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ABSTRACT

We report on the microstructure, dopant-induced changes in the chemical

bonding, and electronic structure, chemical valence states of cations in Sn-in-

corporated gallium oxide (Ga2O3). Spectroscopic characterization of Sn-mixed

Ga2O3 compounds (Ga2-2xSnxO3, 0.00 B x B 0.3, Ga–Sn–O), which were pro-

duced by the high-temperature solid-state chemical reaction method, indicates

that the Sn-mixing-induced changes in the microstructure and electronic

structure are significant. X-ray photoelectron spectroscopic (XPS) analyses,

which considered the Ga 2p doublet (Ga 2p3/2 and Ga 2p1/2 peaks), indicate that

the Ga exists in its highest chemical valence state (Ga3?) in all of the samples,

irrespective of Sn-content. The evolution of Sn peaks in XPS data indicates

progressive increase in the Sn-content in Ga–Sn–O samples as x increases from

0.0 to 0.3. However, while no significant changes are seen in the Ga chemistry,

formation of SnO2 secondary phase was evident, especially with increasing Sn-

concentration. The XPS data confirm the Sn4? chemical valence state of Sn-ions

in all of the Ga–Sn–O samples. The energy-dispersive X-ray spectroscopic (EDS)

mapping analyses reveal the localization of SnO2 secondary phase in the parent

matrix of Ga2O3. Combined EDS and XPS analyses indicate the secondary phase

(SnO2) formation becomes dominant for higher Sn-content. Corroborated with

chemical analyses made by EDS and XPS, the Fourier infrared (FTIR) spectro-

scopic analyses also reveal the evolution of Sn–O bonds, which is reflected in the

shift for the high-frequency stretching and bending of the GaO4 tetrahedra,

which structurally form the b-Ga2O3 phase. The detailed analysis of the FTIR

data and peak evolution suggests a stronger interaction of Sn with Ga2O3 for
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x C 0.15. A correlation between composition, crystal chemistry, and electronic

properties is established in Ga–Sn–O compounds.

Introduction

Gallium oxide (Ga2O3), which is one among the wide

band gap oxides, exhibits very interesting structural,

physical, and chemical properties, which can be uti-

lized in many of the current and emerging techno-

logical applications [1–15]. Ga2O3 and Ga2O3-based

alloys can be readily integrated into numerous sci-

entific and technological applications, which include

electronics, optoelectronics, neuromorphic, energy

storage and conversion, catalysis, and chemical sen-

sors. The specific device application potential of these

materials includes, but not limited to, the design and

development of deep UV photodetectors, field-effect

transistors (FETs), high power electronic devices,

sensors, solar cells, transparent conducting oxides

(TCOs), cost-effective light-emitting diodes (LEDs),

liquid eutectic contact, and photocatalysts

[6, 7, 10–14, 16–18].

The excellent thermodynamic stability coupled

with ultra-wide band gap makes Ga2O3 attractive for

solid-state power electronic and optoelectronic devi-

ces [1, 4, 5, 8, 9, 18, 19]. The bandgap of b-Ga2O3

is * 4.8 eV, which is second largest compared to the

diamond, the well-known highest band gap material.

Also, the band gap of Ga2O3 is considerably greater

than other transparent conducting oxides (TCOs)

such as In2O3, SnO2, and ZnO. The recent massive

attention and numerous studies performed on b-

Ga2O3 indicate a possible future replacement of the

well-established SiC and GaN power devices, which

operate at extreme or ultra-high voltages [16–18]. On

the other hand, Ga2O3 is also an interesting material

from a fundamental science perspective; it exhibits

six different polymorphs, namely the a, b, c, d, e, and

j phases. However, compared to other polymorphs,

the b-Ga2O3 polymorph (crystallizes in monoclinic

crystal structure in the C2/m space group) exhibits a

very high and favorable chemical and thermal sta-

bility [19].

