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A B S T R A C T

This paper reports the detection of SO2, NH3, and CO gases using Ga2O3 polymorphs. The α-Ga2O3, α/β-Ga2O3, 
and β-Ga2O3 sensing materials were prepared using the hydrothermal method, followed by calcination at 
different temperatures ranging from 550 ◦C to 950 ◦C. The gas sensing properties were measured and analyzed 
based on the polymorphism-induced physicochemical properties of the sensing materials. Different Ga2O3 
polymorphs showed distinct sensing properties, and factors contributing to this preferential gas detection 
behavior are discussed in detail. The proposed gas sensing mechanisms were discussed. Notably, the gas sensing 
performance of the α/β-Ga2O3-based sensor is reported here for the first time.

1. Introduction

Many industrial activities that drive economic growth, such as food 
production, energy generation, and transportation, depend on fossil fuel 
combustion. This combustion process emits harmful gases that deterio
rate air quality and harm the environment [1]. Therefore, achieving 
sustainable development requires strategies that promote economic 
growth while reducing environmental harm. One such strategy involves 
reducing the release of toxic gases into the atmosphere [2], which can be 
achieved through continuous air quality monitoring.

Among the gases monitored, particular attention is given to haz
ardous pollutants such as carbon monoxide (CO), sulfur dioxide (SO2), 
and ammonia (NH3), due to their significant impact on human health 
and the environment [2]. CO is an odorless gas produced by the 
incomplete combustion of fossil fuels in various industrial and house
hold processes. According to World Health Organization guidelines, 
exposure to 87.1 ppm CO for 15 min can raise carboxyhemoglobin levels 
above 2.5 %, leading to neurological disorders, cardiovascular diseases, 
and even death [3]. Similarly, inhalation of gases such as SO2 and NH3 
can cause shortness of breath and chronic bronchitis [2]. In addition, 
these gases are major contributors to the formation of ground-level 

ozone, acid rain, and photochemical smog, all of which negatively 
impact the ecosystem [4]. Therefore, there is an urgent need to develop 
highly sensitive gas-sensing materials for rapid detection of these gases 
to protect human health and the environment. Among these materials, 
semiconductor metal oxides (SMOs) are promising candidates due to 
their excellent chemical stability, low costs, ease of operation, and 
tunable sensing properties [5].

Due to these advantages, SMOs have been extensively studied for 
applications in chemiresistive gas sensors. However, to produce a 
measurable change in resistance when interacting with target gas mol
ecules, most SMO-based sensors require high operating temperatures 
[6]. This challenge has driven extensive research into strategies for 
improving gas sensor performance at lower operating temperatures. 
These strategies include surface modification of SMOs through noble 
metal decoration, metal-ion doping, heterostructure design, and the 
optimization of their physicochemical properties [7]. As a result, various 
SMOs, including ZnO [8], SnO2 [9], and Ga2O3 [10], have been exten
sively studied for gas sensing applications.

Ga2O3, an n-type SMO, offers several key advantages, including 
excellent catalytic behavior, good chemical and thermal stability, and 
non-toxicity. In addition, Ga2O3 is capable of detecting gases at low 
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concentrations and shows a strong correlation between material 
composition and gas sensing properties [11,12]. These attributes make 
Ga2O3 a promising material for sensing harmful gases, even in harsh 
environments. In particular, Ga2O3 has been widely used to detect both 
reducing and oxidizing gases over a broad range of operating tempera
tures [10,13], owing to the diverse morphologies of the material, which 
enhance its gas sensing properties [14,15]. However, key challenges 
include slow response and recovery times, limited selectivity, and high 
operating temperatures (≥ 700 ◦C) [10]. These limitations lead to high 
power consumption, shorter sensor lifespan, and restricted use of other 
Ga2O3 phases, which are stable at lower temperatures. These challenges 
highlight the need for continued research on Ga2O3-based sensors to 
enhance sensitivity and selectivity at low operating temperatures. Such 
improvements can be achieved through morphology optimization, 
microstructural control, and management of incidental impurities.

In its pure form, Ga2O3 exists in five different crystalline phases: α-, 
δ-, γ-, ε(κ)-, and β-Ga2O3 [16]. These polymorphs present distinct 
structural stabilities and Ga-O coordination. For example, α-Ga2O3 is 
stable at calcination temperatures ranging from ~ 400 ◦C and 600 ◦C 
while β-Ga2O3 stabilizes at temperatures above 600 ◦C [17]. β-Ga2O3 is 
preferred for the detection of toxic gases at high operating temperatures 
due to its high thermal stability [10]. Regarding Ga-O coordination, the 
rhombohedral α-Ga2O3 crystal structure contains Ga atoms surrounded 
by six O atoms, forming a distorted octahedral coordination geometry 
[11]. Meanwhile, the monoclinic β-Ga2O3 crystal structure contains two 
non-equivalent Ga sites and three non-equivalent O sites. The Ga(I) and 
Ga(II) are tetrahedrally and octahedrally coordinated with O, respec
tively. The distinct O(I) and O(II) atoms present threefold Ga coordi
nation, while O(III) shows fourfold [11]. These differences in atomic 
coordination between α-Ga2O3 and β-Ga2O3 lead to variations in phys
ical, chemical, and gas sensing properties. For instance, the monoclinic 
β-Ga2O3 structure presents low symmetry and anisotropic charge 
transport properties, which are highly desired in gas sensing applica
tions [10]. However, recent studies suggest that other phases, such as 
α-Ga2O3 and ε(κ)-Ga2O3, show excellent gas sensing capabilities as well 
[18–21]. Almaev et al. deposited epitaxial ε(κ)-Ga2O3 films on 
high-quality α-Ga2O3:Sn substrates using halide vapor-phase epitaxy 
(HVPE) and studied their responses to various gases [19]. The films 
showed the highest sensitivity to H2 gas at 500 ◦C. In similar studies, 
Si+-implanted α-Ga2O3 and Pt-contacted α-Ga2O3:Sn films demonstrated 
high responses to H2 gas [20,21]. In the former, the variation of the Si+

dose tuned the selectivity of the material toward CO and NH3 gases, 
while in the latter, controlling Sn dopant concentration modulated the 
response of α-Ga2O3:Sn films to H2. Moreover, mixed phases of Ga2O3 
have received growing interest in gas sensing applications. Almaev et al. 
observed that HVPE-grown Pt-contacted polymorphic α/ε-Ga2O3 struc
tures recorded a higher response to H2 compared to α-Ga2O3 films. They 
attributed enhanced sensitivity to the reduction of the Schottky barrier 
height at the α/ε-Ga2O3 interface [22].

