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ABSTRACT

As a promising ultrawide bandgap oxide semiconductor material in the spinel family, magnesium gallate (MgGa2O4) exhibits great potential
applications in power electronics, transparent electronics, and deep ultraviolet optoelectronics. However, few studies reveal its
photoluminescence (PL) properties. In this work, MgGa2O4 films were grown by using oxygen plasma assisted molecular beam epitaxy. The
bandgap of MgGa2O4 spinel films is determined to be around 5.4–5.5 eV, and all samples have transmittance over 90% in the visible spectral
range. X-ray diffraction patterns confirmed that the spinel films were grown highly along h111i oriented. Power and temperature dependent
PL studies were investigated. Optical transitions involving self-trapped hole, oxygen vacancy deep donor, and magnesium atom on gallium
site deep acceptor levels were revealed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0218242

With the properties of transparency to visible light, transparent
semiconducting oxides (TSOs) of optical bandgap larger than �3 eV
have great potential in electronic and optoelectronic applications, such
as deep ultraviolet (UV) photodetectors, photodiodes, Schottky diodes,
and transparent thin film transistors.1,2 Among these TSO materials,
ZnO,3,4 In2O3,

5 SnO2,
6,7 and Ga2O3

8,9 are extensively studied.
Previously, we explored the possibility of Ga2O3 with Mg incorpora-
tion in the beta phase for deep UV photodetector applications.10,11

MgGaO ultrawide bandgap engineering with normalized Mg at. %/Ga
at.% ranging from 0%/100% to 100%/0% was investigated for the
study of phase transition and optical properties as well.12 Among all
different element composition combinations, it is reported that the
inverse spinel magnesium gallate (MgGa2O4) of normalized Mg
at. %/Ga at. % at 33.33%/66.67% is applicable for solar blind photode-
tector applications13–15 due to its reported large bandgap (4.7–5.36 eV)
at room temperature,14,15 good mechanical properties, high radiation
hardness,14 and high thermal chemical stability at high tempera-
ture.16,17 Meanwhile, as a good luminescent material, the MgGa2O4

luminescence properties were studied with the incorporation of Mn2þ

for green,18,19 Eu3þ for red,19,20 and Cr3þ and Niþ for near-infrared
light emission.21–24Nevertheless, there are only very few room temper-
ature photoluminescence (PL) studies of native defects in MgGa2O4

itself to illustrate the PL mechanism,25,26 in contrast to extensive PL

studies of b-Ga2O3 with/without Mg doped.27–29 In addition,
MgGa2O4 is mostly produced by the Czochralski method2,30 or high-
temperature solid reaction methods31–33 as bulk materials. Toward
electronic and optoelectronic device applications, a few epitaxial film
growth attempts are reported recently by metalorganic chemical vapor
deposition (MOCVD)13,15 or pulsed laser deposition (PLD)14methods.
As an alternative precise growth control method, molecular beam epi-
taxy (MBE) has not been used for MgGa2O4 growth yet. In this study,
MgGa2O4 epitaxial films were grown by MBE. The structural, optical,
and surface morphology properties were studied. In particular, com-
prehensive PL studies including power dependent and temperature
dependent PL were carried out. The PL mechanism involving optical
transitions through self-trapped hole (STH), oxygen vacancy deep
donor, and Mg on Ga site deep acceptor energy levels is revealed in
spinel MgGa2O4, compared to a reference b-Ga2O3 sample.

