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Magnesium gallium oxide (MgGaO) ternary alloys with band gap energy
larger than ~5.0 eV can provide opportunities for optoelectronics in the deep ultraviolet
spectral range and power electronics with extremely high critical field strength. It is
important to grow high-quality MgGaO alloys with varied Mg compositions and
understand their structural and optical properties. From this perspective, 20 MgGaO
samples with Mg atomic percentages from 0 to 100% were grown by using oxygen plasma-
assisted molecular beam epitaxy. Band gap tuning from 5.03 to 5.89 eV was achieved for
the ternary alloys, and all samples had a transmittance of over ~90% in the visible spectral
range. The lattice structures were confirmed to transform from the B phase in Ga-rich
materials to the f and rocksalt mixture phase in high-Ga high-Mg alloys and to the pure
rocksalt phase in Mg-rich alloys. How lattice parameters change with the increase of Mg
atom % and the epitaxy relationship between MgGaO films and c-sapphire substrates were
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ultrawide band gap semiconductor

Nowadays, wide band gap semiconductor materials such as
gallium nitride (GaN) and silicon carbide (SiC) have been
applied in many military and civilian fields, such as power
electronics and deep ultraviolet (UV) optoelectronics.' ™ To
further enhance the performance in these areas, ultrawide band
gap (UWBG) semiconductors with the band gap energies
larger than those of GaN and SiC are desirable. As a promising
candidate of UWBG semiconductors, -Ga,O; with a large
direct band gap of ~4.9 eV has been extensively studied due to
its high physical and chemical stability, high critical electric
field strength of ~8 MV/cm, and high ﬁgure—of—merit.6
Therefore, it has been widely used in power electronic and
optoelectronic devices such as solar-blind UV photodetec-
tors, 0 gas sensors,'"'* and field effect transistors.">™"° For
broader and more extensive applications of #-Ga, 03, band gap
engineering is highly desired. The tunable band gap paves the
way for designing and optimizing electronic and optoelectronic
devices with more flexibility and higher performance. Besides
band gap tuning by modulating the crystalline disorder of
Ga,0; itself,' band gap-lowering candidates such as
InGaO'’~*" with the band gap ranging from ~3.88 to ~5.0
eV and ZnGaO”*~** with the band gap ranging from ~4.7 to
~5.1 eV have been widely used for solar-blind photo-
detectors>*® and thin-film transistors’”*® already. On the
other hand, as one of the band gap-increasing candidates,
AlGaO*"**~*! with the band gap ranging from 4.85 to 7.1 eV
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has been extensively studied as well. As an alternatively viable
band gap-increasing candidate, f-MgGaO single-crystalline
thin films with band gap tuning up to ~5.22 eV were grown
recently, and properties of their metal—semiconductor—metal
photodetectors were investigated.”> MgGaO can be construed
as a mixture of Ga,0; and MgO materials; thus, its band gap
may be tuned between ~4.9 and ~7.8 €V.>>** However, the
phase transition conditions to transform the crystal structure
from the f# phase to the mixed phase and finally to the rocksalt
phase for the MgGaO alloy system with increasingly
incorporated Mg are still not clear. The structural and optical
properties of the films in different phases remain unknown.
Thus, revealing the phase transition condition with band gap
tuning of MgGaO thin films is of great significance for next-
generation Ga,0;-based electronics and optoelectronics.

In this paper, 20 MgGaO thin-film samples with relative
Mg/Ga atomic percent ranging from 0 at. %/100 at. % to 100
at. %/0 at. % were grown by plasma-assisted molecular beam
epitaxy (MBE). Structure transformation, film quality, lattice
parameters, surface morphology, optical band gap properties,
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Table 1. Characterized Parameters of 20 MgGaO Thin Films with Mg Atom % from 0 to 100%