While significant progress has been made in understanding the ma
terial properties and gas sensing capabilities of various Ga2O3 phases, 
considerable research is still needed, particularly regarding their syn
thesis and structural optimization. The performance of Ga2O3-based 
sensors is significantly influenced by factors such as material phase, 
morphology, and synthesis method. Several synthesis methods have 
been adopted to prepare Ga2O3 structures, including epitaxial sputter
ing, chemical vapor deposition, and hydrothermal processing [11]. 
Among these, the hydrothermal method stands out due to its 
cost-effectiveness, simplicity, and the ability to precisely control 
important parameters such as growth temperature, time, and pH of the 
solution. These tunable parameters allow precise control of the mate
rial’s morphology, which is important for optimizing gas sensing per
formance [23]. For example, hydrothermally synthesized Ga2O3 
nanostructures, such as nanorods and nanowires, demonstrate a large 
surface area-to-volume ratio, significantly improving transport proper
ties and enhancing gas sensing capabilities [23].

Previous studies suggest that the gas sensing properties of the 
α/β-Ga2O3 phase remain unexplored. Therefore, it is important to study 
these properties in α/β-Ga2O3 and compare them to those of other Ga2O3 
polymorphs. In addition, due to limited reports on the gas sensing 
properties of the α-Ga2O3 phase, further studies are required to add to 
this pool of knowledge. This study focuses on a detailed investigation of 
the gas sensing properties of sensors based on α-Ga2O3, α/β-Ga2O3, and 
β-Ga2O3 phases, composed of mixed nanorods and nanowires. The 
samples were synthesized using the hydrothermal method and calcined 
at temperatures ranging from 550 ◦C to 950 ◦C. A comprehensive 
analysis was carried out to investigate the correlation between the 
microstructure, morphology, chemical state, textural properties, defect 
structure, and gas sensing properties, with a focus on how calcination 
temperature influences the gas sensing properties of Ga2O3 polymorphs.

2. Experimental section

2.1. Materials

Gallium nitrate hydrate (Ga(NO3)3⋅xH2O, 99.9 % purity) and 
ammonium hydroxide (NH4OH, 28 %) were purchased from Sigma- 
Aldrich. All reagents were used without further purification.

2.2. Preparation of Ga2O3 powders

Ga2O3 powder samples were prepared using the hydrothermal 
method, as shown schematically in Fig. 1(a). A mass of 0.2557 (±
0.0001) g of Ga(NO3)3⋅xH2O was dissolved in 10 mL of deionized (DI) 
water with vigorous stirring at 60 ◦C, resulting in a 0.1 M Ga3+ solution. 
NH4OH was added dropwise using a micropipette at 5 s intervals until 
the pH reached 12. The resulting cloudy mixture was maintained at 60 
◦C for 1 hour, then microwaved for 1 hour at 150 ◦C and 100 W using a 
Discover 2.0 microwave synthesizer. The precipitate was washed mul
tiple times with water and ethanol using centrifugation, then dried in an 
oven at 60 ◦C before being divided into smaller portions. Each portion 
was calcined separately in air at 550, 650, 750, 850, or 950 ◦C in a 
muffle furnace for 2 h, with a heating rate of 5 ◦C/min. The calcined 
samples were labeled S550, S650, S750, S850, or S950, based on their 
respective calcination temperature.

2.3. Sample characterization

The crystallinity and phase purity of the Ga2O3 powders were 
measured by X-ray diffraction using a Bruker D2 Phaser X-ray diffrac
tometer equipped with a CuKα1 radiation source (λ = 0.15406 nm). The 
diffraction patterns were collected over a 2θ range from 15 ◦ to 70 ◦ with 
a step size of 0.02 ◦ The morphology of the powders was studied using 
scanning electron microscopy with a JEOL JSM-7500F field-emission 
scanning electron microscope operated at an accelerating voltage of 8 
keV. To minimize surface charging, the samples were coated with car
bon and gold-palladium before measurement. The microstructure of all 
samples was studied using transmission electron microscopy (TEM) with 
a JEOL TEM-2100 system operated at an accelerating voltage of 200 kV. 
The surface area and porosity of the samples were quantified using a 
Micromeritics TriStar 3000 surface-area analyzer. Prior to measure
ment, the powder samples were degassed at 200 ◦C for 2 h and subse
quently cooled in a bath of liquid nitrogen. The chemical composition 
and electronic states of the samples were measured using a PHI 5000 
Scanning ESCA Microprobe X-ray photoelectron spectrometer, equipped 
with a 100 µm diameter monochromatic Al-Kα beam (hν = 1486.6 eV). 
For XPS measurements, the Ga2O3 powder samples were pressed onto a 
3 × 3 mm piece of conductive carbon tape to ensure good adhesion and 
electrical conductivity. The tape was then mounted onto the sample 
holder and placed into the XPS chamber for measurement. Surface 
charging was minimized using a low-energy Ar+ gun and a low-energy 
neutralizer gun. Photoluminescence (PL) was used to study the defect 
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properties of the samples. Spectra were measured using a Horiba 
QuantaMaster QM8000 spectrofluorometer with a Xenon lamp as the 
excitation source. The optimal excitation wavelength of 265 nm was 
used, and emission-corrected spectra were recorded in the range of 300 
nm to 800 nm with a step size of 1 nm and an integration time of 0.1 s. A 
295 nm optical high-pass filter was used to attenuate the signal from the 
excitation wavelength.

2.4. Ga2O3-based gas sensor preparation and testing

To prepare each Ga2O3 sensor layer, 10 mg of the sample was mixed 
with 0.05 mL of ethanol to form a slurry. The solution was deposited 
onto a purchased alumina substrate with Pt interdigitated electrodes and 
a Pt heater at the back (Fig. 1(b)). Each alumina substrate measured 2 
mm in length and 0.6 mm in width, with a 150 µm gap between the Pt 
electrodes. Alumina substrates are commonly used in gas sensors due to 
their high thermal conductivity, excellent insulating properties, and low 
thermal expansion coefficient [24]. The sensing layer was annealed at 
300 ◦C in a muffle furnace overnight with a heating rate of 5 ◦C/min to 
improve the adhesion to the substrate. The alumina substrate, now 
containing the sensing layer, was assembled into a 4-pin sensor element 
(Fig. 1(b)) and then inserted into a sample holder within the sensing 
chamber (Fig. 1(c)).

Gas sensing properties were measured using a KSGAS6S gas-sensing 
station (KANOSISTEC, Italy), with the sensor exposed to both dry and 
humid conditions at operating temperatures ranging from room tem
perature to 180 ◦C. Humid conditions within the sensing chamber were 
achieved by evaporating water in a bubbler set at 50 ◦C. The target gases 
were introduced into the sensing chamber by varying the flow rate ratios 
of synthetic air and compressed target gases using a mass flow controller 
to achieve the desired concentrations (in parts per million, ppm). The 
compressed gases, commercially available in cylinders, had the 
following concentrations: CO – 2074 ppm, C2H4 – 114 ppm, CH4 – 103 
ppm, NH3 – 95 ppm, NO2 – 200 ppm, and SO2 – 200 ppm.

