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ABSTRACT: Using detailed Raman scattering analyses, the effect of tin (Sn)
incorporation on the crystal structure, chemical bonding/inhomogeneity, and
single-phase versus multiphase formation of gallium oxide (Ga2O3)
compounds is reported. The Raman characterization of the Sn-mixed
Ga2O3 polycrystalline compounds (0.00 ≤ x ≤ 0.30), which were produced
by the high-temperature solid-state synthesis method, indicated that the Sn-
induced changes in the chemical bonding and phase segregation were
significant. Furthermore, the evolution of Sn−O bonds with increasing Sn
concentration (x) was confirmed. While the monoclinic β-Ga2O3 was
unperturbed for lower x values, Raman spectra revealed the nucleation of a
composite with a distinct SnO2 secondary phase. A higher Sn content led to
the formation of a Ga−Sn−O + SnO2 mixed phase compound, which was
reflected in shifts in the high-frequency stretching and bending of the GaO4
tetrahedra that structurally formed the β-Ga2O3 phase. Thus, a chemical
composition/phase/chemical bonding correlation was established for the Sn-incorporated Ga2O3 compounds.

■ INTRODUCTION
Wide-band-gap gallium oxide (Ga2O3) has interesting
structural, physical, and chemical properties that make it
useful in various modern and future technological contexts.1−15

Numerous fields of science and technology applications, such
as electronics, optoelectronics, photonics, neuromorphic,
energy storage and conversion, catalysis, and chemical sensors,
can consider integrating Ga2O3 and Ga2O3-based alloys. Deep-
ultraviolet photodetectors, high-power electronics, field-effect
transistors, sensors, liquid eutectic contacts, solar cells, cost-
efficient light-emitting diodes, and catalysts are just some of
the devices that could benefit from the use of these
materials.1,3,7,10−13,15−19

Ga2O3 is appealing for use in solid-state power electronic
and optoelectronic devices due to its superior thermodynamic
stability and ultrawide band gap (∼4.8 eV).3,7,10,11,16 When
compared to other TCOs like In2O3, SnO2, r-GeO2, and ZnO,
Ga2O3 has an even larger band gap. Recent research and
development efforts have focused on β-Ga2O3, suggesting that
it might replace the conventional SiC and GaN power devices
used in high-voltage applications.3,10,20 Ga2O3 is also an
intriguing material from a fundamental scientific standpoint,
exhibiting six individual polymorphs, namely, the α, β, γ, δ, ε,
and κ phases.21,22 β-Ga2O3, which crystallizes in a monoclinic
crystal structure of the C2/m/C32h space group, demonstrates
exceedingly high and favorable chemical and thermal stabilities
in contrast to other polymorphs.20

In recent years, β-Ga2O3 and alloys or composites based on
β-Ga2O3 have garnered considerable attention in experimental
and theoretical investigations. Advancements in the field have
been made as a result of efforts to comprehend the impact of
various metal ions in β-Ga2O3. For instance, Si-doped Ga2O3
dramatically improved the electrical conductivity because Si4+
acted as a donor impurity and increased the electron
concentration drastically.23,24 The formation energy and defect
structure of various transition-metal (TM) ions incorporated
into β-Ga2O3 have been the subject of theoretical studies,
which have proven to be extremely helpful.25,26 Furthermore, it
was shown that the chemistry of particular ions can
significantly affect the efficiency of photocatalysis and electro-
chemistry for energy storage.15,27 A sufficient number of
studies have also been done on the material’s optical and
optoelectronic characteristics. It has been reported that by
manipulating the shape of nanocrystals and incorporating rare-
earth ions into Ga2O3 nanomaterials, a wide range of
photoluminescence properties can be achieved.6,16,28 The
optical band gap was considerably narrowed and shifted to
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the red by adding TM ions like Fe, Ti, and W into β-
Ga2O3.

12,29−31 Exploring the science of Sn-incorporation into
Ga2O3 and enlightening the phase-structure−property corre-
lations are advantageous not only from a core crystallographic
perspective but also for extracting novel properties and
phenomena, which can aid in the design of materials for
sophisticated electronic and optoelectronic devices.
In recent years, there has been considerable interest in the