Recent attention and experimental and theoretical

studies performed on b-Ga2O3 and b-Ga2O3-based

alloys and composites resulted in some advance-

ments in the field. Most importantly, several

researchers have directed their efforts to elucidating

the effect of different metal ions into b-Ga2O3. Silicon

doping into Ga2O3 effectively promotes the electrical

conductivity since Si4? acts as an electron donor and

increases the free carrier concentration by a few

orders of magnitude as compared to the undoped

Ga2O3 [20–22]. Insight into the chemical formation

energy and defect nature of transition metals doped

into b-Ga2O3 was achieved by means of theoretical

studies [23–25]. Using the DFT calculations, the

shallow donor nature with a low formation energy

was established for Nb-dopant as opposed to deep

donor behavior of W, Mo, and Re as dopants into b-

Ga2O3 [24]. The photocatalytic activity of doped b-

Ga2O3 indicates that the specific ion and associated

chemistry can influence the performance greatly

[26–30]. Reasonably good number of studies were

also performed on optical and optoelectronic prop-

erties. Complex photoluminescence (PL) properties

were obtained by Eu-doping into colloidal c-Ga2O3

nanocrystals which exhibit red and blue emission

resulting from intra-4f orbital transitions. Dual blue-

green PL emission of Tb3?-doped Ga2O3 nanocrystals

was also demonstrated [31]. The transition metal

(TM) ion, such as Fe, Ti, and W, mixing or alloying

into b-Ga2O3 indicated significant reduction and red

shift in the optical band gap [13, 32–37]. However, the

amount of red shift and spectral selectivity was found

to be dependent on the specific TM-ion used for

doping. Similarly, several existing works in the lit-

erature suggest that the overall chemistry, electronic

structure, and optical properties can be tailored by

considering the metal ions into b-Ga2O3 thin films or

nanomaterials. The Cu-doped b-Ga2O3 thin films

prepared by sputter deposition showed a marked

decrease in the optical band gap [38]. The band gap

reduction was attributed to the impurity energy

levels formed by Cu-ions doped into b-Ga2O3 [38]. A

red-shifted band gap was observed for W- and Ti-

doped b-Ga2O3 polycrystalline thin films produced

using different thin-film deposition techniques

[33, 39–41]. Thus, it is clear that the structural,

chemical, and electronic properties of the resulting

materials highly depend on the nature, chemistry,
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valence state, and site occupation of the specific

dopant ion into b-Ga2O3.

The present work deals with the Sn-incorporation

induced effects on the microstructure, chemical

bonding, and electronic properties of Ga2O3. The

impetus to study the effect of Sn is derived from the

following considerations. Similar to Ga2O3, SnO2 is

also an interesting semiconductor and has been

explored for utilization in TCOs and sensors [42–49].

Therefore, we believe that understanding the science

of Sn incorporation into Ga2O3 and understanding

their properties are beneficial not only from a fun-

damental science perspective but also to derive new

properties and phenomena, which can facilitate

designing materials for advanced electronics and

optoelectronics. In fact, Sn-doping into Ga2O3 has

been considered widely in recent years [50–59]. The

Sn-doped Ga2O3 single crystals were produced using

the float zone method, where electrical resistivity and

carrier concentration were shown to be tailored based

on the amount of Sn doped into Ga2O3 [50]. Similarly,

the viability of Sn-doped Ga2O3 as a GaN-based

optical device for TCOs has also been explored [53].

The MOCVD-produced thin films of Sn-doped Ga2O3

exhibit n-type conductivity with a carrier concentra-

tion of 1.95 9 1017 cm-3 and a Hall mobility of

0.9 cm2Vs-1 [56]. Similarly, it was found that the Sn-

doping into Ga2O3 improves the overall electrical

conductivity and Hall mobility [58]. Most recently,

Ryou et al. studied the structural, chemical, and

photocatalytic properties of Sn-doped b-Ga2O3

nanomaterials synthesized by a facile hydrothermal

chemical method [51]. It was found that the photo-

catalytic activity of the Sn-doped (0.7 at%) b-Ga2O3

nanostructures significantly enhanced compared to

that of intrinsic b-Ga2O3. Based on the results, the

authors suggest the possible new opportunities to

design highly effective b-Ga2O3-based photocatalysts

for applications in environmental remediation, dis-

infection, and selective organic transformation [51].

However, despite the fact that Sn doping of Ga2O3

single crystals and thin films has been explored quite

extensively in recent years, the fundamental aspects

of Sn mixing into Ga2O3 inorganic compounds have

not been considered much in the literature. Such a

deeper understanding of the crystal structure, elec-

tronic structure, and structure–property correlation is

the key to manipulate the materials for desired

applications. Therefore, in the present work, we

employed spectroscopic methods, namely X-ray

photoelectron spectroscopy (XPS), energy-dispersive

X-ray spectrometry (EDS), and Fourier transform

infrared spectroscopy (FTIR), to probe the electronic

structure and chemical inhomogeneity in addition to

chemical bonding information on the Sn-mixed

Ga2O3 compounds. As presented and discussed in

this paper, such a comprehensive understanding of

the microstructure details, chemical homogeneity,

and associated effects on the electronic structure and

properties as a function of Sn concentration enhances

our ability to design the materials with controlled

phase and properties for practical device

applications.

Materials and methods

Synthesis

The tin (Sn)-mixed gallium oxide (Ga2O3) com-

pounds were produced via the high-temperature,

solid-state chemical reaction method [3]. In order to

obtain the homogenous compounds in the series of

Sn-mixed Ga2O3 (referred to as Ga–Sn–O), high-pu-

rity Ga2O3 (99.99%) and SnO2 (99.99%) powders were

mixed thoroughly. The ratio for Sn was adjusted

based on a balanced stoichiometry following the

chemical formula Ga2-2xSn [60] xO3-d (referred to as

Ga–Sn–O), where x is the amount of Sn introduced.

Compounds were prepared by varying the concen-

tration of Sn in the range of x = 0.0–0.3. In the solid-

state synthesis route adopted, we first initiated the

process by grinding the powders using a mortar and

pestle under a volatile liquid environment. This

ensures homogeneous mixing and the formation of

smaller size particles. The sequence of the steps and

various stages involved in synthesis of Ga–Sn–O

samples are schematically represented in Fig. 1.

