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Abstract

The use of CHy as an energy source is increasing every day. To increase the efficiency
of CHy combustion and ensure that the equipment meets ecological requirements, it is
necessary to measure the CHy concentration in the exhaust gases of combustion systems. To
this end, sensors are required that can withstand extreme operating conditions, including
temperatures of at least 600 °C, as well as high pressure and gas flow rate. ZnGayOy,
being an ultra-wide bandgap semiconductor with high chemical and thermal stability, is a
promising material for such sensors. The synthesis and investigation of the structural and
CHy sensing properties of ceramic pellets made from pure and Er-doped ZnGa,O4 were
conducted. Doping with Er leads to the formation of a secondary Er;GasO;, phase and an
increase in the active surface area. This structural change significantly enhanced the CHy
response, demonstrating an 11.1-fold improvement at a concentration of 10* ppm. At the
optimal response temperature of 650 °C, the Er-doped ZnGa,O4 exhibited responses of
2.91 a.u. and 20.74 a.u. to 100 ppm and 10* ppm of CHy, respectively. The Er-doped material
is notable for its broad dynamic range for CH4 concentrations (from 100 to 20,000 ppm),
low sensitivity to humidity variations within the 30-70% relative humidity range, and
robust stability under cyclic gas exposure. In addition to CHy, the sensitivity of Er-doped
ZnGayOy to other gases at a temperature of 650 °C was investigated. The samples showed
strong responses to CoHy, C3Hg, C4Hjg, NO;, and Hjy, which, at gas concentrations of
100 ppm, were higher than the response to CHy by a factor of 2.41, 2.75, 3.09, 1.16, and
1.64, respectively. The study proposes a plausible mechanism explaining the sensing effect
of Er-doped ZnGa;0O4 and discusses its potential for developing high-temperature CHy
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sensors for applications such as combustion monitoring systems and determining the ideal
fuel/air mixture.

Keywords: methane sensors; ZnGayOy; ceramics; rare-earth doping

1. Introduction

CHy4 is a colorless and odorless gas. It is a major component of natural gas and a
potent greenhouse gas [1,2]. Given the widespread use of CHy in industry and households
as an energy source, there is a need to increase the efficiency of CH4 combustion and ensure
that the equipment meets ecological requirements, it is necessary to measure the CHy
concentration in the exhaust gases of combustion systems. To this end, sensors are required
that can withstand extreme operating conditions, including temperatures of at least 600 °C,
as well as high pressure and gas flow rates. Most sensor electronics materials, metal oxides,
and chalcogenides cannot function reliably at temperatures above 600 °C [3-5]. Previously,
high-temperature CHy4 sensors based on thin Ga,;O3 [6,7] and thick LaFe 95 W 0503 films [8]
were investigated. However, these sensors were not highly sensitive and /or were produced
using film deposition methods that are not highly reproducible. There is a need to develop
new materials for high-temperature CHy sensors that can be produced using relatively
inexpensive methods.

Zinc gallate (ZnGa;QOy), being an ultra-wide bandgap semiconductor with high chemi-
cal and thermal stability, is a promising material for high-temperature sensors. It possesses
a spinel-type crystal structure [9,10]. The band gap width, Eg, of ZnGa;O4 depends signifi-
cantly on the synthesis conditions, a presence of impurities and subsequent treatments, and
is reported within a relative range of 4.1-5.2 eV [9-14]. To date, ZnGa;O4 has been shown
to be of interest in several areas of electronics and photonics as a material for transparent-
conducting electrodes [15], luminophores films [16,17], solar-blind UV detectors with high
speed-performance [18,19], power electronics devices [20,21], and gas sensors [11,22]. The
last application field is practically not well-developed due to the absence of cost-effective
and high deposition rates methods for ZnGa,O4 synthesis as well as for fabrication of
structures on its basis with large active surface. It is particularly difficult to obtain ZnGayO4
compounds with the appropriate spinel crystal lattice. The literature analysis summarized
in Table 1 shows that, despite these obstacles, sensors based on ZnGa,O4 capable of func-
tioning in a wide temperature range and demonstrating high responses to nitrogen oxides
and volatile hydrocarbon vapors in the operating temperature range of T = 300450 °C
have been developed. The very limited number of literature sources does not yet allow us
to draw some general conclusions about the advantages and disadvantages of ZnGa,Oy as
a sensitive material for gas sensors in comparison with the well-developed binary metal-
oxide semiconductors (MOSs) SnO,, ZnO, TiO,, WOj3, Gap,O3 [23-35], or transition metal
dichalcogenides (TMDs) [5,36].

