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We have performed steady state and time-resolved photoluminescence measurements on (-GapOs and
B-(Gag.955Al0.045)203 and B-(Gag.91Ing 09)203 mixed crystals grown by pulsed laser deposition. The steady state
luminescence spectra of all the samples are characterized by transitions in the form of peaks and shoulders. In
both Gaz03 and the alloy oxides there are two transitions in the wavelength ranges of 330-381 nm (ultraviolet)
and 486-492 nm (blue). Additionally, in GapOs, emissions at 596 nm (yellow) and 734 nm (near infrared) are
also observed. Only the yellow transition is observed in (Gag 955Alp.045)203 at 582 nm and neither are observed in

(Gao.91In0,09)203. Steady state and time-resolved photoluminescence measurements were also made as a function
of excitation intensity. The trend of the variation of integrated and peak intensity, peak position and recombi-
nation lifetimes of the transitions with excitation are examined and discussed in the context of the underlying

recombination mechanisms.

1. Introduction

Monoclinic p-Gay0s is being investigated in recent years as an ultra-
wide bandgap semiconductor (E;~ 4.8 eV) for application in high-power
electronic devices [1-5]. It may even prove to be more suitable in this
respect than GaN and SiC. At the same time, the large bandgap makes
the oxide very promising for ultraviolet (UV) optoelectronics with ap-
plications such as UV solar blind photodetectors and scintillators, solar
cells, and integrated chemical sensors [6-10]. Application of the oxides
to light emitters is also important [11-13], which can provide the pos-
sibility of future optoelectronic integration with electronic devices. In
this context, there are reports of luminescence studies on p-GayO3
[14-23] showing emission in the UV, blue, and red regions of the optical
spectrum dependent on impurities and defects present in the material
and some descriptions of the nature of the transitions leading to these
emissions have been provided. Ga-Al-O and Ga-In-O are related oxide
alloys, with bandgaps larger and smaller than that of Ga;Os, that will be

important in the design and ultimate realization of heterojunction light
emitters. The alloys will also be useful for tuning the spectral response of
photodetectors and solar cells and for the realization of quantum wells.

We have investigated photoluminescence spectra from unintention-
ally doped (UID) epitaxial (Gag.91Ing,09)203 and (Gag 9s5Al0.045)203 and
have compared them with those of GayOs. While there exist several
studies on undoped Gay0s3, to the best of our knowledge, there is hardly
any report on the photoluminescence behavior of (Gaj_,Al,)203 and
(Gay.yIny)203 ternary alloys. In the present study, excitation dependent
photoluminescence (PL) and time-resolved PL (TRPL) measurements
were made and the results have been analyzed in order to understand
the underlying recombination mechanism of the transitions resulting in
peaks and shoulders in the PL spectra.

* Corresponding author. Centre for Advanced Materials Research (CMR), University of Texas at El Paso, 500 W University Ave, El Paso, TX, 79968, USA.

** Corresponding author.

E-mail addresses: pkb@umich.edu (P. Bhattacharya), rvchintalapalle@utep.edu (C.V. Ramana).

https://doi.org/10.1016/j.jlumin.2022.118960

Received 12 December 2021; Received in revised form 21 March 2022; Accepted 1 May 2022

Available online 10 May 2022
0022-2313/© 2022 Published by Elsevier B.V.


mailto:pkb@umich.edu
mailto:rvchintalapalle@utep.edu
www.sciencedirect.com/science/journal/00222313
https://www.elsevier.com/locate/jlumin
https://doi.org/10.1016/j.jlumin.2022.118960
https://doi.org/10.1016/j.jlumin.2022.118960
https://doi.org/10.1016/j.jlumin.2022.118960
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jlumin.2022.118960&domain=pdf

D. Das et al.

2. Materials and methods
2.1. Target synthesis

Gallium oxide (GapO3) and Al/In mixed GayO3 pulsed laser deposi-
tion (PLD) targets were produced via the solid-state chemical reaction
method [24]. In order to obtain the homogenous composites high purity
Gas03 (99.999%) and Aly03/Inp03 (99.999%) powders were mixed
thoroughly. The ratio for Al/In was calibrated based on a stoichiometry
following the chemical formula Gaz03/(Gaj.xAly)203/(Gay.yIny)203,
where x/y are the amounts of Al/In introduced. In the solid-state syn-
thesis technique adopted, the process is initiated by grinding the pow-
ders using a mortar and pestle under a volatile liquid ambient. This
confirms homogenous mixing and smaller size particle formation. The
mixture was calcined at 1100 °C for 24 h in a muffle furnace. After
calcination of the sample, the mixture was pulverized into a fine powder,
which was then used to make ceramic pellets. The pellets had di-
mensions of 1 inch diameter and 1.5 mm thickness. The final stage of the
PLD target synthesis involved sintering. The objective was to acquire a
relatively concentrated material by eliminating the pores and defects
that may have been present in the powder particles. The sintering
temperature and duration were set at 1350 °C and 24 h, respectively.