relative atomic

relative atomic percent

percent (EDX) (XPS)
sample film thickness phase chemical surface roughness band gap
index (nm) Mg % Ga% Mg% Ga% O% identification formula (nm) (ev
#01 117.54 0 100 0 35.6 64.4 P-phase Ga,0; 1.544 5.03
#02 122.17 386 9614 (Mg,Ga,,),0, 2058 5.04
#03 130.71 7.09 9291 1S 27.8 70.7 0.140 5.06
#04 131.47 10.11 89.89 0.260 5.08
#0S 169.76 19.44 80.56 S.1 26.1 68.8 18.93 S.10
#06 188.67 19.81 80.19 21.14 S.14
#07 295.41 30.23 69.77 9.731 5.36
#08 347.54 37.35 62.65 mixed phase Mg, Ga,0, 6.786 S.53
#09 354.29 40.8 59.2 7.335 5.58
#10 363.96 42.89 §57.11 10.6 15.1 74.3 6.526 5.61
#11 365.71 45.62 54.38 9.223 5.63
#12 393.20 48.39 51.61 6.731 5.65
#13 399.65 51.09 48.91 5.684 5.67
#14 406.32 54.71 45.29 9.460 5.69
#15 426.48 56.87 43.13 7.304 5.73
#16 494.03 61.97 38.03 9.916 5.76
#17 520.15 63.88 36.12 20.7 12.5 66.8 9.339 5.78
#18 566.19 72.84 27.16 31.4 4.5 64.1 rocksalt Mg, Ga; ,O 32.75 5.81
#19 750.69 78.69 21.31 6.261 5.89
#20 189.19 100 0 42.5 0 574 MgO 1.013
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Figure 1. (a) EDX spectra of MgGaO ternary alloy thin films with the Mg atomic percent ranging from 0 to 100%. (b) XPS survey spectra of

samples #01, #03, #05, #10, #17, #18, and #20.

and epitaxy relationship between MgGaO films and the c-
sapphire substrate evolving with the Mg atomic percent were
revealed, which provides promising potential for device
applications by using high-quality band gap-tunable MgGaO
thin films in the future.

MgGaO thin films were grown on 2 in. c-sapphire substrates by using
an RF oxygen plasma-assisted MBE system (SVT Associates, Inc.).
The substrates were cleaned with Piranha solution (H,0,/H,SO, =
3:5) at 200 °C for 20 min and rinsed by deionized water; after being
dried by nitrogen gas, they were transferred to the loadlock chamber
immediately. High-purity elemental Mg (4N) and Ga shots (6N)
(Alfa Aesar) were used for sample growth. An 800 °C pregrowth
annealing process was performed for 20 min to achieve an atomic
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level surface at a high vacuum of 107 Torr. The sample growth
temperature was kept at 650 °C for 2 h with a 2.5 scem flux of oxygen
under a 400 W RF plasma. The Ga temperature was fixed at 750 °C
by changing the Mg temperature from 390 to 460 °C; 20 MgGaO
thin-film samples at various Mg atomic percents were grown, followed
by a postgrowth annealing process at 700 °C under an oxygen
atmosphere for 20 min.

The film thickness of the samples was measured by using a Filmetrics
3D Profilometer. Surface morphologies of films were characterized by
a Dimension 5000 Nanoman atomic force microscope. Mg and Ga
relative atomic percents for all samples were measured by energy-
dispersive X-ray (EDX) in a TESCAN Vega3 SBH scanning electron
microscope instrument, and the Mg, Ga, and O relative atomic
percents of several selected samples in different phases were measured
by a Kratos AXIS Ultra DLD X-ray photoelectron spectroscope.
Reflection high energy electron diffraction (RHEED) character-
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Figure 2. XPS spectra of O 1s core level spectra of MgGaO films with various Mg atomic percents (a) 0, (b) 1.5, (c) 5.1, (d) 10.6, (e) 20.7, (f)
31.4, and (g) 42.5%. (h) Mg—O to Ga—O bond ratio versus Mg atomic percent.

izations were done in ultrahigh vacuum using an electron beam with
15 keV energy. X-ray diffraction (XRD) 8—26, rocking curve, ¢-scans,
and reciprocal space mapping (RSM) measurements were used to
characterize the sample structure, film quality, epitaxial relationship,
and lattice parameters by using a Bruker D8 ADVANCE X-ray
diffractometer and a Rigaku SmartLab X-ray diffractometer with Cu
Ka (4 = 0.15405 nm) radiation at room temperature. The phonon
spectra of the films were investigated by using 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 absorption and transmittance spectra of the
samples were measured by using a high-performance UV—vis—NIR
spectrophotometer (Cary 5000, Agilent Inc.).