prospect of doping or alloying Ga2O3 with tin.15,32−37 Using
the float zone method, Sn-doped Ga2O3 single crystals were
grown, and it was shown that the electrical resistivity and
carrier concentration could be adjusted by controlling the
amount of Sn doped into the material. Sn-doped Ga2O3 thin
films with n-type conductivity and a carrier concentration of
1.95 × 1017 cm−3 were deposited using metal−organic
chemical vapor deposition. The photocatalytic activity of Sn-
intermixed (0.7 atom %) β-Ga2O3 nanostructures was found to
be significantly higher than that of intrinsic β-Ga2O3. These
findings suggest novel avenues for establishing extremely
efficient photocatalysts based on β-Ga2O3 for use in fields such
as environmental cleanup, germ killing, and targeted chemical
reactions.35 However, even though Sn incorporation into β-
Ga2O3 single crystals and thin films has been extensively
explored in recent years, the fundamental aspects of Sn-mixing
in Ga2O3 inorganic compounds have received little attention in
the literature.
A deeper understanding of the crystal structure, electronic

structure, and structure−property correlation is critical to
manipulating the material for desired applications. Therefore,
we employed Raman spectroscopy, an effective and non-
destructive technique to probe materials’ structure and
chemical bonding at all length scales,38−40 to gain deeper
insight into the crystal structure and chemical bonding in Sn-
assimilated Ga2O3 compounds. Furthermore, Raman spectros-
copy allows for determining the presence of even noncrystal-
line secondary phases, which may not appear in traditional X-
ray diffraction measurements.38,39 Interestingly, as presented
and discussed in this contribution, Raman scattering analyses
allowed us to identify features of the core internal structure

and chemical bonding in Sn-incorporated Ga2O3, as well as
differentiate the presence of a single phase versus a composite
formation (Figure 1).

■ EXPERIMENTAL DETAILS
A high-temperature solid-state chemical process was used to
synthesize Ga−Sn−O materials. Pure powders of Ga2O3
(99.99%, product no. 215066) and SnO2 (99.99%, product
no. 204714) from Sigma Aldrich were blended entirely
together to produce a series of Sn-mixed Ga2O3 compounds.
According to the chemical formula (Ga1−xSnx)2O3, where x is
the atomic percentage of Sn introduced, the ratio for Sn was
adjusted based on balanced stoichiometry. Sn concentrations
between x = 0.0 and x = 0.3 were used to produce the
materials. We started the solid-state synthesis technique by
grinding the powders with a mortar and pestle in a volatile
liquid environment, resulting in uniform mixing and creating
particles with ever smaller dimensions. This resulted in
uniform mixing and creating particles with ever smaller
dimensions. Then, the mixed compound was calcined at
1100 °C for 12 h. Both the heating and cooling ramp rates
were set at 5 °C/min. After calcination, the sample was
pulverized using polyvinyl acetate, followed by pressing into
pellets of 8 mm diameter and 2 mm thickness. The final step of
the Sn-mixed Ga2O3 synthesis involved a sintering process.
The goal was to make a reasonably dense material by
narrowing the powder particles’ pores and getting rid of any
other flaws that might have been there. The sintering
temperature was set to 1350 °C for 12 h while retaining the
same ramp rate. This process yielded Sn-mixed Ga2O3
materials with varying Sn concentrations (x), which were
characterized for insights into their structure−composition
relation. The fabrication processes for making pure Ga2O3 and
SnO2 pellets were identical.
A micro-Raman (Renishaw) spectrophotometer with 532

nm laser excitation was used for Raman spectroscopy. As
published extensively in the literature, standard methods were
used to fit the peaks.41 Briefly, Raman spectra were fitted by a
superposition of the Lorentzian function:41

Figure 1. Schematic representation of the conceptual layout of the present work employed for synthesis and structural characterization of Ga−Sn−
O samples. Starting from left to right, the schematic diagram represents the mixing of respective oxides, the solid-state synthesis procedure
employed, and the principle of Raman spectroscopic characterization to evaluate the structure and chemical bonding of Ga−Sn−O samples. The
images shown are taken at the CMR, Materials Synthesis Laboratory, and created by the team of authors.
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where ω, ω0,W, A, and I0 are the peak phonon frequency,
maximum peak phonon frequency, full width at half maxima
(FWHM), normalization constant, and background intensity,
respectively.

■ RESULTS AND DISCUSSION
The Raman spectroscopic and X-ray diffraction (XRD) data of
the Sn-incorporated Ga2O3 samples are shown in Figure 2a,b,
where the data shown are for various concentrations of Sn (x).
Figure 2c−e depicts three possible phases present in the solid
solution. The Raman peaks observed for all concentrations of
Sn remained the same for each value of x. The Raman peaks
observed were approximately located at 112, 143, 169, 199,
320, 346, 415, 475, 630, 654, and 766 cm−1, which
corresponded to A1g, B2g, A2g, A3g, A4g, A5g, A6g, A7g, A8g, B5g,
and A10g, vibrations, respectively.