The mixture was calcined at a temperature closer to

the melting point of the material. In this case, the

mixed compound was heat-treated at 1100 �C for

12 h in a muffle furnace. The ramp rate used for

heating and cooling was 5 �C/min. After calcination

of the sample, the mixture was ground again by

introducing polyvinyl acetate (PVA). Under the

presence of PVA, the mixture was ground into a fine

powder, which was then used to make pellets. The

pellets were made by pressing the final Ga–Sn–O

powder at 1.5 tons for 1 min and had dimensions of

8 mm diameter and 2 mm thickness.
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The second stage of the Ga–Sn–O chemical com-

pound synthesis involved a sintering process. The

pellets were subjected to the second heat treatment,

i.e., sintering, at higher temperatures. The objective

was to obtain a relatively dense material by closing

the pores of the powder particles and also to elimi-

nate any other defects that may have been present.

The sintering temperature, which is typically higher

than the calcination temperature, was set to 1350 �C
for 12 h while maintaining the same ramp rate as in

the calcination. The final products, which are Ga–Sn–

O materials with a variable Sn concentration (x), thus

obtained were subjected to characterization to

understand the structure, composition, and electro-

chemical properties.

Characterization

Scanning electron microscopy (SEM)

The Ga–Sn–O samples were used to study the mor-

phological characteristics using the FEI Magellan 400

scanning electron microscope. The SEM provides

sub-nanometer spatial resolution. The samples were

gold-coated (\ 5 nm thickness) before imaging to

optimize the surface properties under SEM. The

accelerating voltage was limited to 5 kV, and the

working distance was kept below 4 mm.

Energy-dispersive x-ray spectroscopy (EDS)

To understand the phase separation and Sn-chem-

istry, we performed energy-dispersive X-ray spec-

troscopy (EDS) measurements on select

compositions. For the purpose of EDS measurements,

scanning electron microscopy (SEM, Hitachi High-

Tech America, Inc, USA) was employed while mea-

surements were performed using the backscattered

electron mode. An elemental compositional analysis

was performed using EDS with the use of x-ray color

mapping to allow for the approximate determination

of elements present and their distribution

characteristics.

X-ray photoelectron spectroscopy (XPS)

XPS characterization of intrinsic and doped/alloyed

Ga2O3 materials proved to be quite useful in our

previous studies on understanding the effect of

dopants on the electronic structure and properties

[13, 32, 34, 35, 37, 61]. Therefore, we implemented the

previously established procedures and methods to

characterize the Ga–Sn–O compounds using XPS. For

clarity purpose, the details of XPS measurements and

analytical procedures performed are as follows. The

XPS scans of Ga–Sn–O compounds were obtained

employing Kratos Axis Ultra DLD spectrometer

using Al Ka monochromatic X-ray source

Figure 1 Schematic representation of the synthesis procedure employed for Ga–Sn–O samples. The sequence of the steps and various

stages involved in synthesis of Ga–Sn–O samples are indicated.
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(1486.6 eV). The survey and high-resolution (HR)

scans were carried out at a pass energy of 160 and

40 eV, respectively. Survey scans and high-resolution

spectra of Ga 2p, Fe 2p, O 1 s, C 1 s and Ga 3d peak

regions were obtained analyzed to understand the

effect of Sn doping into Ga2O3. The survey and high-

resolution (HR) scans were carried out at a pass

energy of 160 and 40 eV, respectively. Charge neu-

tralizer was set to a value of 3.5 eV as these are

insulating ceramic oxide samples. Raw XPS data

were fitted with the help of CasaXPS software using

Gaussian/Lorentzian (GL(30)) line shape and Shirley

background correction. Survey scans were collected

over the binding energy (B.E.) range of 1400-(-)

5 eV, whereas HR spectra of Ga 2p, Fe 2p, O 1 s, C

1 s, and Ga 3d peak regions were obtained with at

least 8 number of sweeps for each of them depending

on the clarity of the peaks. Though both the Ga peaks

(i.e., Ga 2p and 3d) were collected for confirmation,

only Ga 2p spectra are depicted in order to avoid

confusion coming from the interference of Ga 3d

peak with O 2 s peak as both the peaks are very

closely situated. Detailed discussion on sample

preparation techniques for XPS, precautions taken

during sample transfer from the furnace atmosphere

to the XPS analysis chamber and during XPS data

collection, and particular instrumental parameters

used for scanning can be found elsewhere. Specifi-

cally, these procedures adopted were found to be

efficient to evaluate both intrinsic and doped Ga2O3

compounds. The binding energy of carbon (C 1 s)

peak at 285 eV was used for charge referencing all

other HR spectra. Estimation error of ± 0.01 at.% was

considered in order to obtain elemental

concentration.

Fourier transform infrared (FTIR) spectroscopy

The Fourier transform infrared, FTIR, spectra analy-

sis allows the vibration of atoms or groups of atoms

to be observed; this will allow us to confirm the

quality and bonding of the Ga–Sn–O composition

with relation to the amount of Sn incorporated on the

Ga2-xSnxO3 samples. The far-IR (150–400 cm-1) and

mid-IR (400–4000 cm-1) transmission spectra were

recorded with a vacuum-based Bruker IFS 66v sys-

tem. For these analyses, the samples were prepared

in the form of pellets by embedding them in a CsI

matrix. Two different beam splitters, a Ge-coated

mylar and a KBr, as well as two deuterated triglycine

sulfate (DTGS) detectors, were employed for such

measurements. Each IR spectrum is the result of an

accumulation of 256 scans at a resolution of 4 cm-1.

Results and discussion

Microstructure and chemical inhomogeneity

The microstructure and chemical inhomogeneity of

the Ga–Sn–O samples were first analyzed by the

combined use of SEM and EDS mapping analyses.