Sample growth procedures and characterization methodologies
are given in detail in the Experimental Section. Table 1 lists the
characterized parameters of MgGaO samples with the Mg
atomic percentage ranging from 0 to 100%. The film thickness
for f-Ga,0y; is 117.54 nm; for rocksalt, MgO is 189.19 nm, and
the thickness of MgGaO films increases from 122.17 to 750.69
nm monotonically as the Mg composition increases. Figure la
shows the EDX spectra of all samples. O ka, Ga La, Mg Ka,
and Al Ka are located around 0.525, 1.098, 1.253, and 1.486
keV, respectively. The Al signal is from the substrate. With
more Mg incorporated in, the relative peak intensity for Ga to
Mg decreases, and the Al peak intensity gradually becomes
smaller due to the increasing film thickness. The relative
atomic percents of Mg and Ga are listed in Table 1. X-ray
photoelectron spectroscopy (XPS) analysis was also carried
out to calibrate the elemental compositions of a few selected
samples, including samples #01, #03, and #0S in the f# phase,
#10 and #17 in the mixed phase, and #18 and #20 in the
rocksalt phase. Figure 1b shows XPS survey peaks of Ga 2p,
Mg 2s, 2p and O Is spectra, respectively. The spectra were
calibrated with the C 1s level of 284.8 eV. Because of the
limited penetration depth of X-rays and negligible photo-
electrons exited from the substrate, no Al and oxygen signals
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from the substrate are detected in the spectra. Characteristic
XPS peaks are zoomed-in and provided in the Supporting
Information; as seen from Figure S1, Ga 2p;/, and Ga 2p, /, are
located at ~1116.4 and ~1143.2 eV, respectively (Figure
S1(a)), Mg 2s and 2p are located at ~88.7 and ~49.78 eV,
respectively (Figure S1b), and O 1s is located at ~531 eV
(Figure Slc). Based on these peaks, the relative atomic
percents of Mg, Ga, and O of these selected samples are
estimated and summarized in Table 1. The Mg at. % of these 7
samples are 0, 1.5, S$.1, 10.6, 20.7, 31.4, and 42.5 at. %,
respectively. As seen in Table 1, these values are different from
those obtained from EDX because XPS provides a survey of all
three elements Mg, Ga, and O of the thin films, while oxygen
signals were excluded in the estimation of relative content of
Mg and Ga in the EDX experiment due to an inevitable oxygen
contribution from the substrate. Figure 2a—g shows O 1s core
level spectra of these samples, in which the Shirley background
was added.”* O 1s core level spectra of these samples were
deconvoluted into several fitting peaks located at ~530.0, ~
530.84, ~ 531.80, and ~532.5 eV, which correspond to the
binding energies of the Mg—O bond,” Ga—O bond,” and
carbonate groups (CO;*") due to absorbed carbon dioxide
from atmosphere,”®”” and surface hydroxide (OH™),**™*
respectively. Figure 2h shows the Mg—0O/Ga—O bond peak
area ratio as a function of the Mg atomic percent. The Mg—O/
Ga—O bond ratio increases monotonically with Mg atomic
percent, indicating that more Mg—O rather than Ga—O bonds
are formed in the samples with more incorporated Mg. Besides
EDX and XPS, Raman spectroscopy was also carried out as a
supplementary method to confirm the Mg incorporation.
Figure S2 in the Supporting Information shows Raman spectra
of the samples. ComFared to Ga,0O; (sample no. 01), optical
phonon modes A, Ag(s), and Bg(4)'(5) of MgGaO samples
change. Reduced Ag(z)'(3) peak intensity implies the vibration
and translation of the Ga;O, tetrahedral chains, reduced Ag(s)
and enhanced B, modes indicate the deformation of the
Ga;Og4 octahedral chains and the translation of the GaO,
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Figure 3. (a) Schematic of the MgGaO film in both /3 and rocksalt phases grown on c-sapphire. (b) XRD pattern of MgGaO films with various Mg
atomic percents in /26 scan mode. (c) XRD rocking curves of selected MgGaO thin films. (d) In-plane reciprocal space mappings for sample #0S
of the f§ phase of (020) and sample #19 of the rocksalt phase of (220). (e) § phase lattice constant ag, by, c; and rocksalt phase lattice constant

Aocksalt VErsus Mg atomic percent.

tetrahedral chains, and smaller wavenumber of Bg(s) mode
means the stretching and bending of GaO, tetrahedral
chains.***!

