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ABSTRACT: Ultrawide-bandgap (UWBG) deep-ultraviolet photodetectors have
received great attention due to their versatile applications in the fields of scientific
research, civilian infrastructure, military defense, etc. In this perspective, we fabricated
deep-ultraviolet β-MgGaO metal−semiconductor−metal photodetectors with inter-
digital Pt/Au metal contacts. β-Phase MgGaO ternary alloy thin films of different Mg
atomic percentages were grown using oxygen plasma-assisted molecular beam epitaxy.
Ultrawide bandgaps of 5.03, 5.09, 5.15, and 5.22 eV were achieved for thin films with
and without Mg2+ incorporation, and light transmittances of all samples were around
90% in the visible region. Raman spectra indicate that Mg2+ atoms have replaced the
position of Ga3+ ions in both octahedral and tetrahedral chains. The responsivity of the
detectors was investigated. The irradiation wavelength-, temperature-, and power-
dependent I−V curves, photocurrent spectra, and dynamics of the photocurrents were
measured. This work suggests that UWBG β-MgGaO semiconductors have a potential
for deep-ultraviolet photodetectors and other photonic device applications.
KEYWORDS: ultrawide-bandgap semiconductors, magnesium gallium oxide, single crystal, molecular beam epitaxy, photodetector

1. INTRODUCTION
Wide-bandgap semiconductor materials such as SiC and GaN
have contributed to the development of integrated circuits,
power electronics, communication and computing designs, and
many novel ultraviolet (UV) optoelectronic applications.1−5

Nowadays, ultrawide-bandgap (UWBG) semiconductor mate-
rials with a bandgap larger than ∼4 eV, such as AlN, diamond,
and Ga2O3, have been considered as next-generation semi-
conductors for military and civilian applications.5 Among these
materials, Ga2O3 has been studied extensively recently; for
example, β-phase Ga2O3 Schottky barrier diodes6−8 and metal
oxide semiconductor field-effect transistors9−11 have been
demonstrated to have great potential in power electronic
applications. Furthermore, β-Ga2O3 offers promising potential
to be applied in UV light detection, imaging, ozone hole
monitoring, etc.12−15 However, although n-type conductivity
using the crystalline disorder method or Sn, Ge, Si, and F
dopants has been demonstrated,6,16−24 robust p-type con-
ductivity is still very difficult to realize using Be, Li, Mg, Zn, Ca,
Sr, and N dopants.25−29 This is because the O 2p states of
Ga2O3 make the top of the valence band very flat. A small
dispersion of the valence band maximum results in a large hole
effective mass and, in turn, very low hole mobility, which
makes p-type conductivity impractical.6,30 Moreover, oxygen
vacancies are usually generated in these materials, which act as
deep donors and compensate p-type acceptor impurities such
as Zn2+ and Mg2+. This dilemma has greatly limited the

potential of Ga2O3 for both power electronic and optoelec-
tronic applications.

To further enhance the performance of Ga2O3 radio
frequency (RF) power electronic and optoelectronic devices,
Ga2O3 heterostructures are also essential. Alternatives such as
AlGaO31−33 and ZnGaO34,35 alloys have been reported to
show great promise in terms of their bandgap tunability and
compatibility with Ga2O3. In this work, we explore another
UWBG semiconductor material, namely, magnesium gallium
oxide (MgGaO). Although MgGaO amorphous films have
been synthesized and reported,36,37 β-phase MgGaO single-
crystalline thin films have been rarely reported. MgGaO is
promising due to the following reasons: it can be considered as
a mixture of Ga2O3 and MgO materials, and thus its bandgap
can be tuned over a wider range than that of Ga2O3. Moreover,
the substitution of divalent Mg ions into trivalent Ga ion sites
in MgGaO can significantly tune its electrical conductivity,
which has the potential to achieve p-type conductivity in these
UWBG semiconductors.