42 The lower frequency bands
at 112, 143, 169, and 199 cm−1 were assigned to the
translations and vibrations of chains, while the bands at 320,
346, and 415 cm−1 were assigned to the deformation of the
octahedron.42 The higher frequency bands at 475, 630, 654,
and 766 cm−1 were assigned to the bending and stretching of
the tetrahedron.42 All peak positions and mode assignments
agreed well with those reported for bulk β-Ga2O3.

The Raman spectra were analyzed for crystal structure and
crystal symmetry to further understand the chemical purity and
bonding within Ga−Sn−O. For x = 0.0, the sample exhibits the
characteristic Raman peaks related to intrinsic monoclinic β-
Ga2O3.

43,44 As Sn concentration increases, the Raman data
show the peak evolution and intensity variation, which is fully
dependent on the Sn-content. It appears that a secondary Sn-
alloyed β-Ga2O3 phase (Ga−Sn−O) forms, where Ga atoms
are partially substituted by Sn atoms, while Ga−Sn−O + SnO2
composite formation occurs at higher values of Sn(x). Also, the
XRD peaks45 (Figure 2b) for x ≤ 0.1 are identified and
indexed to the phase pure monoclinic β-Ga2O3 phase. For x ≥
0.2, peaks corresponding to the tetragonal SnO2 phase start
evolving. We have used a high-temperature solid-state process
during the fabrication of Sn-incorporated Ga2O3 compounds,
where the solubility limit is slightly higher due to the high-
temperature processing. However, Wang et al.36 and Ryou et
al.35,36 have independently reported, based on different studies,
a relatively lower solubility limit, which may be primarily due
to the lower processing temperature adopted. Detailed
Rietveld analysis,45 along with the findings from Raman
scattering of corresponding samples, supports that the Sn
incorporation induces a secondary phase formation with an
increasing concentration of x ≥ 0.20. Additional structural and
optical characterization of Sn-incorporated Ga2O3 compounds,
which was reported earlier, has followed the same trend.37,45

Figure 2. (a) Raman spectroscopy and (b) XRD [reprinted (adapted) with permission from ref 45. Copyright 2022 American Chemical Society]
data of Ga−Sn−O compounds with varying Sn concentrations, x = 0.00 to x = 0.30. (c) Schematic of pure monoclinic β-Ga2O3 crystal structure.
(d) Schematic of mixed (Ga1−xSnx)2O3 monoclinic crystal structure with partial substitutional replacement of Ga atoms by Sn. (e) Schematic of
pure rutile SnO2 crystal structure.
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The peak positions corresponding to active Raman modes,
as shown in Figure 2a, are listed in Table 1 with their

appropriate vibrational symmetry assignments. By identifying
the peak positions carefully, the evolution of chemical bonding,
intermixing of two different phases, lattice symmetry, and
phase segregation in the Sn-incorporated Ga2O3 materials can
be understood. Until A6g (∼415.4 cm−1), there was no
significant change in peak position/shape for all values of Sn
concentration, and the variation was within ±0.4 cm−1. In
contrast, A7g showed a slight frequency shift starting from x =
0.20, but the overall peak intensity, shape, and FWHM
remained unaffected. However, the last three peaks, A8g, B5g,
and A10g, changed dramatically at higher Sn concentrations.
Such behavior reflected in the data provided clues about phase
identity or the coexistence of phases and can be understood
comprehensively by comparing phase-pure β-Ga2O3 and SnO2
Raman spectroscopic data with Sn-mixed Ga2O3 compounds in
detail.
Figure 3a shows the Raman spectroscopic data of

monoclinic β-Ga2O3 over a broader spectral range. For clarity

and to understand the present data more clearly, the Raman
spectrum of a SnO2 polycrystalline reference sample is also
shown (Figure 3a). The spectra can be conveniently used to
understand the effect of Sn on the chemical bonding in Ga2O3.
Monoclinic β-Ga2O3 belongs to the space group C2/m/

C32h. Following a factor group analysis,46 the crystal modes
are classified according to

10A 5B 4A 8Bopt g g u u= + + + (2)

The Ag and Bg symmetries are the Raman-active phonon
modes, while those with Au and Bu are infrared active. A total
of 15 Raman modes and 12 infrared active modes were
expected for β-Ga2O3.