Figure 3a illustrates a schematic of the MgGaO film in both
B and rocksalt phases grown on c-sapphire. The vertical growth
orientations are (iOl)ﬁ_phase I {0001 ) ¢_gupphire a0 (111),0ciqre I
(0001 )¢_gapphires respectively. Figure 3b shows the XRD pattern
in 6/20 scan mode of all MgGaO samples. For Mg at. %
ranging from 0 to 30.23%, MgGaO samples are in the f# phase,
and four typical diffraction peaks located at ~19.12, 38.50,
59.14, and 82.37° correspond to the /3 phases of (201), (402),
(603), and (804), respectively, implying a clear monoclinic
structure. In these f-phase MgGaO samples, divalent Mg
substitutes trivalent Ga sites;>” thus, the chemical formula can
be written as (Mg,Ga,_,),0; (Table 1). For example, the
chemical formula of sample #02 is (Mg 356Ga90614)203 OF
roughly (Mg;04Gages)>O5. With more Mg incorporated in
MgGaO samples, the diffraction angles exhibit an obvious
decrease due to a larger Mg ionic radius (0.72 A) than that of
Ga (0.62 A). For Mg at. % ranging from 72.84 to 100%,
MgGaO samples are in the pure rocksalt phase, and two typical
diffraction peaks located at ~36.9 and 78.5° correspond to the
rocksalt phase of (111) and (222), respectively.”” In these
rocksalt MgGaO samples, the Ga atom is assumed to substitute
the Mg atom site in the lattice; thus, the chemical formula may
be written as Mg,Ga,_,O. Taking sample #18 for example, the
chemical formula is Mgg7,54Gag47,60 or roughly
Mg, 73Gag ;0. For Mg at. % ranging from 37.3S to 63.88%,
MgGaO samples are in the mixed phase since both (402) and
(804) of the f3 phase and (111) and (222) of the rocksalt
phase coexist in the XRD pattern. Due to the mixed phase
nature of the film in this region, the preferred way to write the
chemical formula is in the form of Mg,Ga,O,, where x, y, and z
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are the relative atomic percent among Mg, Ga, and O
elements. Taking sample #10 as an example, the chemical
formula is Mgg314Gag 4500641 Or roughly Mggs;GagsOoes
Based on the 6/20 scan results, f-MgGaO and rocksalt
MgGaO grown on the c-sapphire {0001} plane are highly
{201} and {111} oriented, respectively. In addition, no
MgGaO thin films in the # and rocksalt mixed phase regime
exhibit a spinel phase as existed in MgGa,0O,, MgAl,O,, and
other spinel oxides. The growth of spinel MgGaO may be
achieved on sapphire substrates with suitable orientation or
under suitable growth conditions, which needs further studies.
Figure 3c shows normalized XRD rocking curves of the
selected 12 samples among the three phase regions. The full
width at half-maximum (fwhm) of samples #01—#07 in the
phase are 0.0831, 0.0792, 0.0789, 0.0716, 0.0919, 0.0796, and
0.0793°, samples #09—#10, #16 in the mixed phase are 0.0933,
0.1000, and 0.0960°, and samples #18, #20 in the rocksalt
phase are 0.0988° and 0.5014°, respectively. These very small
fwhm values suggest that our # phase films are of very high
quality.*

To reveal how the lattice parameters of MgGaO thin films
change with Mg atomic percent, besides 6/26 scan, in-plane
RSM was measured for films in both the §# phase and rocksalt
phase. As for the monoclinic structure of Ga,03, the reference
lattice constants ag, by, ¢4 f angle between a and ¢ axes and
d (o) are ~12.020 A, ~3.04 A, ~5.799 A, 103.7°, and 2.34 A,
respectively. Assuming that the monoclinic structure is stable
after Mg is incorporated, as shown in Figure 3a, the angle
between orientations [402] and [001] and between
orientations [402] and [100] can be calculated as ~36.2 and
~39.9°, respectively. Therefore, lattice constants ag and ¢4 can
be calculated as follows
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Figure 4. (a—f) RHEED patterns and (g—1) AFM images of MgGaO ternary alloy thin films at different Mg atomic percents 0, 7.09, 10.11, 42.89,

42.89, and 100%, respectively.

d(302)
(1/3 = X T oN
c0s(39.9°) (1)
d(?oz)
Cﬂ = X T ov
cos(36.2°) (2)