In this paper, MgGaO ternary alloy thin films with ultrawide
bandgaps up to ∼5.22 eV were grown by plasma-assisted
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molecular beam epitaxy (MBE). Solar-blind metal−semi-
conductor−metal (MSM) photodetectors with good respon-
sivity were fabricated based on MgGaO thin films with varying
Mg compositions. The wavelength-, temperature-, and power-
dependent I−V characteristics, photocurrent spectra, and
dynamics of these photodetectors were studied.

2. EXPERIMENTAL SECTION
2.1. Film Growth. β-MgGaO thin films were grown on 2 inch c-

sapphire substrates using an MBE system equipped with an RF
plasma-assisted oxygen source (SVT Associates Inc.). The substrates
were first cleaned with isopropyl alcohol (IPA) solution (IPA/
deionized water = 1:1), then with Piranha solution (H2O2/H2SO4 =
3:5) at 200 °C for 20 min, rinsed with deionized water, finally dried in
nitrogen gas, and transferred to the MBE loadlock chamber
immediately. High-purity elemental Mg and Ga shots (6N) (Alfa
Aesar) were placed in effusion cells as the growth sources. A
pregrowth annealing process was performed at a high temperature of
800 °C for 20 min to achieve an atomic-level surface within a high
vacuum chamber on the order of 10−9 torr. During the growth of the
samples, the temperature of the substrate was kept at 650 °C and an
RF plasma-assisted oxygen source with a flux of 2.5 sccm was used at a
power of 400 W. The temperature of the Ga cell was set to 750 °C
and those of the Mg cell were set to 380, 385, and 390 °C for samples
A, B and C, respectively. After 1 h growth, a post-growth annealing
process was carried out at 700 °C under an oxygen atmosphere for 20
min before cooling to the room temperature. A pure Ga2O3 sample
was grown under similar growth conditions but without Mg
incorporation as a reference. The growth details of these samples
are listed in Table S1 (Supporting Information).
2.2. Film Characterization. The film thickness of the samples

was measured by a Filmetrics 3D Profilometer. Surface morphologies

of films were characterized by a TESCAN Vega3 SBH scanning
electron microscope (SEM) and a Dimension 3100 Nanoman atomic
force microscope (AFM). Mg contents were measured by an energy-
dispersive X-ray spectroscope (EDS) in the same SEM instrument
and a Kratos AXIS Ultra DLD X-ray photoelectron spectroscope
(XPS). X-ray diffraction (XRD) 2θ and omega scans of the films were
measured using a Bruker D8 Advance X-ray diffractometer and Rigaku
SmartLab X-ray diffractometer with Cu Kα (λ = 0.15405 nm)
radiation, respectively. The phonon energies of the films were
investigated by a confocal Raman microscope equipped with a high-
resolution laser with a wavelength of 532 nm and a power of 60 mW
(LabRAM HR, HORIBA Scientific). Room temperature ground-state
absorption and transmittance spectra of the samples were obtained
using a high-performance UV−Vis−NIR spectrophotometer (Cary
5000, Agilent Inc.).
2.3. MSM Photodetector Device Fabrication and Character-

ization. MSM photodetectors with an interdigital Pt/Au (20/100
nm) Schottky contact pattern were fabricated by standard photo-
lithography, e-beam evaporation, and an acetone lift-off process.
Optoelectronic properties of wavelength-, temperature-, and power-
dependent I−V characteristics, responsivity, and current−time (I−t)
dynamics were measured using a Signatone H100 series probe station
and an Agilent 4155C semiconductor parameter analyzer under the
illumination of 265 and 280 nm light. Photocurrent spectra were
acquired using a UV-enhanced xenon arc lamp with a monochromator
set-up (Oriel Cornerstone 260, Newport Corporation).

