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Realization and optimization of the optical properties for tunable and/or enhanced emission characteristics is
critical to further advance the field of optoelectronics, photonics, and electronics for extreme environment ap-
plications. While recent advancements made to realize high-quality single crystals of Ga;Os, an interesting

II:I/[orphollogy et material for electronics and optoelectronics, strategies to obtain enhanced functionality and desired optical
ano-columnar structure L . . N . N .

Photoluminescence properties in nanocrystalline GapOs without needing to expensive epitaxial systems or quite cumbersome
Band gap equipment or rare-earth dopants remains a challenging problem for further development. In this context we have

demonstrated high yield spectral selective photoemission, from pulsed laser deposited (PLD) un-doped GazO3
thin films with extensive control over nanocrystalline growth. Structural, interfacial and morphological inves-
tigation reveals the formation of perfect nanocrystalline seed layer promoting further growth of compact nano-
columns with nano-textured atop. Optical spectroscopy demonstrates the desired control over band-edge ab-
sorption and realization of ideal photo-transition in perfectly oriented nano-columnar PLD (-GayOs films.
Ellipsometry shows the growth parameters dependent evolution of refractive index over broad spectral range.
The findings as presented and described here provide evidence for controlled growth and realization of nano-
crystalline B-GapOs3 for functional device applications in optoelectronics in addition to provide a platform to
further explore their futuristic technological applications.

1. Introduction

Recently gallium oxide (GayOs3) and related oxide compounds have
been gaining immeasurable attention from the scientific and engineer-
ing community. Being extremely lucrative from structural, chemical,
electronic and photonic properties viewpoint, it has the potential to
thrust the current scientific advancement to the next level [1]. Owing to
be a part of ultra wide band gap (E;~ 4.8 eV) semiconductor family, it is
material of choice for deep ultra-violate (UV) optoelectronic and pho-
tonic applications [2-9]. Next to diamond [10,11], GayO3 is well
explored ultra wide band gap oxide material, and is the material of
choice as a transparent semiconductor with multifunctional applica-
bility. GayO3 has relatively higher breakdown field (~8 MVem™!) than
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diamond, which is beneficial for high power electronic device for the
application in next generation futuristic automotive and energy sectors
[12,13]. In addition to that, excellent thermodynamic and chemical
stability of this oxide semiconductor opens the possibility for extreme
environment applications, such as high temperature chemical sensors
for industrial equipment and extraterrestrial electro-
nic/optoelectronic/photonic transducers, etc. [14-16]. In view of these
fascinating properties and phenomena, efforts have been directed to
utilize  GapO3 in  numerous applications, namely deep
UV-photodetectors/light emitting diodes (LEDs)/integrated photonics,
high power electronic devices, high temperature transducers, magnetic
memories, antireflective coatings, high-energy scintillators, luminescent
phosphors, battery electrodes, super-capacitors, thin film transistors,
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flexible electronic devices, neuromorphic devices, etc. [13,17-23].

Naturally, GapO3 shows six different structural polymorphs, such as
a, B, v, 8, & and k [1]. The monoclinic p-phase is the most stable
throughout the wide temperature range. In spite of the aforementioned
technological benefits, fabrication of p-Ga;O3 based devices is extremely
challenging. Anisotropic thermal conductivity through different crystal
orientation and high residual strain formation during heteroepitaxial
growth are mainly responsible for that [1,24]. Researchers tried various
physical and chemical methods, such as chemical vapor deposition,
Metal-organic chemical vapor deposition, vapor phase epitaxy, halide
vapor phase epitaxy, molecular beam epitaxy, chemical bath deposition,
Czochralski, edge defined film-fed growth, floating zone technique,
sputtering, electrospinning, pulsed-laser deposition (PLD) etc., to
demonstrate growth/fabrication of p-GapOs and its alloys [6,8,13,20,
25-30]. Among all other processes, pulsed laser deposition is well
explored due to its low cost noncomplex mechanism to produce rela-
tively high quality epitaxial thin films and nanostructures. Due to
simplicity and economics of the fabrication process, PLD grown GayO3
and alloys can be integrated into inexpensive transducers for daily
routine applications.

