE and MOCVDI%! can be controlled
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Table 6. Ideality factor for three common metals used as electrodes for Ga, O3 heterojunctions.

Metal Barrier height [eV] Ideality factor Refs.
Au 1.27/0.9 1.1 [230]
Au 1.37/1.98 1.32 [237]
Au 15 - [232]
Au 1.32 116 [233]
Au 1.07 1.02 [234]
Au 1.97/1.71 1.09 [235]
Au 1.71 1.09 [235]
Au 11 1.08 [236]
Ni 1.20/1.25 1.05 [231]
Ni 1.04/1.61 1.33 [237]
Ni 14 - [232]
Ni 1.21 338 [238]
Ni 0.97/1.22 13 [239]
Ni 1.07 1.04 [235]
Ni 1.25 1.01 [240]
Ni 1.05 - [241]
Ni 1.08-1.12 1.05-1.10 [242]
Ni 0.95 338 [243]
Ni 0.8-1.0 1.8-3.2 [244]
Ni 1.07 13 [245]
Pt 14 1.1 [246]
Pt 1.21 1.1 [230]
Pt 1.05 14 [237]
Pt 1.06 - [233]
Pt 1.05 134 [247]
Pt 1.20 1.55 [247]
Pt 1.30 11 [248]
Pt 136 1.05 [249]
Pt 1.01 1.07 [250]
Pt 1.28 1.04 [239]
Pt 115 1 [251]
Pt 1.04 1.28 [245]
Pt 1.58 1.03 [235]
Pt 1.39 1 [248]

and improved?”] to achieve more ideal film thickness and
uniformity.**l MOCVD, also known as MOVPE, is an alternative
method to MBE. From previously reported work, MBE produces
higher quality films, but growth rate is slow. While MOCVD can
have higher growth rate, but crystal quality is generally lower that
MBE. The optimization of the annealing process, the tempera-
ture, and the atmosphere of the process must be carefully main-
tained to reduce intrinsic defects and improve crystallinity,?%!
consequently improving the electrical and optical properties of
the material.[?7%]

As the demand for semiconductors continues to grow, ma-
terials must demonstrate high-quality long-term performance
in a wide array of working environments. One such environ-
ment involves exposure to high levels of ionizing radiation,
from extraterrestrial applications such as solar cells!?”!] to pho-
todetectors and scintillators in medical imaging devices.[?”?] A

Adv. Electron. Mater. 2025, 2400898 2400898 (16 of 24)

crucial property that semiconductors require under such con-
ditions is the ability to resist damage caused by various types
of radiation including but not limited to X-rays, y-rays, high-
energy UV, and heavy ions. This resistance can be defined as
the radiation hardness, the ability of a semiconducting mate-
rial to continue to operate effectively under varying degrees
of ionizing nuclear radiation. Due to the nature of the ioniz-
ing radiation environment, semiconducting materials with nar-
row bandgaps, such as Si, are not suitable for use under harsh
conditions.[”?]

UWBG semiconductors have strong bonding within the lat-
tice, derived from their high atomic displacement energy, which
provides an intrinsic hardness to radiation. This property makes
them ideal candidates for operation under harsh conditions.?”4
Several UWBG semiconductors, including f-Ga,O;, can be em-
ployed in these harsh conditions, and Table 7 outlines their
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Figure 10. a) Barrier height and b) ideality factor analysis for three metals: Au, Ni, and Pt.

key properties and suitability for operation under extreme
conditions.[27+278]

Both diamond and h-BN offer similar, and in some instances,
more desirable properties than f-Ga,0,;, however, both mate-
rials are susceptible to complexities during the synthesis pro-
cess, including high fabrication costs and layer uniformity and
thickness.[280-282]

Despite its relatively low thermal conductivity, f-Ga,O, has
emerged as an ideal alternative and a leading candidate for use
in extreme environments.[?®3] This is attributed to its low cost,
ease of bulk fabrication, wide bandgap, large electrical break-
down field properties, and intrinsically strong bonding.!18284]
These properties are essential for applications requiring both re-
sistance to ionizing radiation and feasible scalability.!?%"]

Table 7. Properties of UWBG semiconductors for MOCVD.

As research into UWBG semiconductors progresses, a greater
understanding of the compromises between performance, syn-
thesis, and cost is essential for optimizing the application of g-
Ga,0; in a multitude of wide-ranging fields.

In scenarios where fragility is concerned, the incorporation of
high-temperature resistant substrates such as glass fiber fabric
can improve the thermal stability of Ga,0, devices.?8®] As these
substrates can withstand higher temperatures, the high process-
ing temperatures required for Ga,O, deposition may be used
without resulting in device degradation, leading to better-quality
films and more reliable devices. This is especially useful in high-
temperature applications such as power electronics and sensors.

