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ABSTRACT: As a promising Ga,Oz-based ultrawide bandgap
semiconductor, beta (/) phase and spinel phase magnesium gallium
oxide (MgGaO) with tunable bandgap larger than 4.8 eV has great
potential in power electronics and deep ultraviolet optoelectronics.
However, the role of Mg composition on the phase transition of
MgGaO thin films from the B to spinel phase and their
photoluminescence (PL) properties are still not explored. In this
perspective, nine MgGaO samples with Mg atomic percent from 0 to
15.26% were grown by using oxygen plasma assisted molecular beam
epitaxy. Bandgap tuning from 4.86 to 5.45 eV in MgGaO alloys was
observed. The phase transition between A-MgGaO and spinel
MgGa, O, thin films was confirmed, and lattice parameters changing
with Mg at. % were extracted by X-ray diffraction theta/2theta scans
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and in-plane reciprocal space mapping. Room temperature-, power-, and temperature-dependent PL properties of these MgGaO

films were investigated, and the PL mechanisms were revealed.
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B INTRODUCTION

As one of the most promising ultrawide bandgap (UWBG)
semiconductor materials, f-Ga,O; has gained significant
popularity in high-performance power electronic and opto-
electronic devices."~ The critical electric field of ~8 MV/cm
allows for its applications in high-power diodes and field-effect
transistors.”"® Additionally, its large bandgap energy enables
deep ultraviolet (UV) optoelectronic device applications.”® To
extend the applications of Ga,0;-based devices beyond the
beta phase structure, bandgap en§ineering through Mg
incorporation is highly desirable.” "* Both amorphous
MgGaO”"” and -MgGaO'""” have been reported for deep-
UV photodetector applications. Previously, we confirmed that
the MgGaO lattice structure transforms from beta phase to
beta and rocksalt mixed phase, and finally to rocksalt phase, as
the normalized cations Mg at.%/Ga at.% change from 0%/
100% to 100%/0%.'* However, the interval of Mg and Ga
composition change in the above study was a bit too big;
normalized cations Mg at.%/Ga at.% were not tuned to be
around 33.33%/66.67%, which could lead to the spinel
MgGa,0, phase, a promising transparent semiconducting
oxide' "> for optoelectronic and power electronic applica-
tions."® In addition, carefully tuning Mg compositions within
33.33% in MgGaO may lead to a transition between S-phase
and spinel phase, which was not explored in the previous
study'” and remains unknown. Furthermore, there is a lack of
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comprehensive photoluminescence (PL) studies of f-MgGaO
and spinel MgGa,0, thin films, although several room-
temperature’’*° and a few temperature-dependent”’ PL
studies of Mg-doped f-Ga,O; were conducted, and prelimi-
nary room-temperature PL studies of MgGa,0, were
reported.””*

To refine the phase transition conditions from $-MgGaO to
spinel MgGa,0, and to investigate the PL mechanism of
MgGaO films with varying Mg atomic percentages, this study
involves the growth of nine MgGaO thin film samples with Mg
atomic percentages ranging from 0 to 15.26% (normalized
across all Mg, Ga, and O elements in the alloys) using plasma-
assisted molecular beam epitaxy (MBE). The structural
transformation, film quality, lattice parameters, optical
bandgap, and transmittance properties were examined. Addi-
tionally, comprehensive PL studies of these MgGaO thin films,
including power- and temperature-dependent PL measure-
ments, were carried out.
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Table 1. Characterized Parameters of Nine MgGaO Thin Films with Mg Atom % from 0% to 15.26%

Relative atomic percent (EDX)