3. RESULTS AND DISCUSSION
Samples A, B, and C have film thicknesses of ∼83.1, 92.9, and
93.2 nm, respectively. Figure 1a shows XPS survey peaks of the
reference Ga2O3, and MgGaO samples A, B, and C. (Figure
1b−d) show XPS Ga 2p, O 1s, and Mg 2p spectra, respectively.
The peaks of Ga 2p3/2 and Ga 2p1/2 are located at ∼1116.4 and

Figure 1. XPS analysis of the reference Ga2O3 and MgGaO samples A, B, and C: (a) survey peaks, (b) Ga 2p spectra, (c) O 1s spectra, and (d) Mg
2s spectra.
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∼1143.2 eV, respectively (Figure 1b), O 1s is located at
∼543.1 eV (Figure 1c), and Mg 2p is located at ∼49.78 eV
(Figure 1d). Based on these peaks, the relative atomic
compositions of Ga2O3 and MgGaO samples A, B, and C
are estimated and summarized in Table 1. The Mg atomic

percent of samples A, B, and C were recorded as 1.8, 3.4, and
4.0%, respectively. The EDS characterization of elemental
compositions of MgGaO thin films showed values reasonably
similar to the XPS data (Supporting Information, Figure S1).

Figure 2 shows morphological characterization results. As
seen in the SEM images in Figure 2a−d, all surfaces are
relatively smooth, while smoother surface are observed in
MgGaO thin films with lower incorporated Mg content. The
AFM 5 μm × 5 μm images are shown in Figure 2e−h, and the
root mean square (RMS) roughness values are 1.29, 0.45, 0.68,
and 0.80 nm for the reference Ga2O3 sample and MgGaO
samples A, B, and C, respectively, which is in agreement with
the SEM results.

Figure 3a shows the XRD pattern in the θ/2θ scan mode of
Ga2O3 and MgGaO samples A, B, and C. The three typical
diffraction peaks located at around 19.12, 38.50, and 59.14°
correspond to the β phases of (2̅01), (4̅02), and (6̅03),
respectively, implying a clear monoclinic structure. After Mg
atoms are incorporated into Ga2O3, all of these diffraction
angles exhibit an obvious decrease as the ionic radius of Mg2+

ions (0.72 Å) is larger than that of Ga3+ ions (0.62 Å).
According to Bragg’s Law, the interplanar distance d will
become larger and the angle of 2θ will decrease when Mg2+

ions replace Ga3+ ions.27,38 The XRD 2θ scan data suggest that
MgGaO samples A, B, and C maintain a good β phase
structure. Figure S2 (Supporting Information) shows a

schematic of the MgGaO monoclinic structure, assuming
that two Ga atoms are replaced with two Mg atoms in the GaI
site. Figure 3b shows the normalized XRD rocking curves of
samples A, B, C and the reference Ga2O3 sample, respectively.
The full width at half-maximum (FWHM) of the peak (4̅02) of
β-Ga2O3 and samples A, B, and C were recorded at 0.0756,
0.0611, 0.0608, and 0.0565°, respectively. As the Mg
composition increases, the FWHM reduces slightly but
monotonically, which may be due to the lower lattice
mismatch between the film and the substrate as more Mg is
incorporated. Compared to the reported 1.494° FWHM of the
(2̅01) peak of the β-Ga2O3 thin film,39 it indicates a higher
quality of our films.

Optical phonon modes of Ga2O3 and samples A, B, and C
are shown in Figure 3c; four of five Bg and three of 10 Ag
optical phonon-mode Raman-active peaks, namely, Bg

(1)‑(2),
Bg

(4)‑(5), Ag
(1), Ag

(5), and Ag
(10) modes, are observed in the

MgGaO thin films. As a reference, four of five Bg and five of 10
Ag optical phonon-mode Raman-active peaks, namely, Bg

(1)‑(3),
Bg

(5), Ag
(1)‑(3), Ag

(5), and Ag
(10) modes, are observed in the

Ga2O3 sample. Details of peak positions of all samples are
summarized in Table S2 (Supporting Information). Compared
to Raman peaks of Ga2O3, Ag

(2)‑(3) and Bg
(3) modes disappear

in all three MgGaO samples. In addition, the peak intensities of
Ag

(2)‑(3) and Bg
(1)‑(2) modes are reduced, which implies the

vibration and translation of the GaIO4 tetrahedral chains after
Mg2+ atoms are incorporated. The change of Ag