Though p-Gay03 has been being admired for high power transistors
and solar blind photodetectors, scientists paid a greater attention to the
luminescence behavior of Ga;O3 for potential optoelectronic and pho-
tonic applications [28,30-35]. With increasing demand for revolution-
ary quantum computing and neuromorphic algorithm there is a constant
demand for smart/biocompatible materials for specific optical trans-
duction. That is how p-GayO3 and related complex oxides become very
crucial from optical properties point of view. The photoemission from
GapOs is mainly dominated by intermediate energy states [28,30-35].
These quasi energy bands in between valence and conduction bands are
formed due to donor-acceptor (DA) states, impurity levels and defect
states. Few reports are there explaining partial exitonic nature of these
transitions. External doping with metallic ions has also been studied
quite extensively to tune the emission spectrum throughout visible re-
gion. Other ex situ defect engineering processes are there, such as ion
implantation or femtosecond lased treatment [36,37]. Being a part of
ultra wide band gap semiconductor family, this tunability of photo-
emission through the UV and visible regions opens up various futuristic
technological aspects in optics, optoelectronics and photonics divisions.
Recently we have reported green emission from close compact nano-
columnar undoped p-GapOs thin film by controlling the nano-texture,
phase and Ga-O vacancy states [28]. The in-situ incorporation of
dopant atoms inside main matrix makes the fabrication complicated
along with introduction of additional parasitic component into the host
material. Assertively, tailoring of photoemission is always preferred by
controlling the crystallinity, phase, texturing, defect density and
topography by minute control over growth dynamics. This in-situ
growth optimization is more economic and highly precise than other
ex-situ processes, like ion implantation, rapid thermal annealing and
laser annealing, while tailoring its structural, optical and electronic
characteristics. In this context, here in this paper, we present an
approach to obtain tunable nanocolumnar, undoped $-GaOs thin film
over the visible and UV-A spectrum. Detailed structural,
nano-morphological, and optical characterization have been done
thoroughly to understand the system perfectly, so that the study pro-
vides a strategy to further advanced technological applications of
[S-Ga203.

2. Materials and methods
2.1. Target synthesis

The PLD targets were prepared through two step solid state reaction
process. Pure GayOs3 powder (Sigma Aldrich) initially pulverized and

then annealed at 1100°C for 12 h, to eliminate any organic contami-
nation present in the material. Then the powder was grinded again and
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was mixed with Polyvinyl alcohol (the binding element), followed by
pellet formation. The pellet was cylindrical in shape with 1 inch diam-
eter and 0.15 inch thick. Finally, the pellet was sintered at 1450°C for 24
h to prepare the final PLD target.

2.2. Thin film and device fabrication

All the samples were fabricated through pre-optimized two-step
growth process on Si (100) substrates. Initial background chamber
pressure was 0.4 Pa. For all samples the substrate was precleaned with
acetone-isopropanol-deionized water and was dried under continuous
nitrogen flow. After that the sample was kept at 725 °C inside the growth
chamber for 1 h before deposition process to get rid of any organic
contaminants. The distance between substrate and target was 45 mm. A
KrF excimer laser with 248 nm UV emission was used to ablate the
ceramic GapOs target. Initial 20 nm layer was grown with 1 Hz lased
pulse frequency for better nucleation on Si substrate. Following the seed
layer, active region was deposited with 10 Hz pulse frequency. Depo-
sition time for seed and active layer were ~ 1 and 5 min, respectively.
Also, substrate temperature (monitored using a thermocouple attached
to it) was kept same throughout the deposition process. The deposition
rate (~0.9-2 A per laser pulse), oxygen partial pressure (66.6 Pa) and
laser energy density (~3 J/cm?) were optimized based on required
structural and optical behavior of GapOj3 films on Si substrate. Overall
film thickness was varied from ~150 to 250 nm, depending on the
substrate temperature. Fig. 1 shows the schematic of nanocolumnar
B-GayOs thin film on silicon substrate.