Sample index Film thickness (nm) Mg % Ga % O % Chemical formula Phase identification Bandgap (eV)
#1 364.35 0 40.0S 59.95 Ga,04 P-phase 5.02
" 379.97 2.89 37.28 59.83 (Mgo07Ga95)205 B-phase 5.08
#3 397.01 4.05 35.84 60.10 (Mgo1Gagy),0; P-phase S.11
#4 665.70 6.71 33.93 59.36 Mg,067G0.33900.504 Mixed phase 4.86
#5 744.52 7.42 3345 59.13 Mgy 074Gag.33500.501 Mixed phase 4.88
#6 1319.69 12.04 30.24 57.72 Mgo 15Ga630005 Mixed phase 535
#7 1137.10 13.31 2891 57.78 Mg 0,Gay 00, Spinel phase 5.38
#3 1224.85 14.04 28.44 57.52 Mg 5,Ga; 930, Spinel phase 5.43
#9 1203.95 15.26 27.71 57.03 Mg, ;Ga; 9,0, Spinel phase 5.45
B EXPERIMENTAL SECTION 0% —2.80%  emd 05%

Film Growth. An SVT Associates MBE system with a base =—G.71%  em==742%  e=—=12.04%
pressure of 1077 Torr was used to grow MgGaO samples. Two-inch c- 13.31%  ===14.04%  ===15.26%
plane sapphire wafers were used as substrates. The substrate was '; o Ga
cleaned by using a piranha solution (H,0,:H,SO, = 3:5) at 200 °C s A AMe
for approximately 20 min. Subsequently, the substrate was rinsed in NG A A
deionized water, blown dry with a nitrogen gun, and transferred to the = —\ N

= v N\
MBE load-lock chamber. After the pressure of the load-lock chamber 3 = A\
was reduced more than approximately 107 Torr, the substrate was £ A —A—'I‘
finally transferred to the substrate holder in the main chamber. The iy N
substrate temperature was raised by a heater placed behind the A\ NS
substrate, and a pregrowth substrate annealing process was conducted 0 i - 5
at 800 °C for 20 min. The substrate temperature was then reduced to
600 °C for sample growth. During the growth, oxygen was introduced Energy (KeV)

at a rate of 2.0 sccm using an RF plasma at 400 W. The elemental
high-purity Ga (6 N) effusion cell temperature was maintained at 750
°C, and the Mg (4 N) effusion cell temperature was varied from 390
to 423 °C, resulting in the growth of nine MgGaO thin film samples
with different Mg atomic percentages. The growth for each sample
lasted S h. Following growth, a postannealing process was conducted
at 700 °C for 20 min without an oxygen atmosphere.

Film Characterization. The film thickness of the samples, as
listed in Table 1, was measured by using a Veeco Dektak 8
profilometer. The relative atomic ratios of Mg, Ga, and O in all
samples were determined by energy-dispersive X-ray (EDX) analysis
using a TESCAN Vega3 SBH scanning electron microscope (SEM).
The film structure, quality, and lattice parameters were characterized
by X-ray diffraction (XRD) techniques, including theta/2theta scans,
rocking curves, in-plane phi scans, and reciprocal space mapping
(RSM), using a Bruker D8 Advance X-ray diffractometer and a Rigaku
SmartLab X-ray diffractometer with Cu Ka radiation (4 = 1.5405 A)
at room temperature. Absorption and transmittance spectra were
measured at room temperature with a high-performance UV—vis—
NIR spectrophotometer (Cary 5000, Agilent Inc.). Power- and
temperature-dependent PL spectra were obtained using a custom-
built PL system equipped with a 193 nm ArF excimer laser (Coherent
Inc.) and a helium compressor (SHI-APD Cryogenics Inc.). The laser,
operating in constant energy mode, allowed for varying incident
power densities by adjusting the energy values of the beam through a
constant beam area defined by the beam slit. Temperature control of
PL from 14 to 300 K was used.

B RESULTS AND DISCUSSION

Figure 1 shows the EDX spectra of all MgGaO thin films. The
O Ka, Ga La, and Mg Ka peaks are located at approximately
0.525, 1.098, and 1.253 keV,'>'*!S respectively. Due to the
substantial film thickness, the Al signal from the substrate is
undetectable. Based on the integrated area of the peaks, the
elemental compositions are obtained as listed in Table 1. The
Mg at.% increases monotonically from 0% to 15.26% across
samples #1 to #9.
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Figure 1. EDX spectra of MgGaO thin films of different Mg atomic
percent.