(5) and Bg
(3)‑(4)

modes indicates the deformation of GaIIO6 octahedral chains
and the translation of the GaIO4 tetrahedral chains, while the
change of Ag

(10) mode indicates the stretching and bending of
the GaIO4 tetrahedral chains.40,41 Apart from the change of
peak intensity, the MgGaO Raman peaks have smaller
wavenumber than that of Ga2O3 due to larger bond lengths.
The calculated average bond length for Mg−O bonds is 2.03
Å,42 while the average Ga−O bond length for tetrahedral
chains is 1.83 Å and that for octahedral chains is 2.00 Å.43,44

The Mg−O bond length is longer than the corresponding Ga−
O bonds after Mg2+ ions replace Ga3+ sites, which is due to the
larger radius of Mg2+ (0.72 Å) than that of Ga2+ (0.62 Å).45 To
sum up, the difference in the Raman spectra between MgGaO

Table 1. Relative Atomic Composition of Ga2O3 and
MgGaO Samples A, B, and C

samples Ga (atom %) O (atom %) Mg (atom %)

Ga2O3 35.6 64.4 0
A 33.8 64.4 1.8
B 28.9 67.7 3.4
C 31.1 64.9 4.0

Figure 2. (a−d) SEM and (e−h) AFM images of the reference Ga2O3 and MgGaO samples A, B, and C, respectively.
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samples and the Ga2O3 reference sample indicates that the
lattice structure of MgGaO samples could be due to the
incorporation of Mg atoms in the lattice structure of Ga2O3.
Nevertheless, further in-depth Raman studies, along with other
characterizations, are necessary to quantify the exact locations
of these Mg atoms and strain/relaxation of the films.40,46

Reflection high energy electron diffraction (RHEED) was
carried out to study the crystallinity of the samples. Figure 3d
shows RHEED patterns of the (2̅01) plane of sample A along
the [102] and [010] azimuth, which were alternately observed
with every 30° rotation in the azimuthal direction. The streaky
patterns indicate the single-crystal nature of the film, similar to
the RHEED pattern of single-crystal β-Ga2O3.

47 Based on the
RHEED patterns, the in-plane lattice constants were calculated
as ∼3.06 and 5.34 Å, respectively.

Figure 3e shows the Tauc plot of the absorption spectra of
Ga2O3 and MgGaO samples A, B, and C thin films. The
ultrawide-bandgap absorption spectra reaching the UVC
region are obtained in all samples. The Tauc equation for
semiconductors with direct bandgaps is expressed as follows:46

h A h E( ) ( )2
g= (1)

where α is the absorption coefficient, hυ is energy, and A is a
proportionality constant. By extrapolating the linear segment of
absorption spectra to intersect the hυ-axis with a fitting straight
line, the direct bandgap value of the Ga2O3 sample is
approximately 5.03 eV, which is in good agreement with the
reported values.48,49 It is noted that experimental bandgaps of
β-Ga2O3 ranging from 4.4 to 5.0 eV at room temperature were
reported when absorption or transmittance polarization was
employed during the characterization.50 Bandgaps of MgGaO
thin-film samples A, B, and C are 5.09, 5.15, and 5.22 eV,
respectively, which increases with an increase in the Mg atomic

percent. The inset in Figure 3e shows zoomed in absorption
spectra of the samples, indicating a small broad absorption
peak at ∼3.4 eV for Ga2O3 and at ∼2.6 eV for samples A, B,
and C, which is in agreement with the photoresponse around
480 nm, as shown in Figure 5. The transmittance of light of
these samples were also measured using the same spectropho-
tometer. Around 90% transmittance of light was observed
across the spectrum for Ga2O3 and MgGaO samples A, B and
C, as shown in Figure 3f.