2.3. Characterization

The as grown samples were subjected to X-ray diffraction (XRD)
measurement for structural and crystallographic characterization.
Rigaku Smartlab diffractometer with Cu(Ka) source and HyPix 3000
high energy resolution 2D HPAD detector were used for XRD measure-
ment in 6/20 mode. Bare surface morphological signature of GapO3 thin
films were characterized using FEI Magellan 400 scanning electron
microscope (SEM) at 2 kV operating voltage and Nano surf atomic force
microscope (AFM) system. Transmission electron microscopy (TEM)
imaging was done on a Thermo Scientific (formerly FEI) system at 200
kV operating voltage. The specimens for TEM measurement were pre-
pared using a FEI Scios focused ion beam following a standard TEM
sample preparation convention with the help of Ga* ion as a source of
liquid ion.

To understand the optical behavior and to extract the optical prop-
erties of GaOs thin film on Si substrate, diffused reflectance spectros-
copy was done by JASCO V-770 spectrometer with single
monochromator and an optical resolution of 0.3 nm. The luminescence
behavior was measured through photoluminescence (PL) spectroscopy
measurement. Ti: sapphire laser along with 3rd harmonic generator was
used for the photoexcitation of the samples and emitted photons were
detected through 0.02 nm resolution monochromator, followed by fol-
lowed by photomultiplier tube detector. Spectroscopic ellipsometry was
employed to investigate the optical behavior of the as grown GayOs
samples on Si substrate. ¥ (azimuth) and A (phase) were determined at

Fig. 1. Schematic of nanocolumnar f-Ga,Os3 thin film on silicon substrate.
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300 K under atmospheric condition over the range of 250-2000 nm with
a resolution of 1 nm. The photon incident angle was kept at 75, which is
very near to the Brewster angle of Si substrate. Semilab SE-2000 was
used for the measurement and Spectroscopic Ellipsometry. Analyzer
v1.6.6.2 was used for analyzing and modeling of the spectroscopic data.

3. Results and discussion

Fig. 2 presents the X-ray diffraction (XRD) data, where the temper-
ature dependent structural progression of nanocrystalline GapO3 thin
film is visible. Note that XRD analyses can be used to understand the
gradual evolution of crystal structure, cumulative strain, phase texturing
and close compact nanocrystalline growth of GayOs3 on Si. It is evident
from the XRD data that GayOs starts forming crystalline phases for
substrate temperature Ts>600°C. Below that all samples are in ran-
domized amorphous structure. Such typical relation between substrate
temperature and phase stabilization can be correlated with the pulse
laser assisted growth dynamics of GapOs thin film. The laser ablated
plasma plume, embracing with highly energetic mixture of adatoms,
molecules and ions, travels through oxygen environment and settles on
the desired substrate. The partial oxygen medium inside the growth
chamber supplements the anion deficiency of incoming adatoms and
substrate temperature provides additional kinetic energy during initial
nucleation and phase formation of GayOs3 thin film. Lower substrate
temperature (T3<500°C) cannot provide sufficient kinetic energy and
results into amorphous GapO3 whereas higher substrate temperature
facilitates highly textured nanocrystalline GaOj3 thin film. Fig. 2a shows
stable phase of p-GayOs with C2/m space group for Ts>600°C. The
average crystallite size calculated from the XRD data is ~10 nm.

The degree of preferred orientation of nanocrystalline GaOs films,
grown at 700°C and 600°C, has been quantified, particularly the texture
coefficient, from XRD data. The texture coefficient was calculated using
[28]:
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where Tc is the texture coefficient, I, is the intensity of reflected X-ray
beam from a particular plane, I, is the intensity of the same plane form
standard powder diffraction data and n is the total number of measured
reflections. The texture coefficient variation is shown in Figs. 2b and 2c,
respectively. Surely, the high temperature growth of GayOs films is
highly textured and reflects the cumulative effect of initial nucleation,
surface diffusion/interdiffusion/outdiffusion and asymmetric thermal
conductivity driven preferred nanocrystallization of GayOs. Overall, it
shows the XRD peak corresponding to (—201), (—401), (—402), (—601),
(—603), and (—801). 600°C substrate temperature results into random
formation of parallel planes whereas 700°C makes it more oriented to-
wards (—201) and related peaks. We believe lower formation energy and
asymmetric thermal conductivity are responsible for this preferred
growth of nanocrystalline Ga;O3 films. We have already shown similar
growth mechanism of highly texture GayOs thin film, based on high
pressure zone-T Structure-Zone Model (SZM) [28].