Figure 2(a) depicts the schematics of lattice structures of -
MgGaO and spinel MgGa,O,, grown on a c-sapphire substrate,
where the f-phase {201} planes and spinel phase {111} planes
epitaxially align along the c-sapphire [0001] orientation. Figure
2(b) shows the XRD pattern of all MgGaO samples obtained
through theta/2theta scanning. Samples #1—#3, with Mg
atomic percentages ranging from 0 to 4.05%, exhibit pure f-
phase. According to Ga,O; PDF 01-087-1901, four distinct
diffraction peaks are observed at approximately 19.12°, 38.50°,
59.14°, and 82.37°, correséponding to the f3-phase (201), (402),
(603), and (804),*7*° respectively, indicating a clear
monoclinic structure. The chemical formula for films in the
p-phase can be expressed as (Mg,Ga,_,),0; (Table 1). Taking
sample no. 2 as an example, its formula can be expressed as
(Mgy,07Gage3),03. On the other hand, according to MgGa,O,
PDF 00-010-0133, samples #7—#9, with Mg atomic percen-
tages between 13.31% and 15.26%, display a pure spinel phase
with diffraction peaks at approximately 35.93°, 37.59°, and
80.24°, corresponding to the spinel phase (311), (222), and
(444),”7* respectively. The existence of (222) and (444) but
lack of (111) and (333) diffraction peaks is noticed, which may
be due to unsubstantiated destructive interference of the latter
planes. The chemical formula for films in spinel phase can be
expressed as Mg,Ga,O,, where x and y are close to 1 and 2,
respectively (Table 1). For example, the chemical formula of
sample #9 can be expressed as ~Mg, (;Ga; 9,O,. Samples #4—
#6, with Mg atomic percentages from 6.71% to 12.04%, exhibit
a mixed phase of # and spinel, as evidenced by the presence of
both f-phase (201), (402), (603), and (804) peaks and the
spinel phase (311) peak in the XRD pattern. The chemical
formula in this region can be expressed as Mg,Ga,O, (Table
1). For example, the chemical formula of sample #6 can be

https://doi.org/10.1021/acsaelm.4c01079
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Figure 2. (a) Schematic of lattice structures of MgGaO films in both 8- and spinel phases grown on c-sapphire. (b) XRD patterns of MgGaO films
with various Mg atomic percentages in theta—2theta scans. (c) Normalized XRD rocking curves. (d) ¢-scan patterns of the f-MgGaO {020} plane.
(e—g) In-plane RSM of samples #1—#3 of the f-phase (020). (h) B-phase lattice constant ag, bp, ¢z and spinel phase lattice constant agy;,e versus
Mg atomic percentage.
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Figure 3. (a) Tauc plot absorption spectra, with an inset showing the corresponding transmittance spectra. (b) The relationship between the
bandgap and Mg atomic percentage across various MgGaO samples.

written as Mg ,Gag 3000 sg. Furthermore, as the Mg Lattice constants a; and ¢4 of f-phase samples can be
composition increases, the diffraction angles decrease due to obtained from the XRD pattern in theta/2thta scan mode in
t°he larger ionic radius of Mg (0.72 A) compared to Ga (0.62 Figure 2(b), while by of these f-phase samples were obtained
A) in both $- and mixed phases.'”'**” The 2theta positions of by in-plane reciprocal space mapping of the f-phase (020)
the (402) peak for the -phase and mixed phase, as well as the plane, which are shown in Figures 2(e)—(g), respectively.
(222) peak for the spinel phase, are summarized in Table S1 in Specifically, we derived the interplanar distance dy,,) of the /-
the Supporting Information. Figure 2(c) shows normalized
XRD rocking curves of (402) and (222) peaks for f-phase and
f/spinel mixed phase and spinel phase samples, respectively.
The full width at half-maximum (fwhm) values for f-phase
samples #1—#3 are 0.0827°, 0.0732°, and 0.0736°; for mixed L ]
phase samples #4—#6, they are 0.0722°, 0.0731°, and 0.0405°; d(020) = \/m , where R, and R, are coordinate values of Q,
and for spinel samples #7—#9, they are 0.0749°, 0.0889°, and Y . .
o . S . and Q, in reciprocal space, from which the lattice constant by
0.0845°, respectively. These low fwhm values indicate the high . . o
. 12,13 . . of f-phase samples is calculated as twice d(gy). Similarly, we
quality of our films. Given the single-phase nature of j- . _ . ,
. obtained the interplanar distance d(;5,) for the pure spinel
phase films, Figure 2(d) shows f-MgGaO {020} ¢-scan i
_ . o samples from XRD theta/2theta scan patterns, enabling the
patterns for samples #1—#3 at a 2theta_chi detector position ] )
of 60.961° (PDF 01-087-1901). Consistent with previously calculation of the lattice constant dgn. as 2v/3d(y,). These