A 2 V bias was applied across the sensor, and its electrical resistance 
in synthetic air (Ra) and in the target gas (Rg) was measured using a 
Keithley 6487 picoammeter/voltage source meter. The response of the 

sensor to the presence of reducing and oxidizing gases was calculated by 
(Ra – Rg)/Rg and (Rg – Ra)/Ra, respectively. The response and recovery 
times were calculated as the time taken by the sensor to reach 90 % of 
the total change in resistance upon gas exposure and removal, 
respectively.

3. Results and discussion

3.1. Crystal structure

Fig. 2(a) shows the XRD patterns of the calcined Ga2O3 samples. The 
XRD pattern of the S550 sample corresponds to the rhombohedral 
α-Ga2O3 phase (JCPDS No 06–0503), while that of S650 shows a coex
istence of the α-Ga2O3 and monoclinic β-Ga2O3 phases (JCPDS No 
76–0573). This indicates that an increase in the calcination temperature 
from 550 ◦C to 650 ◦C promotes the formation of crystal domains with 
varying orientations associated with both α-Ga2O3 and β-Ga2O3. This 
phase transformation can be attributed to thermal effects that facilitate 
atomic rearrangement, resulting in a thermodynamically more stable 
configuration. The rhombohedral phase, characterized by three equal 
axes and high symmetry [25], undergoes a symmetry change upon 
calcination, favoring the monoclinic phase with lower symmetry [26]. 
The XRD patterns of the S750, S850, and S950 samples were indexed to 
β-Ga2O3, with variations in diffraction peak intensities suggesting 
changes in thermally induced growth orientations as the lattice stabi
lizes into a configuration with the lowest symmetry. The phase trans
formation from α-Ga2O3 to β-Ga2O3 at calcination temperatures in the 
range of 550–650 ◦C has been reported in the literature [17,27]. The 
average crystallite sizes of the samples were estimated using the 
Scherrer equation [28], based on the peak position and full width at half 
maximum (FWHM) of the most intense diffraction peaks. The crystallite 
sizes were 18.2, 20.2, 10.3, 16.9, and 17.4 nm for S550, S650, S750, 
S850, and S950, respectively. These results suggest that an increase in 
calcination temperature enhances crystallite boundary movement, pro
moting the coalescence of smaller crystallites within the same Ga2O3 
phase.

To complement the XRD results, HRTEM images were used to 
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provide additional microstructural insight. As shown in Fig. 2(b), the 
S550 sample presents the lattice fringes corresponding to the (104) 
crystallographic plane of the α-Ga2O3 phase, with an interplanar spacing 
(d-spacing) of 0.253 nm. In the S650 sample, mixed-phase features are 

observed. Fig. 2(c) and its corresponding histograms of the D-spacings in 
Figs. 2(c-i) and 2(c-ii) show lattice fringes associated with both α-Ga2O3 
and β-Ga2O3 phases. Notably, the α-Ga2O3 (104) fringes presents a D- 
spacing of 0.271 nm. In addition, fringes with a combined spacing of 
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0.6188 nm were observed. This particular spacing does not match any 
known plane of the α-Ga2O3 phase. However, given the verified coex
istence of α-Ga2O3 and β-Ga2O3 phases in this sample, as shown by XRD 
data in Fig. 2(a), and the appearance of Moiré patterns, the 0.6188 nm 
spacing can be attributed to the superposition of α-Ga2O3 (104) and 
β-Ga2O3 (201) planes, with individual D-spacings of 0.271 and 0.348 nm, 
respectively. The inset in Fig. 2(c-ii) further confirms this interpretation 
by showing overlapping fringes. This provides strong evidence of the 
coexistence and nanoscale intergrowth of the α- and β-Ga2O3 domains in 
the S650 sample, which is consistent with the XRD results. For samples 
S750 and S850 (Figs. 2(d) and 2(e)), HRTEM images show well-defined 
fringes corresponding to the (002) and (111) planes of β-Ga2O3, with D- 
spacings of 0.285 and 0.245 nm, respectively, indicating predominantly 
β-Ga2O3 phase composition. In the S950 sample (Fig. 2(f)), overlapping 
fringe patterns with a total D-spacing of 0.6133 are observed. Similar to 
the S650 sample, this overlap is attributed to the superposition of the 
β-Ga2O3 (111) and (201) planes, with D-spacings of 0.245 nm and 0.368 
nm, respectively. These HRTEM results provide microstructural confir
mation of the phase compositions and phase evaluation inferred from 
the XRD analysis.

3.2. Morphology and texture analysis

Gas sensing performance is strongly influenced by the material’s 
surface properties, including morphology, specific surface area, 
porosity, and chemical composition [29]. The morphology of the 

synthesized Ga2O3 powders was studied using SEM, with the results 
shown in Fig. 3. The SEM images showed the coexistence of randomly 
oriented, non-uniform nanorods and nanowires. The S550 and S650 
samples are dominated by nanorods, in contrast to the unannealed 
sample, as shown in the inset of Fig. 3(a). This suggests that the thermal 
energy supplied to the samples was sufficient to transform the GaOOH 
crystal structure of the unannealed sample into α-Ga2O3 and induce 
grain growth from nanowires to nanorods. However, the S750 sample 
shows more nanowires than nanorods, similar to the unannealed sam
ple. This suggests that the supplied thermal energy induced the phase 
transformation from GaOOH to β-Ga2O3, limiting the amount of energy 
available for grain growth. Calcination at 850 ◦C and 950 ◦C provided 
sufficient energy to drive the transformation to β-Ga2O3 and promote the 
growth of the nanorods. The average diameters and lengths of the 
nanorods and nanowires for each sample were determined from the SEM 
images and were found to vary, as shown in Fig. 3(g).