2.2. Thin film deposition

Ga03/(Gag.955Al0.045)203/(Gag 91Inp.09)203  epitaxial films were
deposited onto c-plane sapphire substrates. The background pressure in
the growth chamber was 10~ Torr before introducing oxygen. A KrF
excimer laser with an output wavelength of 248 nm and with 230 mJ
energy was used to ablate the target. Laser pulses with a 1-3 Hz pulse
frequency were used to excite the ceramic target. The PLD target to
substrate distance was maintained at 45 mm. The oxygen partial pres-
sure in the growth chamber was held at 50 mTorr during deposition of
the thin films. All the specifications were pre-optimized to obtain the
best possible epitaxial film. The deposition of all the samples were made
at a temperature of 700 °C. The controlled ablation of the PLD target
generates a plasma plume containing micro and nano scale molecules
and/or elemental Al/In/Ga/O atoms. The plasma particles, thus pro-
duced, are directed towards the sapphire substrate under a specific ox-
ygen ambient for epitaxial film growth. The film thicknesses are
determined from spectroscopic ellipsometer measurements and analysis
of the measured data. Accordingly, the thicknesses of GapOs,
(Ga()_955A10_045)203 and (Ga0_911n0.09)203 are ~170 nm, 140 nm and 195
nm, respectively.

2.3. Characterization

X-ray diffraction (XRD) measurements were performed on all the
samples using Rigaku Smartlab diffractometer in 1D mode with HyPix
3000 high energy resolution 2D HPAD detector. The Nano surf AFM
system is used to give high resolution topography, deflection and phase
contrast data. The optical absorption behavior of as grown samples is
scrutinized through diffused reflectance spectroscopy. Jasco V-770
UV-Visible Spectrophotometer, with an optical resolution of 0.3 nm, has
been employed to capture the spectrum. Photoluminescence measure-
ments were made with a 80 MHz Ti: sapphire laser as the excitation
source. 100 fs pulses at 245 nm were focused on the sample and the
incident power density was varied in the range of 0.075-5.5 kW/cm?.
The luminescence was analyzed with a monochromator with a resolu-
tion of 0.02 mm and was detected with a photomultiplier tube. Transient
signals in the TRPL measurements were detected by a high-speed single
photon counter with a temporal resolution of 50 ps.

3. Results and discussion

XRD measurements performed on the Ga;O3 and alloyed thin films
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indicate epitaxial film growth under optimum conditions. The data
confirmed that all the epitaxial films are in the monoclinic phase with (2
01) orientation. The bandgap of -Ga;Os and the alloyed oxide semi-
conductors was derived from transmission measurements using a spec-
trophotometer with an optical resolution of 0.3 nm. The optical
transmittance data (Fig. 1) indicate that all the samples are highly
transparent. The recorded transmittance data were used to calculate the
optical absorption of the samples. The band gap values derived are 4.81
eV, 494 eV, and 4.65 eV for Gay0s3, (GagogssAlg 045203 and
(Gap.91Ing,09)203, respectively. The band gaps determined from optical
absorption data confirm that Al-incorporation increases the band gap
while alloying with In decreases the band gap.