phase samples by applying Bragg’s law. Then, we utilized
established equations from prior studies'” to calculate the
lattice constants a and c;. From RSM results in Figures 2(e)—
(g), the interplanar distance d(gy) is obtained by the formula

reported 3-Ga,0;°"’" and f-MgGaO'* {020} ¢-scan patterns, lattice constant values are listed in Table S1 in the Supporting
all three films exhibit a 6-fold rotational symmetry. Information. Figure 2(h) shows the lattice constants as a
6642 https://doi.org/10.1021/acsaelm.4c01079
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Figure 4. (a) Normalized PL spectra of all samples at room temperature (the inset is the PL main peak position versus Mg atomic percent). (b, c)

PL deconvolution for sample #2 in beta phase and #9 in spinel phase,
transitions in both beta and spinel MgGaO.

respectively. (d) Schematic energy level diagram illustrating optical

Table 2. Main PL Peak Position and the Spatial Distribution of Defect Levels in Undoped f-Ga,0;, f-MgGaO, f, and Spinel

Mixed Phase and Spinel MgGaO at Room Temperature”

MgGaO sample Main PL peak position at RT (eV) Vo, (eV)
#1 Mg 0% 3.02 132
#2 Mg 2.89% 2.55 1.51
#3 Mg 4.05% 2.79 -
#4 Mg 6.71% 2.68 -
#5 Mg 7.42% 2.79 -
#6 Mg 12.04% 2.90

#7 Mg 13.31% 297 0.68
#8 Mg 14.04% 3.10 1.02
#9 Mg 15.26% 3.17 1.03
f-Ga,0,>>3¢ 2.5-3.0 1.38
Mg:Ga, 05> 1.5-2.5 1.44
DFT" - 1.6

Vo, (eV) Vo (eV) Egrii(eV) Mg, (Voaeo) (eV)
2.04 1.8 0.49 (0.63)
2.09 1.87 0.58 (0.69)
- - 0.51 -
- - 0.40 -
- - 0.42 -
0.78
1.17 1.05 0.89 1.69
2.05 1.57 0.61 1.21
1.97 1.54 0.42 1.13
1.76 1.56 0.53 (027)
1.77 1.61 - 1.0-1.5(0.35)
2.0 1.7 - 1.05

“Specifically, these values are referenced to the energy (in eV) below the conduction band minimum (CBM) for oxygen vacancies associated with
donor bands and above the valence band maximum (VBM) for self-trapped holes (STHs) and Vg,_o and Mgg, acceptors. Corresponding
experimental and density functional theory (DFT) calculated values of f-Ga,O; and Mg-doped Ga,0O; from the literature are included for

comparison.

function of the Mg atomic percentage. In B-phase MgGaO
samples, both a; and ¢; increase, while b, decreases with
increasing Mg at.%, compared to the reference values of f-
Ga,0,, which are approximately 12.20 A, 5.799 A, and 3.04 A,
respectively (f-Ga,0; PDF 01-087-1901). In spinel phase
MgGa,0, samples, the lattice constant agy,, shows a slight
increase with the increase of the Mg atomic percentage,
compared with a reference value of approximately 8.288 A
(MgGa,O, PDF 00-010-0133).

