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ABSTRACT: Realization and optimization of the tunable/enhanced
optical properties are critical to further advancing the fields of
optoelectronics, photonics, and nanoelectronics. In this context, here,
we demonstrate green-emission characteristics with a ∼30-fold
enhancement in selectively engineered nanocrystalline Ga2O3 with
control over the size, phase, and interface nanostructure. Pulsed-laser-
deposited β-phase Ga2O3 films with an average crystallite size of ∼9 nm
along with a highly dense, close-compact nanocolumnar structure with
the lowest possible defect density facilitate the 30-fold enhancement in
the photoluminescence (PL) intensity in the green region. Enhanced
PL emission in the optimized, engineered nanoarchitecture sheds light
on the design of Ga2O3 materials for promising future optoelectronic/
photocatalytic applications.
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■ INTRODUCTION

Gallium oxide (Ga2O3) was first introduced in the year closer
to 1900. Thus, the novel metal oxide had been in the outskirts
of mainstream scientific and engineering research for over a
century before the genesis of electronic revolution. For the last
few decades, Ga2O3 has been scrutinized intensely and more
rigorously to understand its mesmerizing thermal stability1 and
wide-band-gap semiconducting ability.2−6 Typically, Ga2O3
shows six different polymorphs,7,8 such as α, β, γ, δ, ε, and
κ. However, β-Ga2O3 is the only stable phase throughout the
whole temperature range.8 It has monoclinic crystal structure
and crystallizes in the C2/m space group. Ga2O3 places on
record in second place in terms of its direct band gap of ∼4.9
eV,8 which is only next to diamond among all available
materials with the highest band gaps. Also, it shows anisotropic
thermal conductivity through different crystal orientations,8,9

which is why it is very challenging to grow such defect-free
bulk crystals and nanostructures.
β-Ga2O3 has already been established for its potential in

multidimensional functionality, which makes these materials
interesting for numerous technological applications, such as
catalysis (in electrocatalysis and photoelectrocatalysis), phos-
phor, chemical sensor, gas sensor, photovoltaic, water splitting,
CO2 reduction, Schottky diode, field-effect transistor, neuro-
morphic device, electrode for a storage device, and, most
recently, lithium batteries.4,10−17 However, the pioneering
novelty of this astonishing oxide material lies in the field of

power electronic devices, deep-UV optoelectronic and
photonic devices, and sensors.15 Additionally, there is an
increasing trend of using a Ga2O3/Ga−In-based eutectic
interface to probe self-assembled organic/inorganic mono-
layers for molecular-based devices.18−20 An ultrawide band gap
along with advancements made for high-quality β-Ga2O3 has
already procured many state-of-the-art scientific break-
throughs. However, β-Ga2O3 and related materials continue
to attract the scientific and engineering community along with
technologists, and policy makers continue to exploit their full
potential, especially as an alternative competitor to the
mainstream electronic, optoelectronic, and photonic industries.
Furthermore, new applications involving Ga2O3 and its related
compounds are continuously evolving, which indicates the
promise for future novel technology development. For
instance, while there is significant interest in overcoming the
technological challenges in the design and development of
large-area inorganic−organic thermoelectrics by means of
engineering the materials at the molecular scale, recent studies
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indicate promise for such thermoelectrics based on Ga/Ga2O3
compounds.18−20