The characteristics of ZnGa,O4-based gas sensors, including gas response and speed-
performance, can be controlled by forming arrays of nanoscale structures, changing the
topology of contacts to the semiconductor layer, forming heterostructures, and depositing
metal-catalyst nanoclusters on the semiconductor surface [11,12,22,37-41].



Technologies 2025, 13, 286 30f 22
Table 1. Comparison of gas-sensitive characteristics of ZnGayO4-based structures.
Gas Temperature
Material Gas Concentration Fo 0 Response (a.u.) Refs.
(ppm)
ZnGajOy thin films NO 6.25 300 22.21 [11]
ZnGayOy LPG* 50 340 7.9 [12]
ZnGayO4 nanorods 2.85
ZnGa,Oy4-core/TiO,-shell NO; 10 300 [22]
8.76
nanorods
ZnGay Oy thin films NO 10 300 11.647 [37]
ZnGazO4 1.32
ZnGayOy4/Graphene LPG* 1000 25 1.56 [38]
ZnGaOy thin films 450 1450
ZnGa,O4:N thin films C2H,0 300 400 11,000 [39]
ZnGayOy-core / ZnO-shell NO, 5 250 12 [40]
nanowires
ZnGayOy nanowires NO, 5 25 + ultraviolet 291 [41]
ZnGa;0O4 nanowires with Au exposure 8.61

nanoparticles

* LPG is the liquid petroleum gas.

A Taguchi-type sensor based on ZnGayQOy, obtained by solid state reaction assisted by
high-energy ball-milling of a mixture of GaOOH and ZnO powders at room temperature
(RT) for 7 h and with a periodic addition of ethanol as a lubricant, was presented in Ref. [12].
A paste was formed from the obtained powder and deposited in a thin layer on a ceramic
tube, inside of which a heater was formed. The signal from the sensing layer was picked up
by means of gold electrodes formed to the semiconductor. The Taguchi-type sensors with a
sensitive SnO; layer have been manufactured since the late 1960s and are reliable and stable
devices with a low base resistance [42], but still exhibit some disadvantages as discussed
in Ref. [43]. The use of inexpensive and easy-to-implement ceramic technologies for the
synthesis of ZnGay Oy, similar to the one described in Ref. [12], is promising. However,
there is practically no published report devoted to the study of gas-sensitive properties of
such materials.

Actually, Refs. [11,37] report on the development and study of sensors based on
ZnGayO4 with high sensitivity to NO compared to other gases. These sensors can be
considered quasi-selective. The authors proposed a mechanism according to which there is
a special type of dangling bonds on the surface of ZnGayO4, which are effective adsorption
centers for NO. Their sensors practically did not respond to CO,, CO, and SO;, but showed
a much lower response to NO; than to NO. High responses of ZnGa,;O,-based sensors
to NO, exposures were reported in Refs. [22,40,41] as well as by the utilization of the
well-known method of increasing the sensitivity and selectivity of MOSs—exposure to
ultraviolet radiation [41]. In turn, a few papers have shown a high sensitivity of ZnGa,O4 to
LPG. The responses to LPG are comparable to the responses to NOy or much higher, which
was obtained for sensors based on thin films of ZnGa,O4 and ZnGayOy4:N at T = 450 °C
and 400 °C, respectively [39]. High sensitivity to NOy is typical of many MOSs with a
number of advantages and disadvantages [44,45]. Indeed, there is much less work done
on the development of sensors for volatile hydrocarbon vapors, including LPG [46]. The
reason for the high sensitivity of ZnGayO4 to LPG is still not clear and is not considered
in detail in these papers. The LPG is a mixture of several hydrocarbons like CHy, C3Hsg,
C4Hj, etc. [12,46]. Therefore, it is reasonable to investigate the gas-sensitive properties
of ZnGa;04 under exposure to the LPG components separately to gain inside into the
sensory mechanisms of ZnGa,;Oy4 and to design highly sensitive and selective sensors. In
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this research, we focus on the investigation of the gas-sensitive properties of ZnGayOy4
upon exposure to CHy, which is highly relevant to environment quality monitoring and
combustion monitoring systems.