Figure 3(a) shows absorption spectra of all samples in the
Tauc plot. Both B-MgGaO''~'>?*?% and spinel

6643

MgGa,0,'#">** were acknowledged as direct bandgap semi-
conductors. Implicit in this analysis is the assumption that their
ternary alloy, the mixed phase MgGaO, likewise conforms to
this intrinsic property. Employing the Tauc equation
(ahv)* = A(ho
the absorption coeflicient, and A represents a constant, the
bandgap E, involved
extrapolating the linear portion of the absorption spectra to
intersect the hv-axis through linear regression, as documented
in Table 1 of the Supporting Information. The inset of Figure

- Eg), wherein ho signifies energy, @ denotes

is discerned. This determination

https://doi.org/10.1021/acsaelm.4c01079
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3(a) shows transmittance spectra, manifesting a discernible
reduction in light transmittance from approximately 90% in the
beta phase to a range of 60—80% in the mixed phase, followed
by an ascent to approximately 80% in the spinel phase,
spanning the visible spectrum. Figure 3(b) shows a graphical
representation of the bandgap modulation with varying Mg
composition in MgGaO films. It is noted that the bandgap
exhibits a consistent augmentation with escalating Mg atomic
percentages in both the beta phase and the transition from
mixed to spinel phases. Nevertheless, a conspicuous decline in
bandgap transpires from the beta to the mixed phase,
ostensibly attributed to the abrupt emergence of the spinel
phase characterized by a diminished bandgap. This decline,
from 5.11 to 4.86 eV, underscores the discernible influence of
the spinel phase in attenuating the comparatively larger
bandgap intrinsic to the beta phase.

Figure 4(a) shows normalized room temperature (RT) PL
spectra of all samples, which were acquired at an incident
power density of 12.8 mW/cm”. Analogous to RT PL spectra
observed in Mg-doped f-Ga,0,,'%*"*"*® the spectra display
broad luminescence, with the primary peak reaching maximum
intensity within the 300—600 nm range. The main PL peak
positions are listed in Table 2. Correspondingly, the inset in
Figure 4(a) shows the main PL peak positions as a function of
the Mg atomic percentage. The main PL peak position of
sample #1 is located at ~3.02 eV (~409.99 nm), which is in
good agreement with the reported main PL peak position of
bulk $-Ga,0; at ~3.10 eV (~400 nm).**~** After incorporat-
ing Mg, the main PL peak position of the beta phase MgGaO
films decreases below 3.0 eV. A similar phenomenon was
observed with the main PL peak of a Mg-doped -Ga,0O; single
crystal at ~2.75 eV (~450 nm) with respect to ~2.95 (~420
nm) of its undoped -Ga,0;.** In addition, all main PL peaks
manifest a blue shift among MgGaO thin films as the Mg
composition increases, which is consistent with the escalating
optical bandgap observed in S-MgGaO, mixed phase, and
spinel phase regions, respectively. RT PL peak deconvolution
was conducted to discern the optical transitions within all
samples. As illustrated by sample no. 2 in the beta phase and
sample no. 9 in the spinel phase here, Figure 4(b) shows the
deconvoluted PL peaks for sample no. 2, encompassing
emissions at approximately 3.40 eV for UV; emission, 2.88
eV for violet, 2.52 eV for blue, 2.30 eV for green, and 1.80 eV
for red. Meanwhile, Figure 4(c) shows the deconvoluted PL
peaks for sample #9, revealing emissions at around 3.93 eV for
UV, 4.32 eV for UVy, 3.29 eV for violet, 2.78 eV for blue, and
2.35 eV for green. PL deconvolution for all remaining samples
is shown in Figure S1 in the Supporting Information.