42,46 Rutile SnO2 of the P42/mnm space
group has the following optical vibration modes at the Γ point
of the Brillouin zone:47−50

A A A B B 2B E 3Eopt 1g 2g 2u 1g 2g 1u g u= + + + + + + +
(3)

Among these, four are Raman active modes, where A1g, B1g,
and B2g belong to active nondegenerate modes, and Eg
represents an active, doubly degenerate mode. A2u and Eu
are infrared active, while A2g and B1u are silent. Only the
oxygen atoms vibrate either parallel (doubly degenerate) or
perpendicular (nondegenerate) to the c-axis. Figure 3c,d shows
the oxygen atom vibration modes for A1g and B2g, respectively.
These two modes are the most important SnO2 Raman-active
lattice vibration modes for our current study. The A1g(SnO2)
wavenumber is in close proximity to A8g(β-Ga2O3), and that of
B2g(SnO2) is in close proximity to A10g(β-Ga2O3). The relative
evolution of these peaks with increasing Sn incorporation,
shown in Figure 2a (inside the dotted rectangular box), defines
the structural and chemical properties of the Ga−Sn−O
composite. Eg(SnO2) and A7g(β-Ga2O3) also appear at similar
wavenumbers. However, insignificant peak modulation (∼475
cm−1 in Figure 2a) throughout the Sn-incorporated Ga2O3
compounds makes the corresponding peak less attractive for
further investigation. Figure 3b shows the magnified Raman
spectra for both β-Ga2O3 and SnO2, focusing on the four peaks

Table 1. Peak Position (in cm−1) of Active Raman Vibration
Modes in (Ga1−xSnx)2O3 Compounds with Increasing Sn
Concentration from x = 0.00 to x = 0.30

Raman
modes x = 0.00 x = 0.05 x = 0.10 x = 0.20 x = 0.25 x = 0.30

A1g 112.3 112.3 112.3 112.4 112.1 112.3
B2g 143.6 143.8 143.9 144.0 144.0 143.9
A2g 168.5 168.5 168.6 168.7 168.4 168.4
A3g 199.3 199.3 199.2 199.2 199.2 199.2
A4g 319.4 319.3 319.3 319.3 319.4 319.3
A5g 345.7 345.7 345.8 345.8 345.8 345.7
A6g 415.4 415.4 415.3 415.4 415.4 415.4
A7g 475.0 474.8 474.8 474.2 474.1 474.1
A8g 630.0 630.0 630.0 630.0 632.6 632.5
B5g 653.7 653.7 653.6 653.9 653.4 653.4
A10g 765.9 765.6 765.6 765.9 766.7 766.9

Figure 3. (a) Raman spectra of phase pure β-Ga2O3 and SnO2. (b) Expanded Raman spectra of phase pure β-Ga2O3 and SnO2, indicating A8g/B5g/
A10g Raman modes of β-Ga2O3 and A1g/B2g of SnO2. (c, d) Oxygen vibration direction corresponds to A1g/B2g of SnO2.
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as mentioned above. Additionally, the wavenumbers of Raman
scattering peaks of phase-pure β-Ga2O3 and SnO2 obtained in
the present work, along with mode assignments, are presented
in Table 2.

Figure 4 highlights the effect of Sn incorporation. The
optimized peak fitting was used to extract the active vibrational
contributions from the monoclinic and rutile-type phases. The
peaks at ∼634 and ∼774 cm−1 correspond to the A1g and B2g
bands of rutile SnO2 (cassiterite phase), respectively.

51 The Sn
incorporation did not appear to cause any effect on the
overlapped β-Ga2O3 peaks (A8g and A10g), such as a shift or
broadening/narrowing of the peaks. This confirmed the
integrity of the corresponding Raman vibrational mode of
the host crystal. It is evident that the SnO2 peak began to form
at a concentration of x = 0.20. A further increase in peak
intensity was noted when the Sn concentration was increased
to x = 0.30. Deeper insight into the Sn-incorporated Ga2O3
chemical stoichiometry can be inferred from this typical
behavior seen in the Raman spectroscopic data. Starting from
the pure phase β-Ga2O3, smaller Sn infusions (<x = 0.20)

caused the substitutional replacement of Ga atoms and formed
corresponding Ga−Sn−O compounds. The overall lattice
structure remained the same, except for the presence of
partially Sn-dominated Ga crystallite sites. The fractional
coexistence of Sn with the host Ga atoms altered the lattice
vibrations slightly, but the overall Raman spectra did not
change significantly. Though the monoclinic β-Ga2O3 showed
active Raman spectra corresponding to mixed Ga/O lattice
vibrations, the partial replacement of Ga by Sn did not affect
the intrinsic vibrational symmetry considerably. However, at
Sn concentrations above x = 0.2, rutile SnO2 began to form,
along with a host-monoclinic Ga−Sn−O phase. The Raman-
active lattice vibrations also changed accordingly and became
more significant when the Sn concentration was increased to x
= 0.30.
The shifts displayed in Table 1 explain the effects due to Sn