Reducing the carrier concentration in Ga,O; can deepen the
band bending, which benefits optoelectronic applications such as

Material Bandgap [eV] Thermal conductivity [W m~" K™ Radiation hardness Refs.
-Ga, 0, 45-4.9 10-27 High [274, 275]
h-BN 5.9-6.1 475-635 High [279]
Diamond 5.5 2290 Very high [278]
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photodetectors and solar cells.[>*”] The reduction of carrier con-
centration can be achieved through precise doping control. En-
hanced band bending can improve charge separation and trans-
port, which in turn leads to the production of more efficient
devices.[?%]

The choice of metal contacts is crucial for the efficient ex-
traction and injection of carriers in Ga,O, devices.!?88] Metals
must be selected based on their work function whether they
form ohmic or Schottky contacts as needed. Studying the inter-
face between Ga, O, and various metals can lead to contacts with
lower resistance and higher stability. Additionally, if the growth
conditions such as temperature, pressure, and gas flowrate are
optimized, the deposition of Ga,0; will lead to higher-quality
films with fewer defects.l?®”] Furthermore, the control of these
parameters can help/?*®! in achieving the desired stoichiom-
etry and crystalline orientation, which are imperative for de-
vice performance.l®!l To transition from laboratory research to
commercial applications, the scale-up of the fabrication process
is essential.?®] This involves maintaining the material quality
while also increasing the substrate size and throughput. The de-
velopment of scalable deposition techniques and automation of
the fabrication process can lead to a reduction in costs and an
increase in the availability of Ga,O;-based devices.

New and emerging properties of Ga,0;-based optoelectronic
devices are poised to offer enhanced functionalities and perfor-
mance improvements. For instance, piezotronic and piezopho-
totronic effects enable strain-adjusted device performance and
the realization of self-powered functionalities. Strain engineer-
ing, widely applied in many semiconductor materials to mod-
ulate energy bands, can similarly be employed in Ga,0,-based
devices to achieve reconfigurable performance. Additionally,
organic—inorganic heterojunctions can be designed for flexible
devices, making them suitable for wearable applications. Low-
dimensional Ga,0;-based devices, such as nanowires/nanorods
and 2D van der Waals structures, represent a key future trend
in research and development. These structures aim to produce
high-performance optical devices, such as optical waveguides
and resonating structures. Low-dimensional devices often exhibit
higher crystal quality, resulting in superior optoelectronic proper-
ties. The challenge of Ga,0,’s low thermal conductivity could po-
tentially be mitigated by coupling nanowires or nanosheets with
materials of high thermal conductivity. Thinning down the ma-
terial enhances phonon-boundary scattering, thereby improving
thermal transport.[2%]

9. Conclusions

Ga,0, is the least developed among the wide bandgap semi-
conductors currently being explored for applications in high-
temperature, high-power electronics, and solar-blind UV detec-
tion. The prime factors that hinder its widespread use are the dif-
ficulty in obtaining p-type f-Ga,O, and poor thermal conductiv-
ity. Hence, intense research effort is expected to develop the full
potential of Ga,0, device structures. However, Ga,0; demon-
strates many excellent material properties that make the quest
to achieve p-type conductivity and higher thermal conductivity
of key importance. Over the past 15 years, f-Ga,0, device tech-
nologies have been advanced and several significant milestones
toward the industrialization and commercialization of $-Ga,0O;-

Adv. Electron. Mater. 2025, 2400898 2400898 (18 of 24)

www.advelectronicmat.de

based FETs and SBDs have already been accomplished. Given the
acceleration of Ga, O, research, more specifically UV photodetec-
tion heterojunctions, the field is in a promising developmental
state, which has been reviewed in this article. This paper pro-
vides a comprehensive and extensive review of the existing litera-
ture related to the fundamentals of Ga,O;, growth methods, sub-
strates, and particularly a focused examination of Ga,0,-based
heterojunctions, to circumvent the fundamental issue of achiev-
ing p-f-Ga,0;. Particular attention has also been given to the cur-
rent state-of-the-art Ga, 0, based heterojunctions for photodetec-
tors. This article also presents a systematic review of the theo-
retical aspects, and with a brief discussion of recent simulation
studies. Finally, the key challenges that pose significant bottle-
necks in the development of Ga,0;-based technology have been
reviewed, along with several strategies proposed in recent liter-
ature to address such challenges. This review article has been
devised to meet the learning needs of newcomers to the field,
providing a comprehensive overview of the fundamentals, cur-
rent advancements, challenges, and strategies for improvement.
It aims to serve as a valuable resource for understanding Ga,O;-
based technology.
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