In addition to XRD data, we employed the high-resolution trans-
mission electron microscopy (TEM) to further assess the crystal quality,
growth behavior, and surface/interface characteristics of PLD GayOs3
thin films. Figs. 3-5 shows the temperature dependent evolution struc-
ture and interfacial characteristics of PLD GayO3 thin films. Cross
sectional TEM image in accordance with selected area electron diffrac-
tion (SAED) pattern confirm the transformation of GasO3 phase from
amorphous to compact highly textured nanocrystalline Ga;Og thin film
with increasing deposition temperature. The Ga;Os thin film also exhibit
the sharp interface along with the substrate. We have shown the low
magnification TEM images for both amorphous (Fig. 3¢, d) and nano-
crystalline p-GaOs thin film (Fig. 3a, b). Inset of Fig. 3a and 3d shows
the crystalline and amorphous like SAED pattern for T;= 700°C and 25
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Fig. 2. (a) XRD pattern of nanocolumnar $-Ga,0Os3 thin film on silicon substrate with varying substrate temperature. (b-c) Texture coefficient of XRD peaks for 600°C
and 700°C substrate temperature samples, respectively. The data presented clearly indicate the effect of substrate temperature on the growth behavior, crystal

structure, and texture of Ga;Os thin films.
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700°C

Fig. 3. (a-d) Low magnification cross sectional TEM image for PLD Ga,O3 thin
films deposited at various temperatures. Inset is showing the SAED pattern of
nanocrystalline p-Ga;O3 and amorphous GayO3 (top-down).

°C.

The laser pulse frequency, pulse number, and pulse power density
have been kept same for all the depositions. As a result, with increasing
substrate temperature, there is a clear reduction of the overall film
thickness. With increasing substrate temperature, the adatoms get
higher kinetic energy. Assertively, the rate of outdiffusion increases
along with formation of close compact nanocolumnar GazOs thin film
which results into lower film thickness. Spectroscopic ellipsometry
further verifies the trend of film thickness with increasing Ts. This is also
evident from the TEM images at higher T values (Fig. 3a, 3b) that the
active region is close compact overlapping nanocolumnar p-GagOs,
grown on random nanocrystalline seed $-GayOs layer. Fig. 4a-d shows
the high magnification cross sectional TEM images to compliment the
data shown in Fig. 3. Also, the inset of Fig. 4a, 4b and 4d depict the SAED
patterns of nanocrystalline -Ga;Os3 seed layer, monocrystalline Si sub-
strate and amorphous GaOs seed layer for high and low Ts. Both the
SAED patterns (4d and 4a inset) with high and low magnification con-
firms the temperature dependent growth of amorphous and

Fig. 4. (a-d) High magnification cross sectional TEM image for 25°C, 500°C,
600°C, 700°C samples showing Si/SiO,/Ga,03 interface, respectively. Inset is
showing the SAED pattern of nanocrystalline p-Ga;O3 amorphous Ga,O3 and
monocrystalline silicon (top-down).
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nanocrystalline Ga;Og seed layer and bulk thin film. Figs. 5a-d shows the
high-resolution cross-sectional TEM-EDX (Energy dispersive X-ray
spectroscopy) mapping of the corresponding samples. Low magnifica-
tion images (Fig. 3) already confirm the overall abrupt interface be-
tween substrate and thin film, whereas Fig. 4 is portraying the atomistic
nature of the interface that is further supported with EDX color mapping.
For all the samples, the monocrystalline Si crystal structure is unharmed
and is not showing any form of damage after the growth of GapO3 thin
film. Similar pattern is found for SiO; interface throughout the tem-
perature range. These confirm that there is no Ga assisted reverse
etching of the substrate and no additional stimuli is not there during
initial nucleation process at the beginning of the growth process.
Additionally, the effective thickness of the intermediate SiO, layer re-
duces with increasing Ts, which is obvious due to increasing desorption
and outdiffusion of SiO, from the bare substrate top layer.