incorporation. It is evident that the presence of Sn caused a
slight change in the Ga−Sn−O Raman-active modes. The
evolution of a partially overlapped peak intensity from two
different lattice families (β-Ga2O3-(A8g/A10g) and SnO2-(A1g/
B2g)) is shown in Figure 5a,b. For both cases, the SnO2/β-
Ga2O3 ratio increased significantly at Sn concentrations of x =
0.02 and higher. Lower Sn concentrations (<x = 0.20) had a
negligible influence on the corresponding Raman peaks, which
confirmed the absence of phase segregation. For x < 0.2, Sn has
incorporated as a substitutional entity at Ga(II) octahedral
sites, and from 20 atomic % onward, it starts forming an
additional secondary phase of SnO2 through interstitial
substitution. Varley et al.25 have clearly shown that Sn always
prefers to replace Ga(II) atoms at octahedral lattice sites owing
to its lower formation energy. Additionally, there are several
reports in the recent literature suggesting the same theoretical
prediction.52,53 Moreover, decreasing peak intensity, related to
the mid-frequency range (320, 346, and 415 cm−1), with
increasing Sn concentration confirms selective Sn incorpo-
ration at GaII3+ sites. But, there is a nominal peak shift observed
in such Raman active vibration modes. Yao et al.52 have
reported similar findings, which is due to the localized

Table 2. Comparison of Raman Peak Positions of Pure β-
Ga2O3 and SnO2
Raman modes of β-
Ga2O3

peak position
(cm−1)

Raman modes of
SnO2

peak position
(cm−1)

A1g 112.3 B1g 100.5
B2g 143.6
A2g 168.5
A3g 199.3
A4g 319.4
A5g 345.7
A6g 415.4
A7g 475.0 Eg 479.2
A8g 630.0 A1g 634.2
B5g 653.7
A10g 765.9 B2g 775.3

Figure 4. (a, b) Modulation of partially overlapped active Raman peaks of β-Ga2O3 (A8g, B5g, and A10g) and SnO2 (A1g, and B2g) with increasing Sn
concentration from x = 0.20 to x = 0.30.
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deformation at octahedral GaII3+ sites than long-range bond
stretching. On the contrary, asymmetric tailoring of the Raman
active vibrational peaks at a higher frequency range starts
appearing from x ≥ 0.2, where the interstitial accumulation of
the SnO2 phase begins overtaking the Sn incorporation
process. Figure 5c highlights another effect of Sn alloying:
the broadening of the 653 cm−1 peak. At x = 0.25 and 0.30, the
peak is significantly decreased and broadened. Doping effects
on GasO3 have been reported previously.41,54 With an increase
in dopant comes an increase in the amount of foreign atoms
entering the crystal lattice of β-Ga2O3, which forms a ternary
solid solution.54 The broadening of the peak at 652 cm−1 may
be explained by the same principle, as x = 0.25 and 0.30
concentration is the threshold amount for solute atoms to
enter the lattice. The atomic radii mismatch between Ga3+ and
Sn2+ is large enough to contribute to this peak broadening.
Finally, as clearly demonstrated in the present work using
Raman spectroscopic studies, the gradual evolution of single-
phase Ga−Sn−O versus multiphase Ga−Sn−O + SnO2
composites with increasing concentration of Sn was also
evident in the morphology and microstructure studies, as
reported elsewhere.47

■ CONCLUSIONS
Summarizing the results, detailed Raman spectroscopy
measurements were performed to characterize the structure,
chemical bonding, and phase evolution of Sn-incorporated β-
Ga2O3. Rutile SnO2 nucleated and attempted to fuse into the
overall structure of the host monoclinic β-Ga2O3. Such phase
intermixing and composite evolution was perhaps facilitated by
thermo-chemical means via solid-state reaction at elevated
temperatures. Additionally, the Sn-incorporation concentra-
tion, which varied from 0 to 0.3 atomic %, influenced the
overall phase composition of the resulting Ga−Sn−O
materials. Successful characterization of the relative intrinsic
parameters can extract the elementary behavior of the core

crystal structure and chemical bonding, as well as differentiate
the single-phase versus a composite formation in the
(Ga1−xSnx)2O3 materials. These fundamental insights derived
from the dopant effect are expected to offer efficient means to
design impeccably alloyed, wide-bandgap oxide semiconduc-
tors for futuristic electronic, optoelectronic, and photonic
devices.
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