Results obtained from steady state PL measurements are presented
first. Fig. 2(a)-(c) show room-temperature PL spectra obtained from the
Ga203, (Ga0,955A10_045)203 and (Gao.911n0.09)203 samples. The spectra,
with distinct peaks and shoulders, have been deconvolved with appro-
priate Gaussian functions to identify the various radiative transitions at
different photon energies. The transition wavelengths in the three oxides
are as follows. A transition in the ultraviolet (UV) region appears at 381
nm in Gap03. In the alloys this transition, shown in the insets, appears as
a weak shoulder at 335 nm (3.7 eV) in (Gag.955Al0.045)203 and 330 nm
(3.75 eV) in (Gag.91Ing 09)203. The dominant peak in all three oxide
appears in the blue region of the spectrum. The peak is at 486 nm in
G3203 and (G30.955A10.045)203 and at 492 nm in (Gao.gllno.og)zogg.
Appearing as a weak shoulder is a transition in the yellow region of the
spectrum, 596 nm in GapO3 and 582 in (Gag 9s5Alg.045)203. This tran-
sition is not clearly observed in (Gag.91Ing 09)203. Also appearing as a
visible shoulder in the spectrum of Ga;Os is a transition in the red region
at 734 nm (1.69 eV), which is not observed in the alloys. Measurements
were made with the excitation on different spots on the surface and, in
some cases, on multiple samples of the three oxide semiconductors. The
general nature of the luminescence spectra of each was found to be
consistent with those illustrated in Fig. 2 and described above. Excita-
tion dependent PL measurements were also made with the excitation
intensity varied over two orders of magnitude. The results are shown in
Fig. 3(a)-(c). The incident power density was estimated from the laser
power and spot size on the sample surface. It is evident that the intensity
of all the peaks and shoulders increases with increasing excitation
power. The increase of integrated PL intensity with incident power
density for the dominant blue transitions in the three oxides and the UV
transition (381 nm) in GayOs is depicted in Fig. 4, together with the
calculated slopes. These are the transitions for which reliable intensity
values can be calculated. The corresponding plots exhibiting the
dependence of peak PL intensity on excitation power are shown. Plots of
the variation of the peak position of these two transitions (derived from
the analyzed Gaussian fits) with incident power for the three oxides are
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Fig. 1. Optical transmittance spectra of epitaxial f-Ga0s3, f-(Gag.955Al0.045)203
and ﬁ'(Gao,91IHO.09)2O3 thin films.
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Fig. 2. Room temperature photoluminescence spectra of p-GazOs; (a),
B-(Gag.955Al0.045)203 (b) and B-(Gag.91Ing.09)203 (c) epitaxial layers. Inset in (c)
shows magnified peak in UV region.

shown in Fig. 5. Except for a random spread in the data at very low
incident powers, the peak positions of all the transitions in the three
oxides are almost invariant with incident power, within limits of
experimental error.

The excess carrier dynamics in the three oxides were investigated by
transient PL measurements. These measurements were made at the UV
and blue wavelengths in the PL spectra and with varying excitation
power. Data obtained from the TRPL measurements at room tempera-
ture are shown in Fig. 6(a)-(c). The transient data were analyzed to yield

Wavelength (nm)

Wavelength (nm)

Journal of Luminescence 248 (2022) 118960

two time constants: an initial fast decay with a time constant t; varying
in the range of ~130-220 ps followed by a slower decay with a time
constant 1, varying in the range of ~0.9-1.9 ns. Of the two time con-
stants observed in the time-resolved PL decay of the various transitions,
the shorter 71 is most likely associated with non-radiative recombina-
tion. The longer time constant 75 is in general agreement with the time
constants ~2 ns reported earlier from TRPL measurement on f-Ga,0%°
and other wide bandgap materials such as GaN. It is also observed that
there is no particular dependence of the time constants on excitation
power density. The variation of t; and 15 with excitation power for the
three transitions in (Gag.g55Al0.045)203 is depicted in Fig. 7.

In elucidating the nature of the various transitions in the three ox-
ides, it is worthwhile to note the following. The exciton binding energy
in GapOs is over 100 meV, with reported values [25-27] in the range
120-270 meV. Excitonic photoresponse has been measured at room
temperature in Ga;O3/GaN photodetectors [28]. The exciton can bind to
defects and impurities in the materials and from bound excitons, that
can also exist at room temperature. It is also known that self-trapped
excitons (STEs) are very stable in GayOs [29], and is expected to
exhibit the same behavior in (Gag g55Al0.045)203 and (Gag.91Ing 09)203.
Exciton-related luminescence transitions generally exhibit invariant
spectral peak position and recombination lifetime with variation of
excitation power. We have recently confirmed these trends in monolayer
GaN with an exciton binding energy of 95 meV [30]. In addition, it has
generally been observed experimentally [31] that the dependence of PL
intensity Ip;, on excitation power I.x. can be expressed as Ipy, I]éxc, where
the exponent k ranges between 1 and 2 for free- and bound-exciton
transitions and k < 1 for free-to-bound (FB) and donor-acceptor (DA)
pair transitions [30-32].