Figs. 6 and 7 convey the 2D morphological signature of as deposited
Gay03 thin film on Si substrate. Both scanning electron microscopy and
atomic force microscopy have been employed to investigate the bare
surface of amorphous and close compact nanocrystalline GayOs thin
film. SEM images with higher length scale have been showing the bulk
surface evolution with increasing deposition temperature whereas AFM
images are identifying the surface roughness and grain size distribution
of nano-textured GasOs thin film. Both the characterizations are
conceding the structural characteristics, examined through XRD and
XTEM analysis. Until 500°C, there is no signature of crystal formation.
Overall film surface is flat without any significant features. Beyond that
point, it starts showing crystallization and transformation from bulk
amorphous Gay0s thin film into highly oriented nanocolumnar GayOs
thin film with compact nano-texturing atop. The gradual increment of
surface roughness with increasing substrate temperature is due to
transformation from random Ga;Os molecules to nanocolumnar cluster
of B-Ga03. The uncapped top surface of such growth front mimics the
texture of collective semi-spheres with random size distribution. The
nano-texture morphology of PLD deposited oxide thin films can be
tailored by adjusting the in-situ growth parameters, such as laser power
density, laser pulse frequency/energy, substrate temperature, substrate-
distance/ angle between source and substrate, etc. Here we have used
such typical parameters (mentioned earlier) to get a specific compact
Gay03 nanoclusters for optimal photo-absorption through multiple in
plane reflection and absorption method[38,39].

Spectroscopic ellipsometry is a powerful tool to understand the op-
tical behavior of a given material through a specific wavelength range.
Linearly polarized monochromatic light is subjected on the bare surface
of thin film and the reflected beam is detected to estimate the complex
reflectance ratio of the thin film. It is defined as following

p = Rp/Rs = tany exp(iA) 2)

where Rg, Rp, y and A are complex reflection coefficient, amplitude
component and phase difference respectively. The variation of y and A
throughout the wavelength range can be simulated externally to esti-
mate various intrinsic structural and optical parameters of the as grown

o Si  Ga
Ga,0; 500°C

Fig. 5. (a-d) High magnification cross sectional TEM-EDX images PLD Ga,03
thin films deposited under variable substrate temperatures. The images shows
the Si/Si0,/Ga,03 interface for all the samples.
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Fig. 6. (a-d) Low magnification SEM images of PLD Ga,Os thin films deposited
at various temperatures.

GapOs3 thin film, such as film thickness, number of stacks, interface
roughness, refractive index, extinction coefficient, etc. We have used
Gay03/Si stacking model to simulate the measured spectrum to extract
all possible physical and optical parameters of the given structure. The
incident monochromatic light reflects and refracts according to the
Fresnel relation and corresponding variation in the extracted beam is
detected and simulated externally with the help of Cauchy dispersion
law. This fitting model has been quite accurate to extract the inherent
features of various high band gap oxide semiconductors. The model to
calculate refractive index is shown below.

n=A+ :% + % 3
Here n is the refractive index as a function of wavelength. A, B and C
defines the value of n in long (A—c0), middle (vis) and short (UV)
wavelength range respectively. Fig. 8a and b show the representative y
and A spectra for nanocrystalline and amorphous GapOs thin film. The
measured and simulated data are in good agreement and is evident from
both figures. Assertively, the higher number of fringes in amorphous
sample is confirming the higher thickness for lower temperature
samples.

The simulated refractive index patterns ate shown in Fig. 9a and b for
PLD Ga3Os thin films deposited at different substrate temperatures. The
decreasing nature of film thickness (Fig. 9b) along with increasing
substrate temperature is already discussed in previous section. The na-
ture of the refractive index (n) spectrum is reflecting the optical behavior
of the corresponding GayOs films. For shorter wavelength, near the
actual optical band gap of the given material, the amorphous films are

(a) RMS:0.8nm  9.0nm

0.0nm
(c) RMS: 3.8nm  23.7nm

0.0nm
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showing higher values of n than that in nanocrystalline -GaOs films.
Due to structural non-uniformity along with random orientation of
nanoscale unit cells reduce the effective group velocity of light through
the amorphous GapOs films. This results into higher values of n.
Whereas, nano-textured GagOs thin films with superior crystalline
quality promote the increasing group velocity of light through close
compact mnanocolumnar GayOs thin film and reflect into reduced value
of n. Additionally, it is important to notice that for long wavelength (>
600 nm) the amorphous and nanocrystalline GayO3 films behave
differently. The rate of change of n with increasing wavelength is rela-
tively higher in amorphous GaOs films. Whereas nanocrystalline films
show no significant changes in this wavelength range. We believe drastic
transformation, before and after 500°C, of crystalline nature is respon-
sible for this typical behavior.