MgGa2O4 films were grown on two-inch c-sapphire substrates by
using an RF oxygen plasma assisted MBE system (SVT Associates,
Inc.). Piranha solution (H2O2: H2SO4¼ 3:5) at 200 �C was used to
clean substrate for about 20min, followed by de-ionized water rinse
process. After dried by nitrogen gas, substrate was transferred to the
loadlock chamber of MBE immediately. Mg (4N) and Ga shots (6N)
(Alfa Aesar) high-purity elemental sources in effusion cells were used
for sample growth. To achieve an atomic level surface at a high vacuum
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of 10�9Torr, a pre-growth substrate annealing process was performed
at 800 �C for 20min. The Ga and Mg effusion cell temperature was
fixed at 750 and 410 �C, respectively. The growth temperature for spi-
nel samples #2–#4 was set as 400, 500, and 600 �C, respectively, while it
was set at 600 �C for reference beta phase Ga2O3 sample #1.
Meanwhile, 2.0 sccm flux of oxygen under 400W RF plasma was
introduced for 5 h. Then, a post-growth annealing process without
oxygen atmosphere was operated at 700 �C for 20min. The growth
conditions are listed in Table S1 of the supplementary material. The
film thickness was measured by a Veeco Dektak 8 profilometer, yield-
ing �364.35, �981.18, �1122.36, and �1217.86nm for samples
#1–#4, respectively, as shown in Table S1 of the supplementary
material. Mg, Ga, and O compositions of all samples were measured
by energy-dispersive x-ray (EDX) in a TESCAN SBH scanning elec-
tron microscope (SEM). For film phase determination, film quality,
epitaxial relationship, and lattice constant investigation, x-ray diffrac-
tion (XRD) theta-2theta, rocking curve, in-plane phi scan, and recipro-
cal space mapping (RSM) of the samples were measured by using a
Bruker D8 Advance x-ray diffractometer and a Rigaku SmartLab x-ray
diffractometer with Cu Ka (k¼ 0.154 05 nm) radiation at room tem-
perature, respectively. Absorption and transmittance spectra were
measured using a high-performance UV-Vis-NIR spectrophotometer
(Cary 5000, Agilent Inc.). PL spectra were measured with a home-built
PL system, which is equipped with a 193-nm ArF excimer laser.

Figure 1(a) shows EDX spectra of the four samples. Similar to the
reported MgGa2O4 EDX spectra,13 the O ka, Ga La, and Mg Ka peaks
are located around 0.525, 1.098, and 1.253keV, respectively, and Al
signal from the substrate is undetected due to the large film thickness.

As listed in Table S1 in the supplementary material, Ga at.%/O at. % of
sample #1 is 40.05%/59.95%, while Mg at. %/Ga at.%/O at. % is
15.26%/27.71%/57.03%, 14.62%/27.60%/57.78%, and 14.25%/28.58%/
57.17% for samples #2, #3, and #4, respectively. Element atomic ratios
of all three spinel samples are close to the nominal value of spinel
MgGa2O4,

34 namely, 14.28%/28.57%/57.15%, although Mg at. %
decreases slightly with the increase in the substrate temperature. The
cross-sectional SEM image of sample #4 is shown in Fig. 1(b), while
the images of other samples are shown in Figs. S1(a)–S1(c) of the
supplementary material. The results indicate that the films grow epi-
taxially well with substrate, and the film thickness of the samples
matches the values measured by a profilometer. SEM surface morphol-
ogy of sample #4 in Fig. 1(c) and samples #1–#3 in Figs. S1(d)–S1(f)
indicate the smooth surface for all samples.

Figure 1(d) shows the XRD pattern in the h/2h scan mode of all
four samples. Compared to the clear monoclinic structure of sample
#1 with three typical diffraction peaks (�201), (�402), and (�603),10–12

which are located at �19.12�, 38.50�, and 59.14�, respectively, three
diffraction peaks located at �35.93�, 37.59�, and 80.24� correspond to
the spinel phases of (311), (222), and (444) in samples #2–#4, respec-
tively.15,33–35 According to Bragg’s law, the d-spacing value of (222)
plane is calculated to be �2.390 Å; therefore, the lattice constant aspinel
is 2

ffiffiffi

3
p

dð222Þ, namely, 8.282 Å, which is in good agreement with the
nominal value of 8.288 Å reported in MgGa2O4 PDF 00-010-0133.
The inset of Fig. 1(d) is a schematic of spinel MgGa2O4 structure with
two kinds of Ga atoms located in both tetrahedral and octahedral sites,
while the Mg atom locates only in octahedral site, namely,
Gatet(MgGa)octO4.

36 The (111) plane is marked to indicate more

FIG. 1. (a) EDX spectra of b-Ga2O3 and spinel MgGa2O4 thin films. (b) SEM cross section and (c) surface morphology image of sample #4. (d) XRD pattern in the theta-2theta
scan mode (inset is the spinel structure schematic). (e) Normalized XRD rocking curves for b-Ga2O3 (�402) and spinel MgGa2O4 (222) peaks. (f) Tauc plot of absorption spectra
(inset is the transmittance spectra).
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preferred h111i growth orientation with respect to h311i direction in
the spinel sample. Figure 1(e) shows normalized XRD rocking curves
for b-Ga2O3 (�402) and spinel MgGa2O4 (222) peaks. The full width at
half maximum (FWHM) of the curves for samples #1–#4 is recorded
as 0.0894�, 0.0843�, 0.0898�, and 0.0860�, respectively. The small val-
ues indicate that the films have very good quality. Spinel MgGa2O4

film thickness dependent experiment was also carried out, as shown in
Table S2 and Fig. S2 in the supplementary material, revealing single
crystallinity.