β-Ga2O3 thin films can be deposited by means of numerous
physical and chemical methods. Metal−organic chemical vapor
deposition, molecular beam epitaxy, vapor phase epitaxy,
Czochralski, etc.,2,21−24 fall into the category of highly
expensive epitaxial growth processes, where we can control
the dynamics very precisely and obtain material of the highest
possible quality. All of these processes are dedicated to a few
very specific highly delicate device applications, where the
community cannot compromise the material quality over
pricing. On the contrary, there are many other low-cost
processes, like chemical vapor deposition, sputtering, pulsed-
laser deposition (PLD), electrospinning, chemical bath
deposition, etc.,1,11,15,16,19,20,25,26 that can be incorporated
into relatively low-cost applications for the mass. Especially,
these chemical and physical methods were employed to design
various nanoarchitectures, such as columnar nanostructures,
vertical nanopillar, inclined nanopillar, fractal, nanohelix, zigzag
nanopillars, etc., which have proven to be very promising for
electronics, optoelectronics, and photocatalysis. However, the
controlled growth of such complex nanocrystalline structures
with precise size control and phase stability, while deriving
enhanced properties and performance, is always very
challenging. In this context, here in this work, using
conventional PLD, we demonstrate a close-compact nano-
columnar β-Ga2O3 film, decorated with nanocrystalline surface
morphology, by using anisotropic thermal-conductivity-assis-
ted selective unidirectional growth of β-Ga2O3 nanocrystals.
Most importantly, we demonstrate the green emission
characteristic in selectively and precisely engineered β-Ga2O3
nanocrystalline films, where size, shape, and phase control
enable such optical features or phenomena, which is otherwise
not possible in intrinsic Ga2O3 materials.
The luminescence in β-Ga2O3 has been widely investigated

in the recent past.25−27 A deeper understanding of the effect of
doping into β-Ga2O3 to derive the desired properties is the
primary outcome. The conglomeration of research results with
respect to photoluminescence (PL) in β-Ga2O3, variable
dopants, and their concentrations was used as a primary
means to derive the emission with a specific color in the visible
region. Zhou et al.27 reported the ultraviolet (UV) and red-
emission PL bands at ∼3.40 and ∼1.78 eV, respectively, in β-
Ga2O3 nanostructures. These nanostructures were arranged in
a core−shell structure, where the crystalline core is associated
with an amorphous shell. In fact, both blue- and green-
emission characteristics were observed in β-Ga2O3 previously.
Recombination of the charge carriers trapped by the O and Ga
vacancies, leading to deep donor and acceptor states,
respectively, has been proposed as the origin of the blue PL
band. On the other hand, much controversy exists in terms of
the red- and green-emission characteristics in β-Ga2O3. While
different explanations exist for the UV and red emission, the
green emission in β-Ga2O3 derived by means of doping was
commonly observed in doped β-Ga2O3 samples. In this
context, here in this report, we demonstrate an approach to
obtaining green-emission characteristics with a 30-fold
enhancement in selectively engineered nanocrystalline Ga2O3
films without any need for dopants, epitaxial structure, or quite
expensive equipment for fabrication. The green-emission
characteristics in nanocrystalline β-Ga2O3 films with a
crystallite size of ∼9 nm are made possible by means of
control of the size, phase, and interface of the nanostructure,

where highly dense, close-compact nanocolumnar interface
microstructures were the characteristic features that were
accounted for this observation.

■ MATERIALS AND METHODS
Ga2O3 films were deposited onto well-cleaned silicon (100)
substrates. The background chamber pressure was 10−7 Torr before
introducing oxygen inside the growth chamber. A KrF excimer laser
with a wavelength of 248 and with 220 mJ cumulative energy was
used to ablate the target. The laser beam of pulses with a 5 Hz pulse
frequency was used to excite the rotating Ga2O3 target. The target-to-
substrate distance was maintained at 45 mm. The in situ oxygen
partial pressure was kept at 50 mTorr during deposition of Ga2O3. All
of the parameters were precalibrated to achieve the best possible film
quality. Using the sintered Ga2O3 target and high-energy laser
processing (Figure 1a) under the optimum thermodynamic

conditions was the key approach that was employed to realize high-
quality β-Ga2O3 films. Controlled ablation of the Ga2O3 PLD target
generated a high-energy plasma plume containing micro- and
nanoscale molecules and/or elemental Ga/O adatoms. The energetic
particles, thus produced, were directed toward the substrate under a
specific oxygen environment (Figure 1a) for reactive Ga2O3 film
growth. Under the optimum deposition conditions, the expected
nanostructured Ga2O3 film is schematically shown in Figure 1b. The
number of laser pulses was kept at 2000, which produced a film
thickness of 150−250 nm, depending on the substrate temperature.
Although the in situ chamber pressure during the growth of
nanocolumnar β-Ga2O3 was relatively high, there was a clear
reduction of the film thickness with higher substrate temperature,
which directly implies the presence of adatom outdiffusion during the
growth process.