The Si substrate is opaque in UV-vis region, so transmission or ab-
sorption spectroscopy is not possible. Therefore, the optical absorption
of amorphous and nanocrystalline GapOj3 thin films on Si substrate was
measured through indirect diffused reflectance spectroscopy. The
measured spectral response then converted into Kubelka-Munk (K-M)
function which is proportional to the absorption coefficient of the thin
film. The K-M function is derived as following [40]:

(1-R)

R C)

F(R) =
Here, F(R) and R are the kubelka-Munk function and reflectance,
respectively. Similarly, the Tauc plot was also modified by replacing the
absorption coefficient with K-M function. The actual and modified Tauc
equation are shown below.

ax h=A(—E,)" )
F(R) x hv=A(hv — E,)" ®

Here, a, h, v, Eg, F(R), and A represents absorption coefficient, Planck’s
constant, incident photon frequency, optical band gap, kubelka-Munk
function, and fitting constant respectively. We have used n = 1/2 for
the direct band optical transitions in Ga;Og thin film. Figs. 10 and 11
show the corresponding Tauc plots and calculated band gaps of all as
grown GayOs samples, respectively. It is evident (Fig. 11) that the optical
band gap shows an increasing trend with substrate temperature. Starting
with 4.01 eV for room temperature deposition, the close compact
nanocolumnar Gay0j; films, grown at 700°C, is showing an optical band
gap of 4.83 eV. This band gap value is comparable to the as reported

(b) RMS: 1.0nm  16.5nm

0.0nm
(d) RMS:2.2nm 16.2nm

0.0nm

Fig. 7. (a-d) High magnification 3D AFM morphology images of PLD Ga,O3 thin films deposited at various temperatures. The morphology changes in Ga,O3 thin

films as a function of deposition temperature are evident in these images.
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Fig. 8. (a, b) Measured and simulated psi, delta spectra for PLD GayO3 thin
films deposited at 700°C and 25°C samples, respectively.

bulk p-GayOs. During the growth of GayOs thin films under lower sub-
strate temperature (T3<500 °C), incoming laser ablated adatoms did not
get sufficient kinetic energy. Surely the grown amorphous material
suffers from crystalline defects, interstitial trap states, surface states, etc.
and deviates the band edge absorption from its ideal value. Whereas
high substrate temperature results into good quality nanocolumnar
GayOs3 thin film, without any exploitative structural and electronic
component, and shows a band gap closer to the ideal value.

The luminescence behavior of as-grown GayOs thin films were

investigated  through room  temperature photoluminescence
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spectroscopy and the data are shown in Fig. 12a. Though, we have
excited the samples with photons having higher energy value than op-
tical band gap of the samples, there is no signature of band to band
transition. All of them are showing multimodal behavior, but of reduced
energy than actual band gap. These are from Ga-O vacancy states (Vo,
VGa, VGa-Vo), which form secondary quasi states between valence and
conduction band of B-GayOs3 [31,32,41]. Irrespective of its amor-
phous/nanocrystalline behavior, there are potential direct electron-hole
recombination. It’s true that randomized amorphous samples, grown at
lower substrate temperature, show relatively lesser luminescence in-
tensity, whereas textured nanocolumnar samples are having at least
~25-30 fold higher emission intensity. This particular feature can be
correlated with the aforementioned structural and compositional
behavior of the as grown samples. Nanocrystalline Ga;Os thin films are
having lesser parasitic defects whereas amorphous materials are very
prone to defect formation [28]. As a result, with increasing defects,
lower substrate temperature fabrication process reduces the overall
luminescence intensity. Also, there is a clear blue shift of the peak
spectrum with increasing substrate temperature. Room temperature and
300°C are showing green through red emission, but green emission
become dominant with increasing substrate temperature. From 400°C,
there is a significant blue spectrum but green is still dominating. As we
increase the temperature further, the overall signal gets blue-shifted and
for 700°C it shows a distinct UV-A peak. This kind of typical behavior is
due to interplay between shallow and deep level energy states which can
be tailored through controlled growth process [28,31,32,41].