A large specific surface area enhances the adsorption of oxygen 
molecules and target gases, which is important for gas sensing appli
cations. To measure this property, BET measurements were performed. 
The results (Figs. 3(h-i)) show variations in surface area among the 
samples, influenced by differences in crystal structure (which determine 
the exposed surface areas) and morphology. The S750 sample (Fig. 3(c)) 
shows a relatively high specific surface area, which is attributed to the 
smaller diameters and lengths of the nanorods and nanowires observed 
in SEM analysis. Although the β-Ga2O3 phase remains stable beyond 750 
◦C, the S850 sample shows a significant decrease in surface area. This 
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reduction is attributed to partial agglomeration and densification of the 
nanostructures (Fig. 3(d)), which reduces the accessible surface area 
despite the phase stability confirmed by XRD. Such morphological 
coalescence at intermediate temperatures could be linked with ther
mally driven particle growth and surface facets reorientation shown by 
varying XRD peaks in the β-Ga2O3 phase. Interestingly, a similar trend, 
though with a slightly higher surface area value in the S950 sample, was 
observed. It can be suggested that a more porous and less agglomerated 
morphology (Fig. 3(e)) leads to a recovery in the surface area. This non- 
monotonic behavior indicates that at higher temperatures, surface 
reconstruction and microstructural rearrangements promote the for
mation of new porosity or surface features that enhance surface acces
sibility. Therefore, the observed surface area variations are dependent 
more on the thermal-induced morphological dynamics than by phase 
changes alone. Further studies, including in situ high-temperature TEM 
or surface chemistry analysis, would be valuable to fully understand the 
mechanisms underlying these morphological transformations and their 
impact in surface area.

Porosity enhances gas molecule diffusion into the internal surfaces of 
the particles, improving sensor performance. Porosity was quantified 
using N2 adsorption-desorption measurements. Fig. 3(i) shows Type-IV 
isotherms with Type-H3 hysteresis loops, which suggest that all the 
samples are mesoporous [30]. Fig. 3(h) shows the pore volume values, 
extracted using the Barrett-Joyner-Halenda (BJH) method. The S750 
sample showed the highest pore volume among all samples, which is 

attributed to the minimal agglomeration of the nanowires and nanorods.

3.3. Surface chemistry of Ga2O3 samples

The adsorption of gas molecules on the sensing surface is influenced 
by the surface’s chemical state and composition [7]. XPS was used to 
assess these properties in Ga2O3 samples, as shown in Fig. 4. The XPS 
survey scans in Fig. 4(a) confirm the presence of Ga and O species along 
with incidental Cr impurities. The adventitious carbon (C 1 s) signal 
originates from the carbon tape used for mounting the samples. For 
binding energy calibration, all high-resolution XPS spectra measured 
were referenced to the C 1 s peak at 284.8 eV. The high-resolution XPS 
spectra of the Ga 2p spectra presented in Fig. 4(b) show the Ga 2p3/2 and 
Ga 2p1/2 spin-orbit doublet with a separation of 26.8 eV, consistent with 
previous reports [31,32]. Peak fitting of the Ga 2p3/2 component with 
100 % Gaussian curves showed two distinct sub-components: a higher 
binding energy peak attributed to Ga-O bonding (Ga3+ in Ga2O3), and a 
lower binding energy peak. The latter is assigned to non-stoichiometric 
Ga2O3-x species (labelled as Ga-Ox in Fig. 4(b)). The fitted Ga 2p posi
tions remained essentially unchanged across the phase transition from 
α-Ga2O3 to β-Ga2O3. This is consistent with literature reports, as the 
intrinsic chemical shift between these polymorphs is typically small (≤
0.2 eV) and often within the experimental resolution of the XPS mea
surements [31,33]. The ratio of the Ga-Ox peak area to the Ga-O peak 
area, calculated from the Ga 2p3/2 fits, decreased systematically with 
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increasing calcination temperature and the phase transformation. Ratio 
values of 0.44, 0.31, 0.20, 0.22, and 0.10 were obtained for the S550, 
S650, S750, S850, and S950 samples, respectively. This trend reflects a 
reduction in oxygen-deficient gallium species as the β-phase stabilizes 
and the crystal structure becomes highly ordered. The decrease in 
non-stoichiometric Ga2O3-x content in β-Ga2O3 could be beneficial for 
gas sensing as it leads to a more stable and selective surface with fewer 
non-specific adsorption sites and higher lattice oxygen content which 
can promote specific gas-surface interactions.

The high-resolution XPS spectra of the O1s core level presented in 
Fig. 4(d) show broad and asymmetric spectra suggesting the presence of 
multiple oxygen species. The spectra were also fitted with 100 % 
Gaussian peaks and a Shirley background, after subtraction of back
ground offset. Three components were identified in the α-Ga2O3 phase 
and these were: (i) the lattice oxygen (OL) positioned at 531.0 eV, cor
responding to the O2− in the Ga2O3 lattice; (ii) a lower binding energy 
peak at 529.3 eV, attributed to defect-related oxygen species (Odefect); 
and a higher binding energy peak at 532.4 eV, assigned to adsorbed 
water or hydroxyl groups [31,32]. The small binding energy shifts (~ 
+0.1 eV) in the β-phase are consistent with changes in local bonding 
environments due to phase transformation. The area percentage of the 
defect-related oxygen peak decreased with the transition from α- to 
β-Ga2O3, indicating a reduction in the surface defects as the structure 
becomes more crystalline. The values were 20 %, 17 %, 15 %, 16 %, and 
13 % for S550, S650, S750, S850, and S950, respectively. This effect is 
further shown by the increased lattice oxygen content because of 
increasing the calcination temperature. The area percentages of the OL 
content were 71 %, 71 %, 79 %, 81 %, and 79 % for S550, S650, S750, 
S850, and S950, respectively. A relatively constant content of the lattice 
oxygen in the α/β-Ga2O3 phase can be explained by the competing ef
fects of increased lattice stabilization which would increase lattice 

oxygen, and the initial structure disorder introduced during phase 
transformation which would decrease lattice oxygen. The amount of 
oxygen from adsorbed water/hydroxyl groups decreased with 
increasing calcination temperature, consistent with thermal desorption 
processes. The area percentages of -OH-related components were 9 %, 
12 %, 6 %, 3 %, and 8 % for S550, S650, S750, S850, and S950, 
respectively. Notably, the α/β-Ga2O3 phase showed the highest content 
of adsorbed -OH, likely due to the higher density of surface defects and 
phase boundaries, which provide favorable sites for hydroxyl 
adsorption.

Fig. 4(c) shows the high-resolution XPS spectra for the Cr 2p core 
level, characterized by Cr 2p1/2 and Cr 2p3/2 spin-orbit doublets. The 
low intensity of the Cr signal suggests that the impurities are present at 
very low concentrations. The peak at 577.0 eV, corresponding to the Cr 
2p3/2 component, suggests that Cr is present in the +3 oxidation state 
[34]. To further verify the presence of Cr3+ in Ga2O3 samples, elemental 
composition was studied using scanning transmission electron micro
scopy (STEM), as shown in Fig. 4(e). The STEM elemental mappings 
show that Cr3+ impurities are present at concentrations below 0.01 %, 
with an increasing trend as the calcination temperature rises. This 
temperature-dependent increase in Cr3+ concentration is likely due to 
enhanced Cr3+out-diffusion toward the Ga2O3 surface [35]. These 
background Cr3+ impurities likely originate from the high purity (99.9 
%) Ga(NO3)3⋅xH2O precursor used in Ga2O3 synthesis, as previously 
reported [17,36].