Then, the evolution of chemical composition, chemi-

cal valence states, chemical inhomogeneity, and

influence of Sn incorporation on lattice vibration of

the samples was further confirmed by means of XPS

and FTIR studies. Additionally, we validated our

findings with structural and optical analysis (XRD

and UV–Vis spectroscopy). Figure 2 depicts topo-

graphical fingerprint of Ga–Sn–O compounds for

x = 0.00–0.30. The overall morphology until x = 0.20

showed least significant modulation with increasing

Sn incorporation. Average particle size distribution

along with topographical signature was almost

invariant with lower Sn concentration. Higher Sn

content (x = 0.3) showed drastic change in morphol-

ogy of the samples. The grains were fractured and

distorted throughout the surface. Also, average par-

ticle size reduced drastically. This anomalous

behavior can be explained through gradual evolution

of single-phase Ga–Sn–O versus multiphase Ga–Sn–

O ? SnO2 composites with increasing concentration

of Sn. Starting with pure Ga2O3 (Ga–Sn–O: x = 0.0),

smaller amount of Sn incorporation settled in

homogeneous composition of Ga–Sn–O throughout

the matrix. As it crossed the solubility limit (we

believe x = 0.15 in this case, confirmed through XRD

analysis) of Sn into the host material, there was a

tendency to form multiple phases and to introduce

chemical inhomogeneity inside the complex com-

posites. During the fabrication process of such high

Sn concentrated Ga–Sn–O composites at elevated

temperature, the SnO2 binary phase might tried to

segregate out of the host matrix. During the process

of phase segregation, it formed distorted grains. To

get an elaborative understanding about this chemical

inhomogeneity and coexistence of multiphase com-

plex composites, we performed the EDS analyses.

The data of the EDS analyses are presented in Fig. 3.
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Assertively, there is an evident signature in the

SEM images for the formation of SnO2 secondary

phase with increasing Sn concentration. Dissociated

SnO2 crystals, which appeared as a secondary phase

in XRD analyses reported elsewhere2, are found to be

accumulating throughout the surface of host b-Ga2O3

grains. A clear difference in contrast is reflected in

SEM/EDS mapping images (Fig. 3a) providing evi-

dence for such chemically induced surface segrega-

tion of Ga–Sn–O composites for x = 0.2. Small mole-

like features appear with Sn incorporation. Owing to

the bigger crystal size of SnO2, it is quite natural that

the parasitic phase will try to come out of the host

and try to accumulate along the circumference of the

same. As we keep increasing the Sn-concentration,

further phase separation occurs and small parasitic

SnO2 crystals start agglomerating to form bigger

SnO2 grains, which can be visually distinguished

from Ga2O3 with the help of color contrast in the SEM

images. Finally, for higher amount (x = 0.3) of Sn

incorporation, duly sintered at optimized tempera-

ture, there was a prominent evidence of crack for-

mation in the host Ga2O3 crystals (Fig. 3b), which

was the result of rigorous phase separation between

Ga2O3 and SnO2.

The XRD analyses coupled with refinement of the

data also indicated that the increasing Sn concentra-

tion results in the formation of single phase Ga–Sn–O

materials for lower Sn-content while composite for-

mation occurs at higher Sn-concentration, where

monoclinic b-Ga2O3 and tetragonal SnO2 coexist. The

XRD and refinement data and related analyses were

reported previously2. The results indicate that solu-

bility limit of Sn intermixing appears to be x = 0.15, at

which point the formation of SnO2 tetragonal phase

formation inside monoclinic b-Ga2O3 host matrix was

evident [3]. Quantitative analyses revealed that, for

Sn in the composition, x = 0.15 results in the first

appearance of the SnO2 tetragonal phase as a sec-

ondary phase. The higher amount of SnO2 phase

formation occurs at x = 0.3, where the identified

tetragonal SnO2 phase was about 10–12%3. We

believe that, as noted in the EDS mapping analyses of

the microstructure, the randomly oriented tetragonal

structure SnO2 coexists with monoclinic Ga2O3 at

higher Sn-concentrations as evidenced in the struc-

tural characterization of the resulting of materials.

The overall particle size distribution was also tai-

lored according to increasing Sn incorporation. Fig-

ure 4 shows the histogram of size distribution for

Figure 2 High-resolution

SEM images of Ga–Sn–O

composites for x = 0.0–0.3

showing gradual evolution of

topographical signature and

possible phase segregation

along with distorted grain

formation after a critical value

of Sn incorporation.

cFigure 3 a EDS data of Ga–Sn–O compounds. SEM image of

Ga–Sn–O composition with x = 0.2 at 3000X in the

backscattering electron mode (upper panel) shows the elemental

contrast. The marked regions of A, B, C, and C indicate the

representation of Ga-oxide and Sn-oxide areas. It can be noted

(Table, upper panel) that the Sn isolates forming SnO2 as a

secondary phase. The EDS color mapping of Ga, Sn, and O

elements (lower panel) indicates the composition distribution of

the respective elements. b EDS data of Ga–Sn–O compounds.