X-ray diffraction (XRD) measurements were performed on the
Ga2O3 thin films using a Rigaku Smartlab diffractometer in 1D mode
with a HyPix 3000 high-energy-resolution 2D hybrid pixel array
detector. The Nanosurf atomic force microscopy (AFM) system is
used to give high-resolution topography, deflection, and phase-
contrast data. Transmission electron microscopy (TEM) character-
ization was carried out on a Thermo Scientific (formerly FEI) Titan
Themis 200 G2 probe aberration-corrected system equipped with a
SuperX energy-dispersive X-ray spectrometer and operated at 200 kV.
The TEM specimens were prepared using a FEI Scios focused ion
beam (FIB) and scanning electron microscopy dual-beam system
following a standard protocol for TEM specimen preparation. First,
using an electron beam at 5 kV and 1.6 nA, a thin C protection layer
of 15 μm × 2 μm was deposited on the Ga2O3 film grown on a Si
substrate, and then a 15 μm × 2 μm × 2 μm Pt protection film was
deposited on top of the C protection layer at 30 kV and 300 pA,
followed by rough cutting, cleaning cut, J-cut, and lamellae transfer
out of the substrate to a TEM grid. The final thinned specimen of

Figure 1. (a) Schematic diagram showing PLD of β-Ga2O3. (b)
Schematic of a nanostructured Ga2O3 thin film on Si.
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about 80 nm was further FIB-cleaned at 5 kV and 48 pA and at 2 kV
and 27 pA, respectively, to remove excess amorphotized and
contaminated layers. TEM data processing, if any, was carried out
using the relevant offline data processing software from Thermo
Scientific. Fiji ImageJ was also employed to run radial profile analysis
of selective area electron diffraction (SAED). X-ray photoelectron
spectroscopy (XPS) scans of the PLD gallium oxide films were
obtained with a Kratos Axis Ultra DLD spectrometer equipped with
an Al Kα monochromatic X-ray source (1486.6 eV) and a high-
resolution hemispherical analyzer. We adopted previously established
procedures and methods for XPS characterization of gallium oxide
and related materials.1

The optical absorption behavior of as-grown samples was
scrutinized through diffuse-reflectance spectroscopy. A Jasco V-770
UV−visible spectrophotometer, with an optical resolution of 0.3 nm,
was employed to capture the spectrum. For PL measurements, the as-
grown Ga2O3 thin-film samples were excited with a 80 MHz 100 fs
Ti:sapphire laser, equipped with an additional third-harmonic
generator. The excitation energy and cumulative power were 180
nm and 10 W/cm2, respectively, and were kept constant. The emitted
photons were subjected to a monochromator with 0.02 nm resolution,
followed by a photomultiplier tube detector.

■ RESULTS AND DISCUSSION

The crystal structure, phase stabilization and strain (if any),
and morphology data of the PLD Ga2O3 films are presented in
Figure 2. The XRD data of PLD Ga2O3 films (Figure 2a)
indicate the information on the crystal structure and phase.
The sequence of structural transformations induced as a
function of the deposition temperature (Ts) can also be noted.
It is evident that XRD peaks with appreciable intensity can be
seen only in the Ga2O3 samples deposited at Ts ≥ 600 °C. On
the other hand, Ga2O3 films deposited at Ts < 600 °C are all
amorphous, as is evident from the diffuse nature of the XRD
patterns. An amorphous-to-crystalline structural transforma-
tion can be noted in Ga2O3 films when Ts is 600 °C. The
Ga2O3 films deposited at Ts = 600−700 °C correspond to a
monoclinic crystal structure, which has been identified to be β-
Ga2O3 existing in the C2/m space group. However, both of
them show the presence of slightly varying lattice parameters

and strain profiles. The average crystallite size calculated using
the Scherrer equation is ∼9 nm, which is more or less the same
for Ga2O3 films deposited at Ts = 600−700 °C.
The XRD results also indicate that the PLD nanocrystalline