Figure 1(f) shows absorption spectra of the samples. Both
b-Ga2O3 and spinel MgGa2O4 are reported to be direct bandgap semi-
conductors.10,12–15 Thus, the Tauc equation is expressed as
ahtð Þ2 ¼ Aðht� EgÞ, where a is the absorption coefficient, h t is the
energy, A is a proportionality constant. By extrapolating the linear
segment of absorption spectra to intersect the ht-axis with a fitting
straight line, the bandgap was extracted as 5.02 eV for sample #1
b-Ga2O3, and 5.52, 5.47, and 5.41 eV for spinel samples #2, #3, and #4,
respectively, which is similar to the reported undoped MgGa2O4

bandgap 5.36 eV.23 The bandgap decreases with the increase in the
substrate temperature due to less Mg incorporation.35 The inset trans-
mittance spectra in Fig. 1(f) indicate that �90% transmittance of light
at the visible region was observed across the spectra for all samples.

Figure 2(a) shows the room temperature PL spectra at an incident
power density of 12.8 mW/cm2 for b-Ga2O3 sample #1 and spinel
MgGa2O4 samples #2–#4. All spectra show broad luminescence37 with
main peak at maximum intensity located at �409.99 nm for b-Ga2O3,
�428.01, 431.01, and 453.99nm for spinel samples, respectively.
Room temperature PL peak deconvolution was performed to extract
the optical transitions of all samples. PL deconvoluted peaks of spinel
MgGa2O4 sample #4 are shown in Fig. 2(b), which are �3.28 eV for
UVI emission, �4.18 eV for UVII emission, �3.09 eV for violet,
�2.67 eV for blue, and�2.30 eV for green emissions, respectively. The
PL peak deconvolutions for the other two spinel samples (samples #2
and #3) and the reference b-Ga2O3 sample #1 are shown in Figs. S3
and S4 in the supplementary material, respectively. An energy level
diagram of the PL mechanism of spinel MgGa2O4 films is illustrated in
Fig. 2(c). Self-trapped holes into polaron states are widely existed in
wide bandgap oxides;38–40 thus, UVI emission of spinel MgGa2O4 is
due to the recombination of electrons in the conduction band and
STHs. Assuming the polaronic STH energy level ESTH

polaron is the same as
that of b-Ga2O3, namely, it is located at �1.1 eV above the valence

band,41 the UVI emission can be calculated as EUVI
¼ Eg

�ESTH
polaron � Ebind

STH , where Eg is the bandgap and Ebind
STH is the self-

trapping energy or the binding energy of STH to oxygen atom.41 Ebind
STH

is estimated to be �1.20, 1.10, and 1.03 eV for samples #2–#4, respec-
tively. Compared to the reported self-trapped hole delocalization
energy of 0.53 eV for b-Ga2O3,

41,42 this deviation indicates that the
localization of STHs is stronger in spinel MgGa2O4 than that of
b-phase Ga2O3. Nevertheless, it could also be due to the different STH
positions in spinel MgGa2O4 compared to b-Ga2O3, which requires
further investigation. Considering the relative at. % of Mg to Ga in spi-
nel samples, UVII emission may be ascribed to the radiative recombi-
nation of electrons in the conduction band and holes occupied in
antisite MgGa deep acceptor levels.39,40 MgGa acceptor level in our spi-
nel sample can be calculated as EMgGa ¼ Eg � EUVII

, where Eg is the
bandgap at room temperature of 5.41 eV, the UVII emission energy
EUVII

is 4.18 eV, so the EMgGa was estimated as �1.23 eV above the
valence band for sample #4. The EMgGa values for the other two
MgGa2O4 samples 2 and 3 are also estimated as �1.23 and 1.24 eV,
respectively. These values are essentially fallen into theoretically calcu-
lated range of 1.0–1.5 eV.29 In addition, three oxygen vacancy related
donor defects levels in MgGa2O4 have been reported as that are in
b-Ga2O3;