SEM image of Ga–Sn–O composition with x = 0.3 at 3000X in

the backscattering electron mode (upper panel) shows the

elemental contrast. The marked regions of A, B, C, and C

indicate the representation of Ga-oxide and Sn-oxide areas. It can

be noted (Table, upper panel) that the Sn isolates forming SnO2 as

a secondary phase. The EDS color mapping of Ga, Sn, and O

elements (lower panel) indicate the composition distribution of the

respective elements.
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Ga–Sn–O composites for x = 0.00–0.30. Average par-

ticle size as a function of Sn concentration is shown in

Fig. 4e. Starting with pure Ga2O3, where the average

size was found to be * 770 nm, there was a drastic

increment in average size distribution for x = 0.10,

followed by gradual decreasing trend till x = 0.30.

The data presented in both Figs. 2 and 4 confirmed

better nucleation with bigger grain formation till the

solubility limit of Sn in Ga2O3. Beyond that critical

limit, the overall complex composite started decom-

position into multiphase compound. Through this

process of phase segregation from the host material,

bigger particles/grains started breaking down into

smaller form and showed in decreasing trend in

nature. The phase separation and successive smaller

particle formation were highest for x = 0.30.

The EDS results (Fig. 3) and analyses provided

direct evidence for Sn-oxide secondary phase for-

mation. In the EDS data of a representative sample

(Fig. 3a), where x = 0.2, the first appearance of

nucleation of SnO2 is seen, although not quite

extensive. The Ga–Sn–O samples probed at various

areas (spot analysis mode) to examine the composi-

tion distribution. As seen in the image, bright clusters

of particles are visible throughout. These are believed

to be SnO2 particles. The areas marked A and B are

proved to be Ga2O3 particles based on the ratio from

the atomic percentage present. The areas marked C

and D seem to be SnO2 based on the ratio of the

atomic percentages. In the color maps, the areas

where Sn is present are clearly visible and show gaps

on the Ga map. The elemental contrast between the

particles allows the ability to differentiate between

different particles, where the Sn particles appear

brighter. These areas are confirmed to be SnO2 from

spot analysis. The color mapping shows a clear dif-

ference in the area between the Ga enriched areas as

compared to the Sn enriched areas.

The SEM and EDS data of Ga–Sn–O samples with

highest doping level of Sn (x = 0.3) showed (Fig. 3b)

interesting features. While the morphology is com-

parable to that of Ga–Sn–O samples with lower Sn

content, the presence of a higher degree of Sn clusters

can be noted. Also, the Sn clusters are dispersed

throughout the sample surface. Two areas marked A

and B are particles of Ga2O3 which is evident from

the chemical information (atomic percentages). The

brighter particles, which are marked C and D, are

again assumed to be SnO2, which is further con-

firmed by the atomic percentage ratios obtained. The

formation of SnO2 secondary was also evidenced in

XRD studies. In the EDS color maps, there are rela-

tively more areas/regions containing Sn visible.

Further, these Sn-areas scattered relatively evenly

throughout the samples. The map sum spectrum

contains a higher amount of Sn present, indicating

there are more SnO2 particles produced throughout

the matrix and Sn has segregated into its own sepa-

rate phase of SnO2.

Chemical bonding—FTIR

Topographical energy-dispersive mapping in the

previous section clearly demonstrates the gradual

tailoring of the chemical composition with increasing

incorporation of Sn into the Ga2O3 host matrix. To

further understand and probe the chemical bonding

evolution in Ga–Sn–O samples, we relied on FTIR

spectroscopic analyses, particularly useful to address

the evolution of lattice vibration as a function of Sn

incorporation. The FTIR data of Ga–Sn–O samples

are presented in Figs. 5 and 6. For comparison, the

FTIR spectra of intrinsic Ga2O3 and SnO2 are shown

in Fig. 5. Depending on peaks in pure Ga2O3, we

have identified 14 significant peaks, named alpha-

betically. The motivation is to understand tailoring of

notable peaks in host Ga2O3 with increasing incor-

poration of Sn. Figure 6a and b shows the magnified

FTIR spectra of Ga–Sn–O samples (x = 0.0–0.3) from

200 to 600 cm-1 and 600 to 1000 cm-1 spectral

regions, respectively. All of the identified peaks for

all concentrations of Sn are presented in Table 1. For

mid-IR spectra, the characteristic bands of b-Ga2O3

appear at 456 [60, 62–64] and 620 [64–66] cm-1 in

undoped sample; therefore, peaks F and L were

assigned as Ga2O3 related peaks. The region between

459 and 476 cm-1 contains 3 associated Ga2O3 peaks

(F, G and H). Peak F remained same for x = 0.05, but

it was not present in FTIR spectra as the Sn-concen-

tration increases in Ga–Sn–O samples. Near to peak

H, there was a peak identified to be related to SnO2 at

482 cm-1. Therefore, shift of H peak with increasing

Sn concentration suggested an interaction between

the Ga and Sn atoms. Substitutional versus interstitial

replacement of Ga atoms by Sn with increasing

alloying composition can be evaluated with this peak

tailoring. In the same area between 400 and 600 cm-1,

we noted a distinct feature at 527 cm-1 which dis-

appeared as the Sn concentration increased. Then,

another peak at 594 cm-1 appeared in sample with
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x = 0.3; this peak was in vicinity of a peak generally

assigned to SnO2 (614 cm-1). It has been reported in

the literature that Sn bonded to oxygen or hydroxyl

groups may appear similarly as noted in this work.