β-Ga2O3 samples exhibit the preferred orientation. The films
deposited on Si(100) substrates clearly show textured growth,
which is seen in the detailed quantitative analysis (Figure 2b).
While the three diffraction planes with the appreciable
intensity identified are (2̅01), (4̅01), and (7̅12) (Figure 2c),
the PLD Ga2O3 films exhibit (4̅01) texturing. The degree of
texturing can be understood from the texture coefficient
(Figure 2b), which is relatively higher for β-Ga2O3 films
deposited at 600−700 °C. The kinetics and thermodynamic
processes involved in finding the most stable texture
development are related to the contributing effects of the
atomic influx and the minimum energy for that particular
synthesis condition. Increasing Ts provides the additional
kinetic energy, leading to the growth of more random crystals.
A similar temperature-dependent trend was observed earlier,
where after a certain critical substrate temperature it showed a
drastic phase transition from amorphous-to-nanocrystalline
material formation.
Parts d and e of Figure 2 show the morphology fingerprints

of amorphous and nanocrystalline PLD Ga2O3 films,
respectively. The nanocrystalline Ga2O3 films exhibit higher
root-mean-square (RMS) roughness compared to those
amorphous films. Also, for nanocrystalline PLD Ga2O3 films,
the Gaussian-type grain-size distribution characteristics prevail,
whereas the other samples exhibit almost a flat surface without
any signature of cluster formation. These results corroborate
with XRD analyses in distinguishing the crystalline versus
amorphous PLD Ga2O3 films. The increased RMS roughness
values can be due to the self-assembled conical nanotextures,
with dimensions of 10−20 nm, on the front surface. Such
morphological features promote the algorithm of multiple
reflection and absorption, which results into better photon
absorption.29

Figure 2. (a) θ/2θ XRD of as-grown gallium oxide thin films with increasing in situ substrate temperature, showing the evolution of amorphous
gallium oxide into nanocrystalline β-Ga2O3. The peaks noted are (2̅01), (4̅01), and (7̅12). (b) Texture coefficient of the corresponding diffraction
planes, deposited at higher substrate temperature, where (4̅01) shows the highest among all of them. (c) Schematic of a monoclinic β-Ga2O3 unit
cell, with the three diffraction planes contributing to the observed XRD peaks. (d) 1 × 1 μm2 surface morphology of amorphous Ga2O3 and (e)
highly oriented nanocrystalline β-Ga2O3 film.
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The structural quality and interface nanostructure of Ga2O3

films further evidenced in TEM analyses are presented in
Figure 3. The data shown are the representative survey and
high-resolution TEM (HRTEM) images and SAED patterns
from the specifically selected regions of the Ga2O3 film−Si
substrate. Additionally, the fast Fourier transfer spectra are also
shown as insets in the corners of the relevant HRTEM images.
High-quality interface structures are manifested for all of the
PLD Ga2O3 films, which were found to be uniform with sharp

surfaces. No significant diffusion of Ga2O3 into the substrate
interface was observed. Corroborating with the XRD results,
the HRTEM and SAED analyses further confirm the formation
of amorphous and nanocrystalline Ga2O3 films depending on
Ts. Apparently, fabrication at elevated substrate temperature
(600−700 °C) accelerates the nucleation and growth of β-
Ga2O3. Preferential texturing along (4̅01) was confirmed by
both XRD (Figure 2) and SAED (Figure 3), while structural

Figure 3. Cross-sectional TEM imaging analyses of Ga2O3 films. The TEM images of amorphous Ga2O3 (a−c) and nanocrystalline Ga2O3 (d−f)
films are shown along with the corresponding elemental color mapping. In situ diffraction patterns provide evidence for the amorphous and
nanocrystalline nature of the samples. For nanocrystalline Ga2O3, the TEM data (image d) shows close-compact nanocolumnar growth after the
thin β-Ga2O3 seed layer.