25,43 therefore, violet, blue, and green emissions of spinel sam-
ples may be ascribed to the transition from the three oxygen vacancy
donor bands to MgGa antisite deep acceptor levels, respectively. Using
similar donor-acceptor-pair (DAP) energy calculation in ZnO,44 it
leads to an estimation of three oxygen vacancy levels of 1.09, 1.51, and
1.88 eV below the conduction band minimum (CBM) for sample #4,
respectively. For samples #2 and #3, the respective oxygen vacancy lev-
els below the CBM are 1.48, 1.76, and 2.01 eV, and 1.33, 1.55, and
1.80 eV, respectively. These values are comparable with the reported
oxygen vacancy levels in b-Ga2O3, namely, 1.38, 1.56, and 1.76 eV
below the CBM.43 It should be noted that violet, blue, and green emis-
sions were previously designated from the optical transitions from oxy-
gen vacancy donor bands to Ga or Mg vacancies acceptor levels in
MgGa2O4 samples.26,45Nevertheless, by incorporating more Mg atoms
into spinel MgGa2O4 through substrate temperature control, these
excess Mg atoms with respect to the nominal value would go to Ga
sites, namely, MgGa antisites shall be the dominant acceptor states in
our MgGa2O4 spinel samples, and these deep acceptors instead of Ga
or Mg vacancies are assumed to have participated the observed visible
transitions.

FIG. 2. (a) Room temperature PL spectra of b-Ga2O3 and spinel MgGa2O4 samples. (b) PL peak deconvolution of sample #4. (c) Schematic energy level diagram illustrating
optical transitions in spinel MgGa2O4.
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The deconvoluted PL peaks of b-Ga2O3 reference sample, as
shown in Fig. S4(a) in the supplementary material, are �3.43 eV for
UVI emission, �3.07 eV for violet, �2.59 eV for blue, and �2.35 eV
for green emissions, respectively. An energy level diagram of the PL
mechanism of b-Ga2O3 is illustrated as Fig. S4(b). The UVI peak is
ascribed to be the recombination between electrons in the conduction
band and holes bound to the STH energy level,41 which is similar to
the reported STH PL peak of Ga2O3 at 3.4 eV.

38 Thus, Ebind
STH was calcu-

lated as�0.49 eV, which is close to the reported self-trapped hole delo-
calization energy of 0.53 eV for b-Ga2O3.

41,45 The violet, blue, and
green emissions are DAP transitions between oxygen vacancy donor
bands and Ga vacancy/O vacancy defect complex (VGa-O) acceptor
bands in Ga2O3.

43 Another UV peak (UVII), which is related to the
VGa-O defect complex and is observed at power-dependent and
temperature-dependent PL in the Ga2O3 sample as shown later, is
complementary with this designation.

Figures 3(a)–3(d) show the power dependent PL spectra of sam-
ples #1–#4 at 14K with an excitation power density from 12.8 to 51.2
mW/cm2. The PL peak position for all samples does not show obvious
change as the incident power density changes. Figures 3(e)–3(h) show
integrated PL intensity of samples #1–#4 at 14K against incident
power density. The integrated PL intensity increases with the incident
power density due to the increased number of pumped electrons,
which exhibits a similar nonlinear relationship trend.46,47 The PL
intensities increase more rapidly at lower incident power densities
than higher power densities; in other words, the power-dependent PL
intensity becomes saturating. This reflects the fact that the dominating
portions of the PL are from the visible emissions due to DAP optical
transitions. Since the number of these defects are fixed, the PL satura-
tion at a higher pumping power shall happen. It is also noted that
besides the UVI emission mentioned previously for sample #1, one
UVII emission located at �282.71 nm emerges at 14K, as shown in
Fig. 3(a), and other temperatures as shown in Fig. 4(a) later, which
may be assigned to the recombination of electrons in the conduction

band and holes in the defect complex acceptor level VGa-O [Fig. S4(b)].
The estimated VGa-O complex acceptor energy is �4.39 eV below the
conduction band, which is close to the reported value of �4.42 eV
below the conduction band.43With the VGa-O energy and observed vis-
ible emission energies, the three oxygen vacancy deep donor levels are
estimated as �1.3, 1.8, and 2 eV below the conduction band edge.
These numbers are in reasonable agreement with the reported values
of b-Ga2O3.