The energy level diagram outlining the PL mechanism in
both f-MgGaO and spinel MgGa,O, films is depicted in
Figure 4(d). Similar to the energy levels predicted or observed
in p-Ga,0; Mg-doped Ga,0; and spinel MgGa,O, thin
films,"®*"*" three oxygen-vacancy-related donor levels, polar-
onic self-trapped hole (STH) states, Mg on a Ga site (Mgg,)
acceptor level, or Ga and O vacancy defect complex acceptor
level (Vg,_o), are included in addition to the conduction and
valence bands. The UV| emission observed in all films is
attributed to the optical transition between the electrons in the
conduction band and the STHs. Its energy Ey, can be

calculated based on the equation Eyy, = E, — E}S,Z;fmn - Eé’;fl,
STH
Epolaron

where E is the bandgap, is the polaronic STH energy

level of ~1.1 €V above the valence band, which is assumed to
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be the same as in 3-Ga,0,,'® and Eé’;’f, is

36 bind
Egry
calculated and are summarized in Table 2. For example,

the binding energy of

STHs to an oxygen atom. for all samples were

i
of pure f-phase sample #2 and pure spinel sample #9 is
estimated to be ~0.58 and 0.42 eV, respectively, which is close
to ~0.53 eV of f-Ga,0,*° The second UV peak (UVy;), which
is attributed to an optical transition between conduction band
and Mg, antisite acceptors in MgGaO thin films or Vg, ¢
defect complex acceptors in the Ga,O; reference sample, can
be extracted.”>**** The difference is that this peak can be
observed at room temperature for pure spinel MgGa,0,
samples, as shown in Figure 4(c), while it can be revealed
only at low temperature for Ga,O; and low-Mg composition /-
MgGaO thin films, as shown later. The acceptor ionization
energies E, (either EMgGu or EVGn—O) of these samples can be

calculated as E, = E, — Eyy, and are listed in Table 2. As

shown in the table, the acceptor ionization energies for f-
Ga,0; and f-MgGaO sample 2 are 0.63 and 0.69 eV,
respectively. The high similarity of these values suggests that
the acceptor responsible for the UV}, optical transition in f-
MgGaO sample 2 could still be dominated by V,_g instead of
Mg, antisite acceptors even if almost 2.9 at% Mg is
incorporated in the alloy. Nevertheless, these values are larger
than reported Vg, o acceptor ionization energies in $-Ga,0;
and Mg-doped Ga,O; samples, which may be due to the
smaller bandgaps of their samples. On the other hand, the
acceptor ionization energies are ~1.69, 1.21, and 1.13 eV for
pure spinel MgGa,O, samples 7—9, respectively. It is noted
that the acceptor ionization energy decreases with increasing
Mg atomic percent; namely, it shifts toward the valence band
maximum (VBM) as the Mg composition increases in these
spinel samples. In comparison, the Mgg, deep acceptor energy
level of Mg-doped f-Ga,O; was determined experimentally at
~1.79 eV above the valence band edge,”’ while calculated
Mg, energy levels are appropriately situated in the range of
1-1.5 €V above the VBM.”' Since the acceptor ionization
energies are similar to these reported values, it can be inferred
that Mg, antisite species are the dominating deep acceptors in
MgGa,0, spinel samples.

Besides the above UV emissions, violet, blue, and green
visible emissions were observed for all films, which originate
from donor—acceptor pair (DAP) transitions between three
oxygen vacancy donor bands and Vg, o acceptor bands or
Mg, antisite acceptor levels, as shown in Figure 4(d). Using
these visible emission peak energies, with a knowledge of the
acceptor energy level, the three oxygen vacancy level positions
can be calculated, or vice versa. Table 2 lists these values that
can be extracted. For example, the three oxygen vacancy levels
for Ga,O; sample #1 are estimated at 1.32, 1.8, and 2.04 eV
below the conduction band edge, which is in good agreement
with DFT calculation results of 1.6, 1.7, and 2.0 eV,'®
respectively. For p-phase MgGaO sample #2, the oxygen
vacancy energy levels are estimated at 1.51, 1.87, and 2.09 eV
below the conduction band edge, respectively. The estimated
energy levels of the three oxygen vacancies of spinel sample no.
9 are 0.98, 1.49, and 1.92 eV below the conduction band edge,
respectively. Since there were no UV peaks detected in
sample #3 and mixed-phased samples, the oxygen vacancy
energy levels cannot be calculated. Finally, a very weak red
emission located at ~680 nm was observed for MgGaO
samples #2—#6 in the beta and mixed phases, which is similar
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to the reported ~690 nm red emission in Mg-doped f-
Ga,0;.”" The origin of the red emission remains unclear,
although it was suggested to be a transition between valence
band and Mg, antisite deep acceptor energy levels.”'