Figure 4. Optical property analyses of amorphous and nanocrystalline Ga2O3 films. (a) Diffuse-reflectance spectra obtained for Ga2O3 samples at a
perpendicular photon incident mode. Assertively, amorphous Ga2O3 shows higher interference fringes than nanocrystalline Ga2O3 films. (b)
Kubelka−Munk function of the corresponding amorphous and nanocrystalline Ga2O3 films. The Kubelka−Munk function derived from the
reflectance data clearly indicates significant differences in the respective Ga2O3 thin-film samples. (c and d) Tauc plots of amorphous and
nanocrystalline Ga2O3 films. The band-edge absorption difference can be noted if amorphous Ga2O3 is compared to nanocrystalline Ga2O3.
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characterization clearly indicated the formation of more
compact, dense β-Ga2O3 with a smooth interface structure.
It is very clear from the cross-sectional morphology that,

with increasing temperature, there is a clear reduction of the
film thickness. The higher outdiffusion rate of impinged
adatoms with increasing substrate temperature explains the
lower film thickness with higher Ts. There is no evidence of Ga
atom back-etching of the Si substrate or interdiffusion through
the interfacial layer. So, the density of the initial nucleation
centers is free from any additional factors other than incoming
adatoms, substrate temperature, and oxygen pressure. The
chemical analyses (not shown) made using XPS indicate that,
in all of the samples deposited under variable temperature, the
Ga ions exist in their highest oxidation state (Ga3+). The
chemical stoichiometry is well maintained, with a O/Ga ratio
close to the expected value (∼1.5) in all of the samples.
The β-Ga2O3 film on the Si substrate is typically opaque in

the UV-to-visible region; therefore, we relied on optical
reflectivity measurements for further analysis, especially to
determine the band gap. To calculate the band gap of the
Ga2O3 films, we adopted an indirect approach, which was quite
successful in semiconductors. The optical data of PLD Ga2O3
films are shown in Figure 4. The room temperature diffuse
reflectance (R) of as-deposited PLD Ga2O3 films (Figure 4a)
was analyzed with the help of the Kubelka−Munk function,
which is defined as

= = −
F R

K
S

R
R

( )
(1 )

2

2

(1)

Here, F(R) represents the Kubelka−Munk function, which
replicates patterns similar to those of wavelength-dependent
absorbance of the thin film, and K, S, and R are the absorption
coefficient, scattering coefficient, and reflectance, respectively.
Figure 4b represents the corresponding wavelength-dependent
F(R) plots for each sample. Additionally, a modified Tauc
equation has been implemented to calculate the band gap of
nanocolumnar β-Ga2O3 films.

α ν ν= −h A h E( )n
g (2)

ν ν= −F R h A h E( ) ( )n
g (3)

Here, α, h, ν, Eg, F(R), and A represent the absorption
coefficient, Planck’s constant, incident photon frequency,
optical band gap, Kubelka−Munk function, and fitting
constant, respectively. We used n = 1/2 for calculating the
allowed direct transition energy in the electronic band
structure (Figure 4c). From the high end (600 °C) to low
end (25 °C) of Ts, the band-edge absorption shows a direct
shift (Figure 4c). In addition, the increment in the interference
fringes (Figure 4a,b) also shows an inverse correlation with Ts.
A higher number of interference fringes, especially for samples
deposited at lower Ts, infers a higher film thickness, which is
further confirmed by the TEM data and analyses. The optical
band gap of nanocrystalline PLD Ga2O3 films (Figure 4d) is
almost similar to that reported for Ga2O3; however, the band-
gap values were low for amorphous PLD Ga2O3 films. This
observation refers to the formation of very high quality
nanocrystalline PLD Ga2O3 films. The presence of a higher
defect density, random orientation of unit cells, interstitial
states, surface states, cumulative strain, etc., in amorphous
samples deviates the band-to-band transition from its ideal
value,27 whereas a high-quality nanocrystalline Ga2O3 film with
reduced parasitic components leans toward its ideal optical
behavior.
The PL spectra of amorphous and nanocrystalline PLD