The UV emission observed in GapOs3 in Fig. 2(a) is also present in the
spectra of (Gag 955Al0.045)203 (Fig. 2(b)) and (Gag 91Ing.09)203 (Fig. 2
(c)). This emission is intrinsic in the oxides and is a result of the
recombination of free electrons with self-trapped holes (STH) [15,22,
33-36], or the recombination of self-trapped electrons (STE) [16,22,29,
37]. Our excitation-dependent intensity, recombination lifetime and
spectral peak position data support this. The emission in the blue region
is dominant in Ga;03 (486 nm) and is dominant in (Gag g9s55Al0.045)203
(486 nm) and (Gag 91Ing.09)203 (492 nm) also. It is also believed to be
intrinsic in GapO3 and has been attributed to a DA transition involving
native defects Vo (donors) and Vg, or Vg,-Vo complexes (acceptors)
[14-17,22,23]. Our excitation dependent PL data of intensity (k~1),
peak position and recombination lifetime strongly suggest the involve-
ment of excitons in this transition. With a binding energy larger than
100 meV, excitons are not dissociated at room temperature. Even with
exciton binding energies ~20-30 meV, there are light modulators and
light sources based on excitonic phenomena operating at room tem-
perature. In wide band semiconductors the impurity levels, and partic-
ularly the acceptors, form bands near the band edge [23,38]. For DA and
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Fig. 3. Room temperature excitation dependent photoluminescence response of $-Ga,03 (a), p-(Gag.g955Al0.045)203 (b) and B-(Gag 91Ing.09)203 (¢) thin films.
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FB transitions in this case the peak position would shift and the line-
width would change due to state filling effects. These trends are not
observed here. Therefore we suggest, with caution, that the dominant
transition in the blue region may involve the recombination of excitons
bound to native defects or the recombination of STEs formed with the
involvement of native defects. Further investigations are needed for
confirmation. There are two more transitions, that appear as weak
shoulders in the PL spectrum of GapO3 in Fig. 2(a). These transitions at
1.69 eV (734 nm) and 2.08 eV (596 nm) are highlighted in the inset of
the figure. Only a shoulder is observed at 2.13 eV (582 nm) in the
spectrum of (Gag 955Al0.045)203 (Fig. 2(b)) and none are observed in the
spectrum of (Gag.91Ing 09)203 (Fig. 2(c)). Transitions at ~590 nm (yel-
low) that are observed here and 520 nm (green, not detected in the
oxides investigated in this study) have been reported in undoped and
Zn-doped Gay03 [13,37] and they possibly result from a DA recombi-
nation between Vg (donors) and Vg,-Vo (acceptors). In the case of UID
Gay03 and (Gag 955Al0,045)203 investigated here, it is also possible that
the transitions at 596 and 582 nm, respectively, result from ubiquitous
impurities present in small amounts. The transition appearing as a
shoulder in the spectrum of GayO3 at 1.69 eV (734 nm) in Fig. 2(a) is not
observed in the spectra of (Gaggss5Alp.045)203 and (Gag.g1Ing 09)203.
Transitions in the red to near-infrared spectral region, ranging from 620
to 720 nm have been observed in UID and intentionally doped GasOs.
These longer wavelength transitions have ben related to Fe [19,22] and
Cr [17,22,39,40], in particular, and also to N [22] and rare-earth ele-
ments Eu and Er [13]. Cr®" ions are present as an uncontrolled impurity
and N can be unintentionally incorporated during PLD target prepara-
tion. However, from the present study it appears that alloying GasO3
with Al or In eliminates the red recombination transition, or makes it too
weak to be observed in the PL spectra. The transitions in the red spectral
region have been attributed to DA recombination [23], where the donor
and acceptor species may vary depending on unintentional or

intentional impurities present. It is interesting to note that transitions in
the red region are absent, or below the detections limit, in the alloys. The
reason is not understood at this time.

4. Conclusions

In conclusion, we have investigated the spontaneous emission
characteristics of UID epitaxial (Gag g955Alp.045)203 and (Gag 91Ing.09)203
layers with excitation dependent steady-state and time-resolved photo-
luminescence measurements and have compared them with the emis-
sion characteristics of epitaxial UID GayOs. The epitaxial layers were
grown on sapphire substrates with precisely controlled seed layers.
Dominant transitions in the UV and blue regions of the spectrum are
observed in the PL spectra of Ga;O3 and both alloy oxides. In contrast,
transitions in the red to infrared and yellow regions of the spectrum, that
have been associated with trace unintentional impurities, are seen as
very weak shoulders in the spectrum of GapOs, but are absent in the
alloy oxides. The nature of the recombination mechanism of the
different transitions are discussed.
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