43

Figures 4(a)–4(d) show the temperature-dependent PL spectra of
samples #1–#4, respectively. The temperature range is between 14 and
300K, and incident lasing power density is 12.8 mW/cm2. Figures
4(e)–4(h) show integrated PL intensity as a function of temperature
for the four samples, respectively. For sample #1, PL intensity decreases
monotonically vs the temperature in both ranges of 14–40K and
100–300K, which is similar to the reported PL spectra trend of
b-Ga2O3.

48 However, PL intensity increases with temperature in the
range of 40–100K. Similarly, the PL intensity of three spinel MgGa2O4

samples first increases with temperature in the range of 14–150K and
then decreases after 150K until room temperature. At higher tempera-
tures, the integrated PL intensity of all samples decreases as the
increase in temperature, which is due to the positive thermal quench-
ing (PTQ) effect.49,50 Similar phenomena were observed in other mate-
rials including GaAs,50 ZnO nanorods,51 and GaSb.52 At lower
temperatures, the PL intensity increases with the increase in tempera-
ture in these samples, especially in spinel MgGa2O4 samples, which is
due to the negative thermal quenching (NTQ) effect.50–52 Based on the
multi-level model proposed by Shibata50 and Wu et al.,51 the relation-
ship between PL intensity and temperature can be expressed as

I Tð Þ ¼ Ið0Þ
1þ
Pw

q¼1
Dqexpð�E0q=kBTÞ

1þ
Pm

j¼1
Cjexpð�Ej=kBTÞ

, where kB is the Boltzmann constant,

T is the temperature, Ej (E
0
q) is the activation energy, and Cj (Dq) is the

corresponding weight factor. In this equation, the denominator expo-
nential item is related to the normal PTQ process, namely, as the tem-
perature increases, the PL intensity decreases. This applies to most

FIG. 3. (a)–(d) Power dependent PL spectra of samples #1–#4, respectively. (e)–(h) Integrated PL intensity vs incident power density for samples #1–#4, respectively.
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direct semiconductors in which there are a few or none defect-related
intermediate energy levels that also participate radiative recombina-
tion. On the other hand, the numerator exponential item is related to
the NTQ effect. The inclusion of this numerator term is related to the
existence of intermediate energy levels, which participate radiative
recombination processes. The competition of the denominator and
numerator terms leads to the above-mentioned observed temperature-
dependent PL. Therefore, the NTQ effect here is a direct proof of the
PL mechanism in Fig. 2(c), where multiple energy levels in the forbid-
den gap, which are three oxygen vacancies donor bands, STH level,
and Mg on the Ga site MgGa acceptor level, are involved in the PL
emissions. To be more specific for both b-Ga2O3 and spinel MgGa2O4

samples, the electrons trapped in oxygen vacancy donor bands may be
re-excited from lower energy levels to higher energy levels or the con-
duction band to enhance both UV and visible emissions when temper-
ature is low. For higher temperatures, the non-radiative SRH process
becomes more dominating; thus, the temperature-dependent PL fol-
lows the normal PTQ trend.

In summary, UWBG semiconductors are essential materials for
power electronics, deep-UV photonics, and other emerging applica-
tions. As one of these promising materials, epitaxial films of spinel
MgGa2O4 were achieved by MBE. The bandgap was determined to be
approximately 5.4–5.5 eV, with high transparency (>90%) in the visi-
ble spectral range. The photoluminescence properties of MgGa2O4

were extensively studied, encompassing both power and temperature
dependence analyses. The PL mechanisms were elucidated, highlight-
ing transitions involving self-trapped holes, oxygen vacancy deep
donors, and magnesium atoms on gallium site deep acceptors. On the
one hand, the findings underscore the feasibility of using MBE for the
epitaxial growth of MgGa2O4 films, expanding the repertoire of techni-
ques available for advancing its electronic and optoelectronic device

functionalities. On the other hand, it contributes valuable insights into
the optical behavior and native defects studies on MgGa2O4.

See the supplementary material for the detailed results of MBE
growth conditions, SEM cross section and surface morphology of sam-
ples #1–#3, XRD and RHEED properties for thickness dependent sam-
ples, room temperature PL peak deconvolution of samples #2 and #3,
and room temperature PL peak deconvolution and PL mechanism
schematic of b-Ga2O3 sample #1.
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