Ga2O3 films are presented in Figure 5a and 5c, respectively.
The data are shown in association with the corresponding
carrier dynamics of photogenerated carriers (Figure 5b,d),
respectively. It is clear that all of the possible luminescence
transitions are from the donor−acceptor pair, which is strongly
supported by the findings of many researchers.25−27 These are
Ga- and O-related states. Although we try to excite all of the
samples with near-band-gap photons, there is no such signature
of band-to-band transition in these samples. The room
temperature deposited PLD Ga2O3 films do not show any
luminescence signal because most of the excited carriers are

Figure 5. Room temperature PL spectra of amorphous (a) and nanocrystalline (c) Ga2O3 films. (b and d) Corresponding transitions of
photoexcited electrons. Evidently, there is a giant jump in the photoextraction efficiency, with a moderate blue shift between the donor−acceptor
energy states. (e) Cross-sectional transmission electron microscope image of close-compact nanocolumnar β-Ga2O3 thin film, showing three stages
of the growth process, Si substrate 1, nanocrystalline seed layer 2, nanocolumnar β-Ga2O3 3. (f) Schematic of a close-compact nanocolumnar β-
Ga2O3 on top of a randomly oriented seed β-Ga2O3 layer on the Si substrate, facilitating green emission.
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being trapped. Additionally, there is an overall blue shift of the
PL peak with a significant increment of the absolute intensity.
Sufficient surface energy and oxygen over pressure, during
deposition, promote the samples with higher substrate
temperature to form a close-compact nanocolumnar β-Ga2O3
thin film. The overall dimensions of the Ga2O3 nanocrystals are
much higher than the corresponding Bohr radii and do not
have any quantum confinement effect. However, these donor−
acceptor pairs are acting as a band of energy states between the
valence and conduction bands and can be tuned depending on
a few selective deposition parameters, like the substrate
temperature, oxygen overpressure, and laser pulse frequency.
Also, a phonon is acting as a core member of this downward
carrier transition, resulting in a higher photogenerated carrier
lifetime. The overall carrier dynamics of both amorphous and
nanocrystalline Ga2O3 thin films is demonstrated through
Figure 5b,d, where horizontal arrows represent photon
incidence or photon extraction, vertical arrows represent the
generation and recombination of an electron−hole pair,
diagonal arrows represent phonon-assisted relaxation of
photogenerated carriers, and finally vertical downward arrows
(color: dark gray) represent the trapping of carriers. The line
thickness of each arrow carries the signature of the
corresponding process. The a-Ga2O3 thin film suffers from a
humongous amount of crystalline defects and is more prone to
optical defect formation, which is further affected with surface
states. Assertively, the trapping of carriers is dominating the
direct carrier recombination through sub-bands. Thus, it shows
a very low luminescence intensity (the gray arrow is thick,
while others are very thin, except the photon-incident- and
photogeneration-related signatures). As we optimize the
growth process to obtain a nanocrystalline Ga2O3 thin film,
decorated with nanocolumnar crystal formation in addition to
conical surface morphology, the film becomes more immune to
the defect formation. As a result, it shows a much higher
percentage of direct recombination of photogenerated carriers,
with little carrier trapping. Figure 5d supports the same.
The mechanistic aspects and underlying science behind the