A schematic diagram of the β-MgGaO MSM photodetector
is illustrated in the inset of Figure 4a. The electrodes are
composed of 31 digits of the same size on each side with a
length of 475.5 μm, a width of 5 μm, and a spacing of 3 μm;
the effective area of the photodetector is 9.1605 × 104 μm2.
Figure 4a−c shows wavelength-dependent I−V characteristics
of the MSM devices based on samples A, B, and C under dark
conditions and under illumination of 265 and 280 nm light
with the same power density of 1.808 mW/cm2, respectively.
For all three devices based on samples A, B, and C, the dark
current is around 15 nA, 50 μA, under 265 nm illumination
and 100 μA under 280 nm illumination at a bias of 20 V, and
photo-to-dark current ratios > 103 are obtained for both kinds
of illuminations.51 For the fixed bias, the photocurrent on
longer wavelength (280 nm) illumination was larger than that
on shorter wavelength (265 nm) illumination. This phenom-
enon can be ascribed to the different numbers of photo-
generated carriers under illumination of different wavelengths
but with constant incident power.52−54 When the film is
illuminated with an incident light of a shorter wavelength of
265 nm, fewer photons reach the films, yielding fewer
photocarriers, and, in turn, a smaller photocurrent.

Figure 4d−f shows temperature-dependent I−V character-
istics of samples A, B, and C under 265 nm UV illumination.

Figure 3. (a) XRD pattern in the θ/2θ scan mode, (b) XRD rocking curves, (c) Raman spectra, (d) reflection high-energy electron diffraction
(RHEED) patterns of MgGaO sample A, (e) Tauc-plot of the absorption spectra (inset shows absorption peaks between 2 and 4 eV), and (f)
transmittance spectra of Ga2O3 and samples A, B, and C.
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The temperature ranges from 300 to 420 K with a step of 20 K.
For all samples at a fixed bias (for example, 20 V), the
photocurrent decreases with an increase of the temperature.
This can be attributed to the enhancement of the nonradiative
recombination, mainly in the form of the Shockley−Read−
Hall (SRH) recombination, which is a compensating process
of carrier generation induced by incident photons.55 On the
one hand, incident photons are absorbed to generate electron−
hole pairs, contributing to the photocurrent, and on the other
hand, when the temperature increases, electrons in the
conduction band and holes in the valence band move to the
defect levels and recombine with each other to release
phonons, resulting in a decrease of the photocurrent.

Figure 4g−i shows power-dependent I−V characteristics of
the three samples under a 265 nm light source with different
power densities ranging from 0.087 to 1.207 mW/cm2. The
generated photocurrent increases with an increase of the
incident power density as larger numbers of incident photons
are absorbed, generating more photocarriers.

Photocurrent spectra were acquired from MSM device
samples A, B, and C under different voltages ranging from 10
to 20 V at wavelengths ranging from 200 to 600 nm. Figure
5a−c shows the results of the three samples, respectively. The
photocurrent increases with an increase of the bias for all three
samples, indicating the more efficient collection of photo-
carriers at higher bias. In each sample, two photocurrent peaks
are observed. Higher-energy photoresponses are observed at
wavelengths of 254, 253, and 247 nm (corresponding to 4.88,
4.90, and 5.02 eV in energy) for samples A, B, and C,
respectively. Compared with ∼200 meV larger optical bandgap
energies obtained in the absorption experiment in respective
samples, these photocurrent peaks may be associated with
near-band-edge bound exciton absorption, assuming that the
free exciton binding energy in the present MgGaO thin films is
close to 0.12 eV, a value attained for β-Ga2O3.