Fig. 5(a) presents the room-temperature PL spectra for all α-Ga2O3, 
α/β-Ga2O3, and β-Ga2O3 samples. As indirect semiconductors, both 
α-Ga2O3 and β-Ga2O3 typically lack strong band-to-band emission due to 
the presence of self-trapped-holes (STH). Instead, the observed sub-gap 
emissions can be deconvoluted into primary emission bands namely, 
ultraviolet luminescence (UVL), blue luminescence (BL), green 
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luminescence (GL), and red luminescence (RL). These emission bands 
are associated with a variety of intrinsic and extrinsic defects, including 
self-trapped-electrons, oxygen vacancies (VO), gallium vacancies (VGa), 
oxygen vacancy-gallium vacancy pairs (VO-VGa), oxygen interstitials 
(Oi) and impurities such as interstitial nitrogen (N) and chromium 
(Cr3+) [35,37,38].

The PL spectra in Figs. 5(d-f), deconvoluted using 100 % Gaussian 
curves with baseline correction without subtraction, show that the 
β-Ga2O3 samples present UVL, BL, and GL bands centered at 3.56, 2.70, 
and 2.30 eV, respectively. According to literature, the UVL band origi
nates from radiative recombination of free electrons and STHs, with 
STHs in β-Ga2O3 located at approximately 1.1 eV above the valence 
band maximum (VBM) [38]. The BL band is attributed to 
donor-acceptor-pair (DAP) transitions involving deep donor oxygen 
vacancies and acceptors such as VO-VGa pairs and VGa. Specifically, VO 
defect levels at the OI, OII, and OIII lattice sites are situated at approxi
mately 1.38, 1.76, and 1.56 eV below the conduction band minimum, 
respectively, while the VO-VGa pair is located about 0.27 eV above VBM 
[38]. The VGa level is reported at approximately 0.66 eV above VBM 
[39]. Therefore, the BL in β-Ga2O3 nanorod/nanowires is primarily due 
to DAP transitions from VOII to VO-VGa while the GL is assigned to 
transitions from VOII to VGa. The emission features in α-Ga2O3 are similar 
(Fig. 5(b)), so the same defect assignments are made for the S550 sample 
[37]. Minor in peak positions between phases can be attributed to dif
ferences in bandgap energies, which influence the energetic locations of 
defect levels [15,37]. The α/β-Ga2O3 intermediate phase showed similar 
transitions (Fig. 5(c)). A red luminescence (RL) band is observed in all 
samples at 1.66 eV, which is attributed to electron transitions from the 
4T2 and 2E states to the 4A2 ground state of Cr3+impurities [36]. The 
splitting of these energy levels is strongly influenced by the crystal field 
of the Ga2O3 lattice [40]. As shown in Figs. 5(b-f), the intensity of 
Cr3+-related RL band increases with higher calcination temperatures, 
likely due to the enhanced diffusion of Cr3+ impurities toward the Ga2O3 
surface, as shown by STEM results (Fig. 4(e)).

Comparing the PL spectra across the series, the GL band decreases 
with increasing calcination temperature, while the BL band increases. 
This trend suggests that higher calcination temperatures favor the for
mation of oxygen vacancies (VOII), leading to an increased density of the 
donor defects and acceptors in proximity. The highest PL intensity 
observed for S650 correlates with a high concentration of such radiative 
defects.

The evolution of the PL bands directly mirrors the trends observed in 
the XPS results. Specifically, the GL band in the PL spectra, which is 
associated with isolated oxygen vacancies, correlates with the Odefect 
identifies in the O 1 s XPS spectra. As the calcination temperature in
creases and the material transition from α-Ga2O3 to β-Ga2O3, both the GL 
intensity and the Odefect peak area decrease, indicating a reduction in 
isolated oxygen vacancy defects. Conversely, the BL band, attributed to 
DAP transitions involving VO-VGa complexes, increases in intensity for 
the β-Ga2O3 samples, consistent with XPS evidence of evolving defect 
chemistry and a higher degree of crystallinity. Meanwhile, the enhanced 
RL band in the PL spectra supports the surface diffusion of Cr³⁺ impu
rities at higher calcination temperatures, as shown by STEM analysis.

Although the S650 (α/β-Ga2O3) sample shows a high density of ox
ygen vacancy sites favorable for gas adsorption, other factors such as 
lower surface area, lower crystallinity, higher adsorbed -OH content, 
and lower Cr content may limit its overall gas sensing performance. In 
contrast, the β-Ga2O3 samples, which display higher crystallinity, 
increased VO-VGa defect concentration, higher surface area, and greater 
Cr content, are expected to offer improved gas sensing capabilities due 
to the combined effects of these structural and chemical features. A more 
detailed discussion of the gas sensing mechanism, including the roles of 
specific defect types and surface characteristics, is provided in the 
sensing mechanism section.

3.4. Gas sensing characteristics of Ga2O3-based gas sensors

Fig. 6(a) presents the electrical resistances in air (Ra) and 90 ppm CO 
(Rg) as a function of operating temperature (100–180 ◦C) for all Ga2O3- 
based sensors. The sensors showed typical semiconducting behavior, 
with resistance decreasing as temperature increased due to enhanced 
carrier excitation. The lower resistance allows adsorbed oxygen species 
to extract electrons from the conduction band at different operating 
temperatures, leading to resistance modulation [41]. The relationship 
between resistance and temperature was further studied using an 
Arrhenius plot (Fig. 6(b)) [42], from which activation energy values of 
2.14, 2.50, 2.00, 2.00, and 1.83 were extrapolated for the S550, S650, 
S750, S850, and S950 sensors, respectively. These results suggest that 
the β-Ga2O3-based sensors may present superior gas sensing perfor
mance compared to those incorporating other phases.

The gas sensing performance of SMO-based sensors depends on 
operating temperature, with the highest response recorded at the 
optimal operating temperature, where oxygen species react most effi
ciently with the target gas [7]. To determine this temperature, the 
response to 90 ppm CO was measured over a temperature range of 
25–180 ◦C. As shown in Fig. 6(c), all Ga2O3-based sensors achieved their 
highest response at 165 ◦C. Data below 100 ◦C were excluded due to a 
low signal-to-noise ratio. The lower responses observed below 165 ◦C 
suggest slow reaction kinetics at lower temperatures, while the decrease 
in response above 180 ◦C may result from excessive kinetic energy 
reducing oxide-gas interaction [6]. These temperature-dependent ef
fects were less pronounced in the S550, S650, and S850 sensors, possibly 
due to weaker interactions between the sensing layers and CO mole
cules. Based on these results (Fig. 6(c)), all subsequent gas sensing 
measurements were carried out at 165 ◦C.