According to Bragg’s law, the f-phase (402) interplanar
distance dz0;) can be estimated from 6/26 scans. Based on the
above equations, lattice constants a; and c; were calculated and
are listed in Table S1 of the Supporting Information. For pure
rocksalt samples, interplanar distance d(;;;) can be estimated
from 6/26 scans and the lattice constant a, g can be

calculated as /3 d(111y, which is also listed in Table S1 of the

Supporting Information; for example, it is ~4.2 A for sample
#20. As an alternative method to the 6/26 scan for the
estimation of the out-of-plane d-spacing, the out-of-plane RSM
was measured (Figure S3a—g, Supporting Information). It
shows that the calculated lattice constant values by two
methods are almost the same (Figure S3h, Supporting
Information). Figure 3d shows an example of in-plane
reciprocal space mappings for the (020) plane of § phase
sample #0S and (220) plane of rocksalt phase sample #19,
respectively. Figure S4 in the Supporting Information shows
RSM for other samples. According to -Ga,O; PDF 01-087-
1901, the reference d-spacing value of the (020) plane is ~1.52
A, and the p phgse lattice constant by is twice that of d(q,0),
which is ~3.04 A. According to MgO PDF 00-004-0829, the
reference d-spacing value of the (220) plane is ~1.48 A, and

the rocksalt phase lattice constant @, is 2v/2 d(220) Which is

~4.2 A. Based on these mathematical relationships, the lattice
constants by and g Of respective MgGaO samples are
calculated from the in-plane RSM data and listed in Table S1
of the Supporting Information. For rocksalt samples, the lattice
constant values calculated from both 8/26 and in-plane RSM
scans are the same, indicating the cubic structure. Figure 3e
shows the lattice constants as a function of the Mg atomic
percent. In ff-phase MgGaO samples, the parameters a; and ¢4
increase, while bs decreases with the increase of Mg atom %
compared to that of the reference sample -Ga,O;. In rocksalt
phase MgGaO samples, the lattice constant g,y changes
only slightly as Mg increases compared to that of the reference
sample MgO.

To understand the epitaxial relationship between MgGaO
films and the c-sapphire substrate, the RHEED was measured.
Figure 4a—f shows RHEED patterns of MgGaO thin films with
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Mg at. % of 0%, 7.09%, 10.11% in the § phase, 42.89% in the
mixed phase, and 78.69% and 100% in the rocksalt phase,
respectively. The streaky-like patterns of the f-phase {201}
plane along [102] azimuth (Figure 4a—c) and along [010]
azimuth (Figure SSa—c, Supporting Information) indicate high
crystallinity of the films, which are similar to those RHEED
patterns obtained from $-Ga,0;.*** Based on the RHEED
patterns, in-plane lattice constants ay[;9,] and ayo19), which are
the distance between (010) planes and between (102) planes
as illustrated in a schematic of the atom arrangement of (201)
surface (Figure S6a in the Supporting Information), were
calculated as ~2.98 and 5.06 A for sample #01, ~2.88 and S5.11
A for sample #03, and ~2.84 and 5.17 A for sample #04,
respectively. These numbers are analogous to ~3.04 and 4.96
A of the reported in-plane lattice constants of f-Ga,0,.*
These surface lattice parameters can be used to estimate the
lattice constants of unit cells ag, b, and ¢ of these f-phase
samples. First, by is equal to aj[;;)- Then, a schematic showing
the side-view of the unit cell in Figure S6b of the Supporting
Information is used to calculate a; and c4 Since f-phase
samples have a surface plane of (201), the lateral length along
the [102] direction within the unit cell is generally expressed as
KXay[o10;, where K is a multiple and can only take integer or
half-integer as can be inferred from surface atom arrangement
on the (201) plane along the [102] direction (designated as
(201)[102]) in Figure S6a in the Supporting Information. The
projections of ag/2 and ¢, onto (201) are equal, while KXayg,0]
equals the sum of projections of a;/2 and ¢4 onto (201)[102].
These relationships can be written as follows

4 0 o
— X 3997) = ¢ X 36.2
S cos( ) = ¢ X cos( ) 3)
4 (e} o
— X sin(39.9°) + g X sin(36.2°) = K X a9 @)