Fig. 12b is depicting a schematic of steady state photo generated
carrier dynamics [28]. The multicolor horizontal band is representing
the inter band distribution of energy states. The excitation of carriers is
from valance to conduction band. From there direct and indirect
relaxation start. Phonon plays an important role indirectly in carrier
transitions to its suitable energy states before recombination. Diagonal
curved arrows are representing phonon assisted transitions. Multicolor
broad downward arrow is showing the direct transition where we get
actual photon emission. The typical color combination is chosen to
represent the multimodal behavior of the emission spectrum which can
be controlled with external probes during the growth process. The gray
vertical curved arrow, pointing downwards through few dash lines, is
reflecting the effect of defect state. There is no effective photon emis-
sion, so represented as dark color. Either excited carriers become trap-
ped inside those trap state or they just hop through those states through
phonon exchanging process. As an active optoelectronic material for
LED application, emitting in visible spectrum, these parasitic states are
not desired and can be reduced with higher growth temperature and
controlled growth conditions.

To investigate the room temperature recombination dynamics of
photogenerated carriers, Transient PL has been done on as grown sam-
ples. Only 600°C and 700°C samples are showing significant response.
The samples with T;<500°C have shown very low intensity and the
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Fig. 9. (a) Wavelength dependent refractive index for amorphous and nanocolumnar $-Ga,O3 films grown by PLD. The data shown are for PLD Ga,Oj3 thin films
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Fig. 11. Band gap variation with deposition temperature of PLD GayO3 thin
films. The difference as well as the trend can be noted for amorphous Ga;O3
versus nanocrystalline p-Ga,O3 films grown various substrate temperatures.

transient data is not reliable due to overwhelming signal to noise ratio.
Fig. 13a and 13b are showing the transient PL data for 600°C and 700°C
samples. The data is fitted with double exponential decay function [42]
which gives two corresponding time constants; t1, to. The initial time
constant t; varies between ~400-500 ps, whereas the second time
constant T, shows a little higher value; ~1.5-2.4 ns. We believe that the
faster component t; is reflecting the decay time for non-radiative
recombination of carriers and the slower component 7, is representing
the radiative transitions[42]. The values corresponding to slower and
faster decay component is in good agreement with the reported values
for high band gap oxide semiconductors[43,44].

The sample with 700°C substrate temperature is showing a typical PL
spectrum. Starting from UV-A band it is extended until red wavelength,
covering almost all the significant regions of solar spectrum. It’s true
that the ratio of different bands is not quite similar to the actual solar
spectrum, but can be tailored with pre-optimized growth conditions.
Even we can demonstrate a white light source with proper doping
incorporation into the system along with desired growth parameters.
Typically, the asymmetric thermodynamic orientation during the
growth of compact p-GayO3 nanocolumnar structure along with selec-
tive nucleation of incoming adatoms make the growth of defect free
B-Gay03 more challenging. But, we have demonstrated the potential of

precisely controlled growth to get desired structural, morphological and
optical behavior. Moreover, the typical luminescence behavior makes
this growth strategy more demanding for further broadband optoelec-
tronic and photonic applications by demonstrating tunable lumines-
cence without any additional dopant and needs further follow up to
optimize for specific technological applications.

4. Summary and conclusions

We have performed detailed studies on the film growth, nano-
structuring, surface/interface morphology, optical and optoelectronic
properties and performance, and demonstrated a low-cost pulsed laser
deposition to manifest GayO3 thin films with controlled structural and
optical/optoelectronic behavior. Starting with amorphous Gap03 at low
substrate temperature, we have established close compact nano-
columnar GapOs thin films with nano-textured atop. Structural,
morphological and interfacial characteristics reviles the formation of
nanocrystalline seed layer, promoting the growth of overlapping nano-
columns with textured bare surface for efficient light trapping. Optical
behavior reflects the band edge absorption near to the ideal value
whereas extensive tunability has been observed in luminescence spec-
trum. Intermediate quasi band assisted broad emission, partially
mimicking the solar spectrum, from such ultra high band gap metallic
oxide semiconductor opens up a potential smart material for optoelec-
tronic and photonic applications. Moreover, absence of any parasitic
dopant, to manifest the desired luminescence outcome, makes this
strategy more intuitive to the science community for further implanta-
tion into technological advancement.
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