Song [67] attributed the weakening of this feature to

the following reaction:

Sn � OH þ HO � Sn ! Sn � O � Sn þ H2O

The band at 621 cm-1, peak K, identified previ-

ously for b-Ga2O3 [67–70] began to shift to the right

where a peak at 644 cm-1 was identified on SnO2

[8, 9, 11, 69, 71]. Another band at 690 cm-1 had a

Figure 4 a–d Particle size distribution of Ga–Sn–O composite for x = 0.00–0.30. e Average size distribution for various Sn incorporation

into Ga–Sn–O composite.
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small fluctuation on position with no apparent trend

but narrows as the Sn concentration increased.

Other peaks found on the far-IR spectra were

assigned to Ga2O3 and were found on all Ga–Sn–O

samples independent of Sn concentration. Peak A

and peak C widen and shift to the right as the Sn

concentration increases. A SnO2 peak was identified

at 246.8 cm-1 and 289.3 cm-1 suggesting a stronger

interaction with Sn as concentration increased

beyond x = 0.15. Peaks B and E shift with increased

concentration, although an Sn interaction could not

be confirmed. This might be due to tailoring of lattice

vibration with substitutional Ga replacement by Sn

atoms. Peak D has a variation in position that could

not be confirmed as an effect of Sn addition even

though a peak at 289.3 cm-1 was identified for SnO2.

Figure 7 shows the FTIR peak shift with respect to

increasing Sn concentration. Specifically, the trend

noted for peaks A, C, H, and K is presented. These
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Figure 5 Transmission mode FTIR spectra of pure Ga2O3 and
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(a) (b)Figure 6 Transmission mode

FTIR spectra of Ga–Sn–O

samples in the

a 200–600 cm-1 region and

b 600–000 cm-1 region.

Table 1 Comparison of FTIR

peak positions of undoped and

Sn-incorporated Ga-Sn–O

samples

Peak Ga2O3 x = 0.05 x = 0.10 x = 0.15 x = 0.20 x = 0.25 x = 0.30 SnO2

A 222.758 225.651 232.401 234.330 237.223 237.223 238.187 246.866

B 272.903 271.938 274.831 274.831 274.831 274.831 275.796 –

C 285.439 285.439 287.368 286.403 286.403 287.368 287.368 289.296

D 326.905 322.083 324.976 324.012 324.012 319.190 324.012 311.476

E 369.335 369.335 371.264 371.264 372.228 371.264 372.228 –

F 459.981 459.981 – – – – – –

G 467.696 – – – 472.517 – 475.410 –

H 476.374 476.374 475.410 475.410 476.374 481.196 478.303 482.160

I 513.983 – – – – – – –

J 522.662 522.662 – – – – 594.986 616.201

K 621.023 623.916 626.808 628.737 625.844 629.701 629.701 644.166

L 692.382 692.382 695.275 695.275 694.311 691.418 691.418 –

M – – 736.741 735.777 734.812 735.777 735.777 –

N – – – – – – 774.350 –

The FTIR data of pure Ga2O3 and SnO2 are also presented for comparison
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peaks were chosen due to proximity of Ga2O3- and

SnO2-related FTIR peaks. Gradual modulation of

such spectroscopic signature has ability to under-

stand the nature of atomic interaction while under-

standing the chemical bonding evolution in the

complex Ga–Sn–O composite. Throughout the IR

spectral region, SnO2 corresponding signature peaks

were at the higher value than that of Ga2O3. As we

increased the concentration of Sn in the composite

structure, there was a chronological increment of

peak positions. We believe such typical behavior was

due to substitutional/interstitial alloying of Sn into

Ga2O3 matrix. Assertively there was a significant

modulation of IR transmission signature toward

SnO2 as we increased the percentage of alloying.

Additionally, few characteristic Ga2O3 peaks, F, G, I,

and J, gradually disappeared with increasing Sn

incorporation. M and N peaks were not assigned to

neither Ga2O3 nor SnO2 but were present on Sn-

doped samples. Dominance of Ga–Sn–O than its

binary form (Ga2O3 and SnO2) was responsible for

this typical behavior. Compiling structural, optical,

topographical, and IR active lattice vibrational char-

acteristics; altogether, it was conclusive that during

formation of complex ternary Ga–Sn–O compound

with increasing amount of Sn there was an acute

competition between substitutional and interstitial

replacement of Ga atoms and parallel SnO2 phase
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Figure 7 Gradual evolution of FTIR peaks with increasing Sn incorporation. The peak shift and/or evolution indicates the effect of Sn

incorporation on the chemical bonding in Ga–Sn–O samples.

11180 J Mater Sci (2022) 57:11170–11188



formation inside the host material. For lower values

of Sn alloying, there was a perfect formation of

anticipated Ga–Sn–O compound. Increasing per-

centage of Sn beyond solubility limit promoted an

isolated pure SnO2 phase formation and introduced

chemical inhomogeneity.