According to eq 3, ¢; = ag/2.104, which is compatible with
the result of eq 1/eq 2. After replacing c; with as in eq 4, ag =
1.663 X K X ayjq;0)- Taking sample #01 as an example, ajo;0] =
5.06 A, only when K equals ~1.5, a5 and ¢4 can be calculated as
12.62 and 6 A, which would be close to the Ga,0O; reference
lattice constant. With this method, the lattice constant values
of these samples are calculated and listed in Table S2 of the
Supporting Information, which are in good agreement with
that obtained by XRD characterizations. These numbers
indicate that the film {201} plane is compressed along the
[010] orientation and stretched along the [102] orientation
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Figure S. (a) @-scan patterns of #-MgGaO {010} and c-sapphire {1010} planes. (b) Schematic diagram of the epitaxial relationship for f-MgGaO
and on a c-sapphire substrate. (c) @-Scan patterns of rocksalt MgGaO {110} and c-sapphire {1010} planes. (d) Schematic of the epitaxial

relationship of rocksalt MgGaO on a c-sapphire substrate.

with the increase of Mg at. %, which is compatible with the
decrease of by and the increase of ag and ¢4 in Figure 3e. As
seen in Figure 4d, the RHEED pattern of sample #10 in the
mixed phase exhibits the Debye ring, which indicates the
polycrystal nature.”” Figure 4e,f shows RHEED patterns of the
rocksalt phase {111} plane along [110] azimuth of samples
#19 and #20, respectively. The in-plane lattice constant ay[;19),
namely, the distance between (112) planes, was calculated as
~5.20 and ~5.12 A for samples #19 and #20, respectively.
Based on the rocksalt structure (Figure 3a), the lattice constant
Aokt Of MgGaO unit cell for samples #19 and #20 was

calculated as ay;10)/(v/3/2), which is 425 and 4.18 A,

respectively (Table S2, Supporting Information). These are
also in good agreement with the results obtained by XRD. It is
noted that most RHEED patterns are not exactly streaky lines
but contain spots, indicating the possible formation of islands
in real space.”® The atomic force microscopy (AFM) 5 ym X 5
pum images of corresponding samples are shown in Figure 4g—
l, and the surface morphology of other samples was
characterized by AFM as well (Figure S7, Supporting
Information). The root-mean-square roughness of all samples,
which is also listed in Table 1, agrees with the RHEED results.

To further study the in-plane epitaxial relationship of
MgGaO thin films in both f# and rocksalt phases on the c-
sapphire substrate, XRD ¢-scans were measured. Figure Sa
shows ¢@-scan patterns of f-MgGaO {010} of sample no. 03 at
a position of the detector 2theta chi = 60.961° and c-sapphire
{1010} (2theta_chi = 68.212°) (PDF 00-046-1212). The ¢-
scan patterns of other f-phase samples #01 and #04 are shown
in Figure S8a,b in the Supporting Information. Similar to f-
Ga,0; on the c-sapphire substrate,*****’ six peaks are
observed and separated by 60° for both ¢-scan patterns of

the substrate and film, indicating the 6-fold rotational
symmetry for films growing on the c-sapphire {0001} plane
in the [0001] orientation. Compared with the 1.8° rotation
between (102); and (1010),,*® where the subscripts “f and ‘s”
mean the film and c-sapphire substrate, respectively, there is a
4° rotation between (010)¢ and (1010),. Besides, {201} . phase
(010); L{201}; e (102), and {0001}, (1010), L{0001},
(1230); therefore, the epitaxy relationship between the film
and substrate in the f§ phase is {201}4 . (010)¢ || {0001},
(1010), {201} p0e (102)¢ || {0001}, (1230), with a 4°
rotation, which is illustrated in Figure Sb. Figure Sc shows ¢-
scan patterns of rocksalt MgGaO {110} of sample #19 at
2theta_chi = 62.304° and c-sapphire {1010} (2theta chi =
68.212°). @-scan patterns of similar rocksalt samples #18 and
#20 are shown in Figure S8(c)-(d) in the Supporting
Information. Six diffraction peaks with 60° separation show
up similar to B-MgGaO; however, there is a 2° rotation
between (110); and (1010).. Besides, {111}, 4.ac[110];
L{111},5qeae[112]¢ Thus, the epitaxy relationship between
the film and substrate is {111}, 4. (110); || {0001}, (1010),,
and {111},0geae (112)4] {00013}, (1230); with a 2° rotation,
which is illustrated in Figure 5d. The arrangement of the
oxygen atom in red circles in the rocksalt {111} plane forms
the hexagonal shape. Due to (110) || (1010), with a 2°
rotation, the angle between (112); and (2130), is around 58°.
In other words, the {111} plane of films rotates almost 60°
matching the {0001} plane of the substrate.