56 It is noted that
the photocurrent peaks in the UV region for the three samples
exhibit symmetric behavior. Similar symmetric photoresponses
were also reported in MSM photodetectors based on β-Ga2O3
by other groups.57−59 This phenomenon further strengthens

Figure 4. (a)−(c) I−V characteristics of samples A, B, and C under dark conditions and UV light illumination of 1.808 mW/cm2. The inset in (a)
shows a schematic diagram of the interdigital metal contact structure. (d)−(f) Temperature-dependent I−V curves of samples A, B, and C under
265 nm illumination. (g)−(i) Power-dependent I−V curves of samples A, B, and C illuminated by an UV light centered at 265 nm at different light
intensities.
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the conclusion that the UV photoresponse results from near-
band-edge absorption between the relatively flat valence band
and narrow “subbands” near the conduction band edge rather
than from straight band-to-band transition, which would have
been more asymmetric due to the nonlinear density of state
function of a conduction band. A lower-energy photoresponse
is observed at a wavelength of around 485 nm (corresponding
to 2.55 eV in energy) for three samples. The 2.55 eV blue
absorption peak may originate from the transition between
oxygen vacancy (VO) energy levels and Ga vacancy (VGa)
energy levels.60−62 A schematic model illustrating absorption
processes contributing to the photocurrent spectra is shown in
Figure 5d.

The responsivities of MSM device samples A, B, and C were
measured. Figure 6a−c shows the photocurrent and
responsivity as a function of 265 nm light intensity for three

samples under 20 V bias, respectively. The photocurrent
increases with an increase in the light intensity, which is in
agreement with Figure 4g−i. The responsivity was calculated
based on the following equation:63

R
I I

P S
d=

(2)

where Iλ is the photocurrent, Id is the dark current, Pλ is the
incident light intensity, and S is the effective illumination area.
As shown in Figure 6a−c, the responsivity increases with an
increase in the light intensity. The highest responsivities of
samples A, B, and C are 25.9, 29.88, and 40.88 A/W,
respectively, at an incident power density of 1.207 mW/cm2. In
contrast, responsivities of 6.89, 0.19, and 0.89 A/W were
reported for photodetectors based on semiconductors with

Figure 5. Photocurrent spectra of samples (a) A, (b) B, and (c) C measured under different voltages. (d) Schematic model illustrating the
photocurrent mechanism in MgGaO thin films.

Figure 6. Photocurrent and responsivity versus 265 nm light intensity under 20 V bias for samples (a) A, (b) B, and (c) C, respectively.
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similar wide bandgaps, i.e., ZnGa2O4,
64 AlGaN,65 and

MgGa2O4,
6666 respectively.

Figure 7a−c shows the normalized current−time (I−t)
dynamics of the photocurrent of MSM device samples A, B,
and C, which were measured at biases of 10, 15, and 20 V
under 265 nm illumination with a light intensity of 0.144 mW/
cm2. The durations for photocurrent to increase from 0 to 1 −
1/e of the steady value and decrease from the steady value to
1/e are defined as the rise and decay times, respectively. The
rise and decay times of the dynamic change of the
photocurrent at a bias of 20 V for samples A, B, and C were
statistically calculated to be 6.13 and 0.29 s, 4.85 and 0.29 s,
and 4.87 and 0.47 s, respectively. It is noted that a similar rise
time of 13 s and decay time of 0.4 s were demonstrated for β-
Ga2O3 thin-film based photodetectors.67 The slightly larger
decay time of the device for sample C indicates higher quality
of the MgGaO film, which is in good agreement with the XRD
rocking curves shown in Figure 3b.

4. CONCLUSIONS
UWBG MgGaO thin films were grown by plasma-assisted
MBE. Bandgaps of the β-phase MgGaO thin films were
engineered from 5.03 to 5.22 eV by incorporating different
atomic percentages of Mg2+. The transmittance of all of the
samples are around 90%. Based on these MgGaO films, MSM
photodetectors with Pt/Au metal contacts were fabricated and
characterized. It was shown that the photo-to-dark current
ratio is larger than 103 at a bias of 20 V. The photocurrent
spectra reveal near-band-edge bound exciton absorption and
Ga vacancy to oxygen vacancy defect-level transitions,
respectively. MgGaO MSM detectors also show very good
responsivity and current−time characteristics. This study
indicates that UWBG MgGaO semiconductors have a
promising potential for deep-UV photodetection applications.
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