To measure the sensing capabilities of the Ga2O3-based sensors over 
a broad detection range, transient resistance curves were recorded for 
CO concentrations ranging from 10 ppm to 90 at 165 ◦C, as shown in 
Fig. 7(a). Consistent with the behavior of n-type Ga2O3-based gas sen
sors, the resistance decreased rapidly upon exposure to each CO con
centration, reaching saturation during CO adsorption before returning 
to baseline resistance once the gas flow stopped. The magnitude of the 
resistance change increased with CO concentration across all sensors. 
Notably, β-Ga2O3-based sensors showed a greater resistance change at 
all concentrations, likely due to their conductive monoclinic crystal 
structure, which features highly anisotropic and polar surfaces that 
enhance gas interactions [43]. Among these, the sensor based on 
β-Ga2O3 calcined at 750 ◦C (S750) showed the highest resistance 
change, attributed to its large surface area and high porosity.

To determine the sensitivity and limit of detection (LoD) of the 
Ga2O3-based sensors, calibration curves were fitted to the 
concentration-response data for CO concentrations ranging from 10 ppm 
to 90 ppm, as shown in Fig. 7(b). Sensitivity, defined as the sensor 
response per analyte gas concentration, was obtained from the slopes of 
the calibration curves, yielding values of 0.91, 0.73, 1.30, 0.99, and 1.06 
ppm− 1 for the S550, S650, S750, S850, and S950 sensors, respectively. 
Furthermore, the LoD was extrapolated as the minimum concentration 
that could be measured with a 3:1 signal-to-noise ratio [44]. The LoD 
values for the S550, S650, S750, S850, and S950 sensors were 3.6, 5.1, 
2.3, 4.5, and 2.3 ppm, respectively. Notably, the S750 sensor shows the 
highest sensitivity and lowest CO detection limit among all samples, 
likely due to combinatorial effects of a large surface area, low activation 
energy, and the presence of Cr3+ ions on the surface. Reported studies 
suggest that Cr3+ in β-Ga2O3 enhances surface reactivity [45].

Selectivity is an important parameter in classifying gas sensor per
formance. To measure selectivity, Ga2O3-based sensors were exposed to 
90 ppm of various gases, including CH4, C2H4, NH3, NO2, and SO2 gases. 
Fig. 8(a) shows the response of all sensors to these gases at an operating 
temperature of 165 ◦C. The β-Ga2O3-based sensors (S750, S850, S950) 
showed the highest responses to CO compared to the other gases tested. 
Although cross-sensitivity to the other gases was observed, the 

N.C. Gatsi et al.                                                                                                                                                                                                                                 Materials Research Bulletin 192 (2025) 113583 

8 



distinctive response characteristics of the S750 sensor address this issue. 
The S750 sensor demonstrated selectivity coefficient (K = RCO/Rx) of 
11.8, 5.1, 6.2, 5.4, and 16.9 toward SO2, NO2, CH4, NH3, and C2H4, 
respectively, where RCO represents the sensor response to CO and Rx 
denotes the response to the other gases [46]. These values, all greater 
than 1, demonstrate that interference from other gases has a minimal 
effect on CO detection, suggesting that the S750 sensor is capable of 
selective CO detection. In contrast, the α-Ga2O3 and α/β-Ga2O3 phases 
show enhanced responses to SO2 and NH3 gases, respectively. Further 
optimization of the sensor operating temperature for SO2 and NH3 
detection was performed, as shown in Fig. 8(b). Both sensors show 
improved response at an elevated temperature of 180 ◦C, which was 
subsequently adopted for further characterization. These selectivity re
sults highlight the varying affinities of different gases for the α-Ga2O3, 
α/β-Ga2O3, and β-Ga2O3 surfaces, suggesting that controlling poly
morphism in Ga2O3 may offer a strategy for optimizing sensor selectivity 
for specific target gases.

For a gas sensor to be practically viable, it must not only provide 
consistent measurements under identical conditions but also maintain 
its performance over multiple cycles. To measure the reusability of the 

sensing materials, the S550, S650, S750, S850, and S950 sensors were 
exposed to 90 ppm of SO2, CO, and NH3 at their respective optimal 
operating temperatures. Fig. 8(c) presents the transient response- 
recovery curves, which show seven continuous and fully reversible 
sensing cycles for each sensor. The absence of significant deterioration 
in response magnitude, response time, or recovery time after multiple 
cycles demonstrates that the sensing materials can be reused without a 
decline in performance. The long-term stability of all Ga2O3 sensors was 
studied, as shown in Fig. 8(d). The S750, S850, and S950 sensors showed 
minor deviations (<4 %) from their initial response values over a 30-day 
period, demonstrating the high stability of the β-Ga2O3-based sensors. In 
contrast, the S550 sensor stabilized on day 10 after an initial 9 % 
decrease in response. However, the S650 sensor showed significant 
response fluctuations over time, suggesting instability. This instability 
may be attributed to prolonged exposure to various gases and humidity, 
as well as the inherent properties of the co-polymorph. The α/β-Ga2O3 
co-polymorph presents relatively high surface activity [47], rendering it 
susceptible to irreversible reactions with undesirable active elements, 
which compromise long-term stability. These effects led to a 23 % 
decrease in response; however, overall, the sensor maintained 
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acceptable stability after 43 days. The consistent response over multiple 
cycles (Fig. 8(c)) and the long-term stability (Fig. 8(d)) confirm that the 
Ga2O3-based sensors retain their gas sensing functionality over time. 
These results suggest that the sensors show good durability and reus
ability, making them suitable for practical applications.

The response and recovery times were calculated to determine the 
real-time monitoring capability of the S550, S650, S750, S850, and S950 

sensors for SO2, NH3, and CO gases. The dynamic transient response 
curves toward 90 ppm of these gases, shown in Fig. 9(a), demonstrate 
sub-minute response times for the α-Ga2O3, α/β-Ga2O3, and β-Ga2O3 
sensing layers. These rapid detection times are important for the im
mediate identification of toxic SO2, NH3, and CO gases. In addition, the 
extrapolated response times for the S750, S850, and S950 sensors show 
that tuning Ga2O3 properties by controlling the calcination temperature 
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influences the sensor response times. The recovery times of the β-Ga2O3- 
based sensors were similar to their recovery times, whereas the recovery 
times of the α-Ga2O3 and α/β-Ga2O3-based sensors exceeded their 
respective adsorption times. This observation suggests that the desorp
tion of SO2 and NH3 gases proceeded more slowly than their adsorption 
on these sensor surfaces.