Although f# and rocksalt phases belong to the monoclinic
and cubic systems, respectively, the arrangement of the oxygen
atoms in the /3 phase {201} plane and rocksalt {111} plane is
hexagonal, which is similar to the arrangement of oxygen atoms
in the c-sapphire {0001} plane. Referring to the three PDF
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Figure 6. (a) Tauc plot of the absorption spectra. (b) Transmittance spectra of MgGaO thin films with Mg atomic percent ranging from 0 to 100%.

(c) Band gap versus Mg atomic percent of MgGaO samples.

cards mentioned above, the atom arrangement of the c-
sapphire {0001} plane, # phase {201} plane, and rocksalt
{111} plane is illustrated (Figure S9, Supporting Information).
The O—0 bond length along the {0001},[0110] orientation is
~2.725 A, {201} ,1,,.[010] orientation is ~2.782 A, and
{111},yqque [110] orientation is ~2.97 A. It should be
mentioned that the O—O bond length along the {111},
[110] orientation is equal to /2 times the Mg—O bond length.
Because of the similar hexagonal oxygen atom arrangement
with similar bond lengths, both B phase and rocksalt phase
MgGaO can be readily epitaxial on the c-sapphire substrate.”’

Band gaps of MgGaO samples were studied by absorption
spectroscopy. Figure 6a shows a Tauc plot of the absorption
spectra of all samples. Since direct band gaps of ~5.0 eV for p-
Ga,0;°°7>* and ~7.8 €V for MgO™* ™ were reported, their
mixture MgGaO ternary alloys are assumed to possess the
direct band gap property. The Tauc equation for semi-
conductors with direct band gaps is expressed as

(ahv)* = A(ho — E,) ()

where a is the absorption coefficient, hv is energy, and A is a
proportionality constant. By extrapolating the linear segment of
absorption spectra to intersect the hv-axis with a fitting straight
line, the band gap was extracted and is listed in Table 1. The
maximum value of the tuned band gap is ~5.89 eV for sample
#19, which has Mg and Ga compositions of ~79 and 21%,
respectively. However, the band gap of sample #20 MgO
cannot be measured due to the wavelength limitations (200
nm minimum) of the UV—vis—NIR spectrophotometer,
although it is presumably equal to 7.8 eV. The transmittance
of these samples was also measured using the same
spectrophotometer, as shown in Figure 6b. ~90% trans-
mittance of light at the visible region was observed across the
spectrum for all samples. Figure 6¢ shows the band gap as a
function of Mg composition in the MgGaO films. The band
gap increases monotonically with the increase of Mg at. %.

To deduce the relationship between the band gap and Mg
composition, a polynomial model was used to fit band gap
versus Mg at. 9%,°° which is illustrated as the solid line in Figure
6¢. Due to the mixed phase crystal structure, and the limited
data points in rocksalt regions, fitting was done only for the
beta phase, which can be written as E,(x) = E,(0) + Ax + Bx?,
where E, (0) is the band gap of Ga,O3, A and B are constant,
and x is the Mg atomic percent. The fitting yields the following
formula
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Ey(x) = 5.03 + 021x + 2.94x° )

Taking sample #07 as an example, where Mg at. % is 30.23%,
Eg(x) = 5.03 + 021 X 30.23% + 2.94(30.23%)* = 5.36 eV,
which is equal to the experimental value of 5.36 eV.

We systematically investigated the phase transition and band
gap engineering in UWBG MgGaO thin films. Twenty samples
with Mg at. % ranging from 0 to 100% were grown by MBE.
Phase transformation from the f phase to the mixed phase and
finally to the rocksalt phase was benchmarked. When the Mg
atom % is between 0 and 30.23%, MaGaO is the pure ff phase;
when the Mg atom % is between 37.35 and 63.88%, MgGaO is
a mixture of f and rocksalt phases; when the Mg atom % is
larger than 72.84%, MaGaO films are the pure rocksalt phase.
Meanwhile, the lattice parameter and band gaps of MgGaO
thin films were quantified, and the epitaxial relationship
between the film in both f phase and rocksalt phase and
substrate was determined. This work shows that the MgGaO
ternary alloy is an alternatively viable candidate for band gap-
increasing band gap engineering of Ga,Oj; therefore, it is
promising for UWBG Ga,O5-based device applications.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaom.3c00237.
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