Electronic structure and chemical valence
states

The XPS survey spectra (not shown) indicated the

presence of all the expected elements i.e., Ga, Sn, and

O, while the carbon (C 1 s) signal was also present in

all survey spectra. The presence of C 1 s was due to

the adventitious carbon adsorbed on sample surface

due to exposure in air before they were introduced

into XPS system. The core-level photoelectron spectra

of the Ga 2p doublet, as observed in Ga–Sn–O sam-

ples, are shown in Fig. 8. The shape and BE values for

the Ga 2p3/2 and Ga 2p1/2 peaks represented explic-

itly to those in stoichiometric Ga2O3. Note that the BE

of Ga 2p doublet peaks (i.e., Ga 2p3/2 and Ga 2p1/2)

for metallic Ga is: 1117.0 and 1144.0 eV, respectively

[13, 32, 34, 35, 37, 61]. Therefore, the higher BE values

of Ga 2p3/2 and Ga 2p1/2 peaks characterize the

highest chemical valence state of Ga ions (Ga3?) in all

the Ga–Sn–O samples. Though, Ga 3d high-resolu-

tion peaks were also collected, but the Ga 2p region

was chosen over the Ga 3d region for analysis to

avoid the interference of the Ga 3d peak with the O

2 s peak [7, 10]. The chemical shifts observed for both

the Ga 2p and Ga 3d peaks were quite similar. Thus,

analyses of the Ga 2p core level XPS can provide

information about the nature of the Ga–O chemical

bonding and Ga valence state in the Ga–Sn–O com-

pounds. As shown in Fig. 8, no shift in the peak

position is noted. Also, no variation in full-width at

half-maximum (FWHM) was observed for these Ga

peaks. Therefore, based on the XPS data, the chemical

valence state of Ga ions was not affected by the Sn-

incorporation into Ga2O3.

The complex chemistry of Ga–Sn–O compounds,

especially the Sn-incorporation chemistry, was fur-

ther examined by considering the Sn core level XPS

peaks (Fig. 9). The XPS peaks related to Sn are Sn 3p

and Sn 3d. The Sn 3p peak (Fig. 9a) showed a gradual

increase in peak intensity with increasing x values

indicating the fact that the Sn content increased in the

samples. As widely used and accepted in the litera-

ture, the chemical valence states and chemistry of Sn

doping/alloying can be revealed by means of Sn 3d

peaks and their evolution. Under varying composi-

tion, the Sn 3d peaks are shown in Fig. 8b for Ga–Sn–

O samples. It is evident that the Sn 3d peak exhibits a

doublet, which corresponds to Sn 3d3/2 and Sn 3d5/2,

respectively. The BE values of these components are

located at 494 and 486 eV, respectively, characteriz-

ing Sn ions in their highest chemical valence state

(Sn4?) [72, 73]. Note that the Sn-oxide chemistry is

very complex due to the fact that the Sn–O system

contains various oxides, namely SnO2, Sn2O3, Sn3O4,

Sn5O6, and SnO, with variable chemical valence states

[51, 74, 75]. However, only SnO2 (Sn4?) and SnO

(Sn2?) are thermodynamically stable. In fact, forma-

tion of these two oxide components is reported for

Figure 8 Ga 2p core-level XPS data of Ga–Sn–O samples. The

Ga 2p peak positions and data confirm the existence of Ga in its

highest oxidation state in all of the samples. No change in BE or

peak shape is seen with Sn content into Ga–Sn–O samples.

Therefore, Sn-incorporation didn’t affect the chemical valence

states of Ga ions in all of the samples.
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Sn-doping into Ga2O3 nanomaterials, although the

extent and SnO/SnO2 ratio depends on the condi-

tions employed for synthesis. In the present case of

Ga–Sn–O samples synthesized by the high-tempera-

ture solid-state reaction, it resulted into absence of

such lower valence chemical states. Perhaps, the

high-temperature process employed for sample

preparation could be the reason for existence of Sn4?

in all Ga–Sn–O samples. The area of the Sn4? spectra

was larger than that of the Sn2? spectra for all Sn

concentration in Ga–Sn–O compound, indicating that

the formation of SnO2 was preferred to SnO due to

the lower Gibbs free energy of formation of SnO2

compared to that of SnO [32]. As the Sn concentration

increased further, the Sn2?/Sn4? area ratio continued

to increase, indicating that the formation of SnO was

also favorable at the higher Sn concentration, as

shown in Fig. 9b.

The O 1 s spectra of Ga–Sn–O samples (Fig. 10)

show that oxygen can be presented in various

chemical states such as SnO, SnO2, Ga2O3, and

hydroxyl groups (OH–). Starting with pure b-Ga2O3,

O 1 s peak has been shown for all Ga–Sn–O alloy.

Asymmetric behavior of the O1s peak was deconvo-

luted into three different peaks, namely O–C, O–H

and O–Ga. Undoubtedly, the O–Ga peak around

531 eV is the dominant among all. This also confirms

the host matrix with highest Ga valence state, as

reported in the literature [34, 37]. The shoulder peaks

at 532 and 533 eV are indicating partially contami-

nated bare substrate of the composite host with car-

bon and water vapor. This kind of contamination

related O 1 s peak is well documented in the litera-

ture and almost unavoidable. But we believe the bulk

material is immune to these and can be fund through

XPS analysis after in-situ etching of the top surface.

Also, the relative intensity of O–C and O–H in com-

parison with O–Ga increased drastically for x = 0.3.