Relative humidity (RH) influences gas adsorption kinetics and the 
sensitivity of the sensing material, posing challenges for developing 
highly sensitive gas sensors for real-world applications. Figs. 9(a-c) show 
the effects of RH on the response magnitude, response time, and re
covery times of Ga2O3-based sensors exposed to 90 ppm of their target 
gases, measured at their optimal operating temperatures. The sensor 
response decreased, while the response times and recovery times 
increased with the introduction of 60 % RH and 90 % RH. These effects 
may be attributed to the competitive adsorption of water molecules on 
the surface, forming a monolayer of -OH groups that occupy active sites.

The gas detection performance of the α-Ga2O3, α/β-Ga2O3, and 
β-Ga2O3 sensors was further compared to other metal oxide-based sen
sors reported in the literature for SO2, NH3, and CO detection. As shown 
in Table 1, the β-Ga2O3 sensors demonstrate fast response and recovery 
times, high response, and low detection limits at relatively low operating 
temperatures for approximately the same CO concentration, without the 
need for sensor sensitization or modification with noble metals or pe
rovskites. This study demonstrates that controlling the calcination 
temperature of the β-Ga2O3 enables the tuning of specific sensor pa
rameters: high response at 750 ◦C, fast response and recovery times at 
850 ◦C, and a low detection limit at 950 ◦C. Although the responses of 
α-Ga2O3 and α/β-Ga2O3 are relatively lower than those of the cited 
materials (Table 1), both phases show sub-minute response and recovery 
times, making them promising candidates for SO2 and NH3 detection. 
Therefore, the proposed sensing mechanisms of the α-Ga2O3, α/β-Ga2O3, 
and β-Ga2O3 materials are discussed in Section 3.5.

3.5. Gas sensing mechanism of Ga2O3-based sensors

The gas sensing mechanism of Ga2O3-based chemiresistive sensors 
follows the surface adsorption model, which is commonly applied in 
semiconductor metal oxide sensors. These sensors operate through 
direct charge transfer between ionized oxygen species and target gas 
molecules interacting with the sensing material. In this study, this 
principle is used to explain the enhanced CO, NH3, and SO2 sensing 
properties of n-type Ga2O3 nanorods/nanowires.

In ambient air, oxygen molecules adsorb onto the surface of Ga2O3 
nanorods/nanowires, where they capture conducting electrons from the 
material. This process transforms the adsorbed oxygen into O− species at 
operating temperatures of 165 ◦C and 180 ◦C, as described by Eq. (1)
[60]. Consequently, an electron depletion layer (EDL) forms near the 
surface, as illustrated in Fig. 10(a(i)) [61]. The overlap of EDLs among 
adjacent Ga2O3 nanorods/nanowires increases sensor resistance (Ra 

O−
2(ads) + e− →2O−

(ads)

(
100<Toper <300∘C

)
(1) 

When exposed to reducing gases such as CO and NH3, the ionized oxygen 
species oxidize these gas molecules into CO2, N2, and H2O, as described 
by Eqs. (2) and (3), releasing captured electrons back into the Ga2O3 
nanorods/nanowires. This electron release reduces the thickness of the 
EDL and decreases the electrical resistance, as shown in Fig. 10(b). 

2CO(gas) + 2O−
(ads)→2CO2gas + 2e− (2) 

2NH3(gas) + 3O−
(ads)→N2(gas) + 3H2O(gas) + 3e− (3) 

Conversely, when exposed to the oxidizing gas SO2, the gas mole
cules undergo oxidation, forming SO3

− species, as described by Eq. (4). In 
this process, SO2 molecules capture free electrons from both the Ga2O3 
nanorods/nanowires and the ionized oxygen species, leading to an 
expansion of the EDL as shown in Fig. 10(c), and a consequent increase 

in electrical resistance. 

SO2(gas) + O−
(ads)→SO3

−
(ads) (4) 

The varying gas sensing performance of Ga2O3-based sensors can be 
attributed to a combination of factors, including the morphological 
characteristics, porosity, specific surface area, and nature and concen
tration of structural defects and impurities. The one-dimensional (1D) 
structure of nanorods/nanowires facilitates the overlapping of the EDLs 
along the nanowires/nanorods axis, creating a continuous electron 
transfer channel that improves sensor response [62]. The mesoporous 
nature of these Ga2O3 nanorod/nanowires, promotes efficient gas 
diffusion throughout the sensing layers, maximizing interaction be
tween gas molecules and active sites. A large surface area provides 
additional reactive sites for gas adsorption and desorption, thereby 
enhancing the overall performance of the sensor.

Defect chemistry, as revealed by XPS and PL analyses, vary in Ga2O3 
depending with the calcination temperature. In terms of gas sensing, 
oxygen vacancies (VO

2+) act as active sites for the adsorption and 

Table 1 
Comparison of CO, SO2, and NH3 gas sensors based on SMO sensing materials. 
Key: NRs- nanorods, NPs- nanoparticles, NWs- nanowires, NSs – nanosheets, 
PNS- porous nanosolids, NFs- nanofibers. Abbreviations: Conc.- concentration, 
T– operating temperature, tres- response time, trec- recovery time, Res.- response, 
Ref.- reference, ± - percentage fraction of ambient air, +LoD (limit of detection). 
Response calculation methods: * (Ra – Rg)/Rg, ** ((Ra – Rg)/Rg) × 100 %, § (Rg – 
Ra)/Ra, §§ ((Rg – Ra)/Ra) × 100 %, & Ra/Rg, $ (Ra/Rg) × 100 %, ‡ ((Ia – Ig)/Ia) ×
100 %, where I represents the current, † (RS – R0)/RS, and $$ (Gg – Ga)/Ga), where 
G represents the electrical conductance.

Gas Material Conc. 
(ppm)

T ( 
◦C)

tres 

(s)
trec 

(s)
Res. Ref.