observed green emission and wide-range spectral selectivity in
intrinsic, nanocrystalline β-Ga2O3 films can be explained as
follows. We believe that the selectively and precisely
engineered nanocrystalline Ga2O3 with control over the size,
phase, and interface nanostructure is the key aspect that
promotes the enhanced PL activity in these samples. As
revealed by the AFM studies, self-assembled conical nano-
textures with uniform distribution characteristics and rough-
ness on the front surface promote the algorithm of multiple
reflection and absorption, which promotes enhanced photon
absorption. Deriving such an enhanced property and perform-
ance in this work is facilitated by direct control over the growth
process. The physical and/or thermodynamic parameters that
control the growth and evolution of PLD β-Ga2O3 films on Si
are the substrate temperature, chamber pressure, laser
wavelength, laser power, laser pulse frequency, and distance
between the substrate and target source. All of the β-Ga2O3
thin-film samples deposited at Ts < 600 °C are all amorphous
in nature, which is certainly expected because Ts is lower than
the critical temperature for crystallization of Ga2O3. At and
beyond 600 °C, it shows a particular β-Ga2O3 phase with a
close-compact nanocolumnar thin film, decorated with nano-
crystalline surface morphology. The growth dynamics here are
reminiscent of the Structure-Zone Model (SZM)28 but in a
slightly modified way. The original theory was developed on

the basis of sputter deposition of different metallic thin films
with varying substrate temperature and chamber pressure,
whereas here we have deposited complex metal oxide through
PLD. The pulsed-laser-generated plume creates a higher order
of the localized supersaturating regime on the substrate, and
∼50 mTorr oxygen background pressure drastically reduces
the surface adatom mobility, resulting in a very high density of
the nucleation centers, compared to the standard sputter-
deposited β-Ga2O3. Thus, the growth mode of β-Ga2O3 films
clearly falls into the high-pressure zone-T region in SZM.
Therefore, undoubtedly, the compact nanocolumnar β-Ga2O3

film, as reflected in the cross-sectional TEM studies, can be
due to the growth dynamics.
Additionally, anisotropic thermal conductivity8,9 plays a

significant role during the growth process. The high-temper-
ature (600−700 °C) PLD-assisted formation of a β-Ga2O3

nanocrystalline thin film on Si has been organized in two
consecutive stages: initial random crystallization of β-Ga2O3 on
amorphous SiO2, followed by thermally driven preferred
surface diffusion and crystallization of a nanocolumnar (Figure
5e) structure (Figure 5f, showing the schematic). Luo et al.9

have already shown differential thermal conductivity toward
different orientations of β-Ga2O3 crystals. Correlating that
observation with the current growth process, we can infer that
the first step is almost random, resulting in nanocrystallization
with all possible orientations. Then, at the beginning of the
second stage, higher thermally conductive zones promote
better kinetic energy to the incoming adatoms, whereas the
others appear to be relatively dull for providing sufficient
energy. As a result, the incoming adatoms tend to settle down
at those lower-energy spots, forming compact vertical nano-
columns. This is similar to the GLAD process29,30 but without
any external shadowing effect. Assertively, it shows close-
compact nanocolumnar growth with a higher fill factor. Thus,
the observed enhanced green-emission PL characteristics in the
intrinsic nanocrystalline Ga2O3 films without the need for any
dopants are attributed to precise engineering with control over
the size, phase, and interface nanostructure, where the self-
assembled conical nanotextures promote the algorithm of
multiple reflection and absorption, leading to such optoelec-
tronic properties.

■ CONCLUSIONS

Summarizing the results, we demonstrated an approach based
on selective engineering of the size-, phase-, and interface-
nanostructure-controlled β-Ga2O3 films to realize reliable and
highly intense green-emission PL without the need for
expensive processing, epitaxial system, and dopants. In
nanocrystalline β-Ga2O3 films with an average crystallite size
of ∼9 nm, the green-emission PL noted is remarkable and is
extremely high (∼30 times). Structural and interface-
nanostructure analyses indicate that high-quality nanocrystal-
line β-Ga2O3 films with highly dense and interconnected
nanocolumnar structures promote enhanced optoelectronic
performance. We believe that there may be further options
available to further tune and improve the optoelectronic
performance, while the underlying science and mechanisms
may be applicable to a large class of wide-band-gap
nanostructured oxides for optical, electronic, and optoelec-
tronic devices for extreme environment applications.
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