Conclusion from previous section indicates that Sn

incorporation beyond its solubility limit resulted in

chemical inhomogeneity and phase segregation of

SnO2 from the host matrix through drastic rupture of

the dominant Ga–Sn–O grain and formed disinte-

grated broken particles with excessive amount of

broken bonds. This might be the reason behind

greater formation of O–C and O–H bonds and suc-

cessive dominance of corresponding O1s peaks.

The valence band (VB) XPS spectra of Ga–Sn–O

samples are shown in Fig. 11. The data shown are for

samples with variable Sn-concentration. Note that the

analysis of VB XPS data can provide information on

the valence band maximum (VBM), the density of

Figure 9 Sn core level 3p

(a) and duplet 3d (b) spectra,

extracted from Ga–Sn–O

samples with increasing

doping concentration. Gradual

increment of both the peaks

along with Sn incorporation

supports the doping pattern.
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states (DOS), and Fermi-level position relative to

VBM. In the present case, extrapolation of the leading

edge to background line (zero counts) provided the

VBM while the BE corresponding to 0 eV represents

the Fermi-level position relative to the VBM. The

VBM measured for intrinsic Ga2O3 polycrystalline

samples is * 2.72 eV, which is in reasonably good

agreement with those values (2.4–3.2 eV) reported in

the literature. However, the VBM is sensitive to

growth conditions, microstructure, defects, and thin

films versus bulk or single crystals, and also the

strain involved (for hetero-structured epilayers). In

this case, with increasing Sn concentration, the VBM

increased to 2.98 eV. The variation in VBM with Sn-

concentration is shown in Fig. 11c. Although VBM

shift was slow at the initial concentration, the shift

noted was significant at higher Sn concentration

(x = 0.2–0.3). Also, the VBM for x = 0.30 reduced

slightly than that of x = 0.20.

This overall tailoring of VBM in Ga–Sn–O com-

posites, prepared through high temperature sinter-

ing, can be explained by means of relative

modulation of single-phase versus multiphase com-

plex Ga–Sn–O composite. It is well known that SnO2

has red shifted optical band gap in comparison with

Ga2O3 and carries relatively higher value of VBM.

Assertively, Ga–Sn–O composite with increasing

amount of Sn incorporation should show a progres-

sive nature of VBM. Such as overall composite is

going through a transformation from pure Ga2-

O3–SnO2. But, this typical behavior is sustainable if

the Sn concentration is within the solubility limit.

Beyond this critical Sn concentration, it showed

chemical inhomogeneity along with coexistence of

multiphase composites. Previously we have shown

that such higher concentration resulted into frag-

mented Ga–Sn–O ? SnO2 complex composite with

drastic change in morphological behavior. Also, the

Sn concentration into Ga–Sn–O matrix remained

constant after this critical point and excess Sn segre-

gated as binary SnO2 form. The saturation of VBM

after x = 0.20 is reflecting the aforementioned stabi-

lization of complex composites. There is existing lit-

erature, supporting such tailoring of Ga2O3 thin film

or bulk VBM with external doping or alloying. Other

metal oxide systems also follow similar behavior with

foreign impurity.

Finally, we turn our attention not to explain the

implications of chemical inhomogeneity and changes

in the chemical bonding as a function of Sn-doping

on the electrical and optical properties of the Ga–Sn–

O materials. As is well known, changes in the

chemical bond due to foreign atoms and/or com-

posite phases induce changes in the dielectric and

optical properties of wide band gap semiconductors

[76, 77]. Therefore, we expect that the Ga–Sn–O

materials with variable Sn concentration may offer

means to derive tunable dielectric properties. In fact,

the optical properties of Ga–Sn–O materials are seen

to be variable as a function of Sn-content, as reported

elsewhere3. Specifically, the optical absorption in

these Ga–Sn–O materials was fully dependent on the

Sn concentration and associated changes. The band

gap reduction with Sn-concentration was noted3.

Specifically, for higher Sn content (x), the evolution of

two absorption bands related to composite was evi-

dent3. The future efforts will be directed to evaluate

the dielectric properties of Ga-Sn–O materials.

Figure 10 O 1 s core-level XPS patterns of Ga–Sn–O samples

with increasing doping concentration.
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Conclusions

We have performed a detailed study on the structure,

morphology, physical properties, chemical bonding,

and electronic properties of Ga–Sn–O materials with

varying Sn concentration. Probing the as prepared

samples using different analytical methods revealed

the modulation of phase and chemical inhomogene-

ity. High-temperature solid-state reaction-assisted

chemical rearrangement of this complex metal oxide

showed drastic transition of coexisting stable phases

as the Sn concentration crossed the solubility limit.

Starting with pure Ga2O3, initial Sn incorporation,

below the solubility limit, settled in pure Ga–Sn–O

composite. Particle size stayed comparable with the

host material. Lattice vibration and electronic struc-

ture followed gradual evolution from binary Ga2O3

to ternary Ga–Sn–O compound. But, after the critical

Sn concentration, beyond 15% as confirmed from

structural characterization, excess Sn tried to segre-

gate from the host matrix and introduced chemical

inhomogeneity throughout the composite. As a

result, grains of the host material became fragmented

and showed increasing signature of segregated SnO2

phase. Lattice vibration and electronic band align-

ment tailored accordingly. These results may be

useful to optimize the Ga–Sn–O materials with tai-

lored properties as desired for specific functionality

in a given application.
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