CO β-Ga2O3 (Sn) 
NRs– 750

115 500 – – $$1.02 [18]

ε-Ga2O3
±1.5 % 500 – – **25 % [19]

β-Ga2O3 

LSFO NRs
100 500 ~200 ~500 *~70 [48]

β-Ga2O3 NWs 200 200 – – §3.95 [49]
β-Ga2O3 NWs 100 100 440 300 **6.61 % [50]
Pt/β-Ga2O3 

NWs
100 100 650 750 **111.65 

%
[50]

Au/β-Ga2O3 

NWs
100 RT 21.14 21.34 **~4.8 % [51]

β-Ga2O3 (Sn) 
– 950

120 500 – – $$1.3 [18]

ZnO NRs 100 RT – 150 ‡81.1 [52]
ZnO NSs 100 300 25 36 &11.2 [53]
SnO2 PNS 100 RT 144 882 &64.5 [54]
TiO2 thin 
films

100 200 120 60 †− 0.1 [55]

Pt:CeO2 NFs 100 800 50 – $1 [56]
Pd:SnO2 NFs 100 385 23.7 3.7 &11.3 [57]
β-Ga2O3 

NRs/NWs 
(S750)

90 
(þ2.3)

165 45 42 *1.18 This 
study

β-Ga2O3 

NRs/NWs 
(S850)

90 
(þ4.5)

165 29 24 *0.41 This 
study

β-Ga2O3 

NRs/NWs 
(S950)

90 
(+2.3)

165 37 32 *0.84 This 
study

SO2 Pt-WO3 NPs 8 
(þ0.1)

160 150 200 &17.07 [58]

Al-WO3 NPs 8 
(þ0.1)

290 10 20 &2.6 [58]

α-Ga2O3 

NRs/NWs
90 165 34 51 §0.6 This 

study
NH3 β-Ga2O3 NRs 160 RT – – §§~185 % [14]

β-Ga2O3 (Sn) 
NRs - 1000

115 500 – – $$1.1 [16]

β-Ga2O3 NWs 200 150 ​ ​ $~119 % [59]
α/β-Ga2O3 

NRs/NWs 
(S650)

90 165 36 64 *0.4 This 
study

N.C. Gatsi et al.                                                                                                                                                                                                                                 Materials Research Bulletin 192 (2025) 113583 

11 



ionization of oxygen species on the metal oxide sensor surface. An 
increased concentration of these vacancies leads to greater adsorption of 
oxygen species, which capture electrons from the sensing material, 
thereby expanding the EDL. This expansion increases the baseline 
resistance of the sensor, as shown in Fig. 10(a(ii)), and provides a larger 
pool of reactive oxygen species available to interact with the target gas. 
Consequently, the resistance modulation upon gas exposure is more 
pronounced, resulting in an enhanced sensing response [63]. Similarly, 
the presence of background Cr3+ impurities can modify the local elec
tronic environment, facilitating charge transfer processes critical for 
sensing. They may also promote the adsorption of oxygen species, 
contributing to the enlargement of the EDL as shown in Fig. 10(a(ii)), 
and result in high sensitivity of the sensing material.

Therefore, the higher sensing performance observed from the 

β-Ga2O3 sensors (S750, S850, S950) can be attributed to the synergy of 
high crystallinity caused by high-temperature calcination, large surface 
area that is linked to small crystallite sizes and intrinsically small di
mensions, improved transport properties due to more nanowires, low 
content of adsorbed -OH species on the surfaces, and high content of 
Cr3+ and VO-VGa complex defects. In contrast, the low response recorded 
from the α/β-Ga2O3 phase (S650) can be due to high content of adsorbed 
-OH which reduces the active sites available for adsorption of oxygen 
species. While this sample showed the highest oxygen vacancies content 
which could have increased the density of adsorbed oxygen species, its 
relatively low surface area, lower crystallinity, and lower Cr3+ active 
sites may have additionally limited its overall sensing performance. In 
the case of the S550 sensor, the high content of non-stoichiometric 
gallium oxide, low Cr3+ on the surface, and presence of adsorbed -OH 
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may have limited the number of definitive sites available for oxygen 
adsorption and gas-surface interactions. However, it is important to note 
that this sensor showed an impressive low detection limit (concentra
tion) and high sensitivity when applied in the detection of CO, though 
the response was low. These commendable attributes can be ascribed to 
the relatively high porosity shown by the sensor. The porosity of the 
sensor was the second highest in the series of all samples.

Overall, the outperformance by the S750 sensor is attributed to the 
morphology with more nanowires, high porosity, abundant VO-VGa 
complexes, high crystallinity, increased Cr3+ impurities on the surface, 
and the significantly large surface area. Collectively, these results 
highlight that optimal gas sensing in Ga2O3 nanorods/nanowires arises 
not only from a high density of active defect sites, but also from the 
interplay of structural order, surface area, and the presence of catalytic 
impurities such as Cr3+, which together govern the adsorption, charge 
transfer, and resistance modulation processes fundamental to chemir
esistive sensing.

Further studies, particularly on simulated Ga2O3 surfaces containing 
Cr3+, may provide valuable insights into the sensing mechanism of 
Ga2O3 with incidental impurities. In addition, investigating the effects of 
grain boundaries and oxygen defects in α/β-Ga2O3 could offer a better 
understanding of how phase mixing influences the sensing behavior of 
Ga2O3.

4. Conclusion

In this study, α-Ga2O3, α/β-Ga2O3, and β-Ga2O3 nanostructures were 
synthesized using a microwave-assisted hydrothermal method followed 
by calcination at different temperatures. SEM results showed nanorod/ 
nanowire morphology, while BET results confirmed the mesoporous 
nature of the materials. XRD results confirmed the temperature depen
dence of Ga2O3 structural properties, while XPS, PL, and TEM in
vestigations showed variations in defect concentrations due to 
calcination-induced phase transformations. Notably, incidental Cr3+

ions out-diffused from the bulk to the surface at higher calcination 
temperatures, altering the surface activity of Ga2O3 materials. Among 
the sensors, the β-Ga2O3 sensor (S750) showed the highest response 
(1.18) at a low operating temperature of 165 ◦C. The sensor showed 
excellent repeatability and stability, with a sensitivity of 1.30 ppm− 1, a 
detection limit of 2.3 ppm, and rapid response and recovery times of 45 s 
and 42 s, respectively, toward CO. The exceptional gas sensing perfor
mance is attributed to the sensor’s large surface area, porous structure, 
and the presence of VO-VGa complex defects and surface Cr3+ ions. 
However, the response decreased under high-humidity conditions due to 
the adsorption of water molecules. To mitigate this effect, the incorpo
ration of a hydrophobic or sieve layer on the sensor is recommended for 
future studies. The α-Ga2O3 and α/β-Ga2O3 sensors showed the highest 
responses to SO2 and NH3, respectively, at an operating temperature of 
180 ◦C, with response values of 0.6 and 0.4, respectively. Due to their 
rapid response times and recovery times, the β-Ga2O3 (S750), α-Ga2O3 
(S550) and α/β-Ga2O3 (S650) sensors are promising candidates for 
detecting CO, SO2, and NH3 in indoor air quality monitoring. These 
observations show that controlling Ga2O3 polymorphism enables the 
optimization of gas sensing properties, particularly for CO, SO2, and NH3 
detection.
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