Figure S(a),(b) show power-dependent PL spectra of f-
MgGaO sample #2 and spinel MgGa,O, sample #9 at 14 K,
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Figure S. (a, b) Power-dependent PL spectra at 14 K for sample #2
and #9. Insets are the integrated PL intensity versus incident power
density, respectively. (c, d) Temperature-dependent PL spectra at
12.8 mW/cm? for samples #2 and #9. Insets are the integrated PL
intensity versus temperature, respectively.

with excitation power densities ranging from 12.8 to 64.0 mW/
cm?, respectively, and the insets are the integrated PL intensity
versus power density accordingly. The corresponding results
for the remaining samples are provided in Figures S2(a)—(g)
in the Supporting Information. For each sample, the PL peak
position remains stable despite variations in the incident power
density. In addition, the increase in integrated PL intensity
with increasing incident power density is attributed to the
increased number of pumped electrons, following a similar
nonlinear trend.***” This behavior is indicative of the interplay
among Shockley—Read—Hall (SRH) recombination, sponta-
neous emission, and Auger recombination processes.47 It
should also be noted that a UV peak, which is designated as
UVy; emission, emerges at approximately 4.39 eV at 14 K for
both 5-Ga,O; sample #1 (Figure S2(a)) and -MgGaO sample
#2 (Figure 5(a)). This UV} emission is attributed to the
recombination of electrons in the conduction band and holes
in the Vg,_o defect complex acceptor level in Ga,O5 and/or
the Mg, antisite acceptor level in MgGaO, as discussed
earlier.

Figures 5(c),(d) show temperature-dependent PL spectra of
samples #2 and #9, recorded over a temperature range between
14 and 300 K with an incident lasing power density of 12.8
mW/cm?, respectively. The inset is the integrated PL intensity
versus temperature accordingly. The corresponding results for
the remaining samples are shown in Figures S3(a)—(g) in the
Supporting Information. Across all samples, the PL exhibits
negative thermal quenching (NTQ) effects for the temperature
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below ~100 K, while positive thermal quenching (PTQ)
effects dominate with the temperature above ~100 K. The
PTQ is primarily due to the fact that thermal energy promotes
nonradiative recombination pathways such as SRH recombi-
nation.***” On the other hand, the existence of NTQ suggests
the presence of multiple intermediate energy levels within the
bandgap that participate in radiative recombination pro-

48-50 1. 1. :
cesses, which is the case in our samples.

B CONCLUSION

In this study, we conducted the growth of nine MgGaO thin
films via MBE, with varying Mg atomic percentages spanning
from 0 to 15.26%. Our primary focus was to elucidate the
phase transition phenomena from the f-phase to the spinel
phase and PL properties of these films. Through systematic
investigation, we established distinct phase boundaries: when
the Mg atomic percentage ranges from 0 to 4.05%, the material
predominantly exhibits pure f-phase; within the Mg atomic
percentage range of 6.71% to 12.04%, a mixture of f-phase and
spinel phase is observed; while at Mg atomic percentages
between 13.31% and 15.26%, the material transitions entirely
into pure spinel phase. Comprehensive PL studies were carried
out, unraveling the PL mechanisms associated with both p-
MgGaO and spinel MgGa,O, thin films. Our investigation
contributes to a deeper understanding of the intricate phase
transitions and sheds light on the defect energy levels intrinsic
to Ga,03-based MgGaO alloys. This elucidation holds promise
for optimizing the performance of UWBG semiconductor
electronic and optoelectronic devices through informed design
strategies based on a thorough comprehension of the crystal
structure and defect characteristics.
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