More specifically, our research is devoted to the development and investigation of
CHy sensors based on ZnGayO4 and ZnGayO4 with Er addition ceramics. It is important to
note that the doping of ZnGa, O, with various impurities is widely used and studied in
detail for the development of effective luminescent materials [13,47-55]; however, to the
best of our knowledge, there is not any publication dealing with gas-sensitive properties
of ZnGa,O4 with Er additive. It has been shown that doping with high concentrations
of Er-nanostructured SnO, [56] and BiFeOs [57] allows for high responses to alcohol and
acetone vapors. At the same time, the sensors are characterized by the long-term stability of
gas-sensitive characteristics. Moreover, the method employed in our study for the synthesis
of ZnGa; Oy is characterized by relative simplicity and low cost.

Various types of sensor [1,58-61] are being developed and used to detect CHy, in-
cluding optical, calorimetric, pyroelectric, electrochemical, and chemoresistive sensors.
Those based on MOSs and TDMs are of particular interest due to their low production cost,
miniaturization potential, and compatibility with microelectronic technologies and materi-
als [1,58-61]. Many sensors have been developed to date, mainly based on SnO,, ZnO and
TiO,, including commercial samples. However, research is ongoing to solve several issues,
such as reducing the power consumed by sensors, increasing selectivity, stability, and speed
performance, reducing the effect of ambient humidity and detection limits. At the same
time, methods of “green manufacturing” for producing sensory materials are being actively
considered. In order to address these issues, the investigation of MOSs and methods
for modifying their gas-sensitive properties, as well as the study of heterostructures and
nanostructures based on MOSs and other semiconductors, is ongoing. Additionally, new
materials such as p-type MOSs, TMDs, and various allotropic forms of carbon, along with
heterostructures based on these materials, are being employed [1,5,30-35,58-62]. Further-
more, improvements to sensor design are being made. It is worth noting that these studies
practically do not consider the development of high-temperature CH, sensors.

2. Materials and Methods

Raw materials of Ga;O3 (99.99%) and ZnO (99.99%) powders in the stoichiometric
ratio were used to synthesize the samples. To introduce Er into the samples, 5 wt% of ErpO3
(99.99%) powder was added to the charge. The charge preparation process involved the
careful grinding and homogenization in the Tencan XQM-0.4A alundum ball (Changsha
Tianchuang Powder Technology Company Limited, Changsha, China) mill for 30 min to
ensure the uniform distribution of powder particles. The resulting powder mixtures were
compressed at a pressure of 1 MPa into ~1 mm thick pellets. After pressing, the ceramic
pellets were subjected to annealing at a temperature of 1500 °C in an air stream for 10 h. The
samples were annealed in alundum crucibles, which ensure high-temperature resistance
and chemical inertness. The temperature regime was maintained using a high-precision
controller. The samples without Er,O3; addition were denoted as ZGO and the samples
with Er,O; addition—ZGO+Er. All samples presented in this work were synthesized by
participants from L.N. Gumilyov Eurasian National University.

X-ray diffraction (XRD) analysis was performed to determine the phase composition
of the samples using Bruker D6 PHASER(Bruker Corp., Bremen, Germany) with monochro-
matic CuKy; radiation (1.5406 A). Phase identification was performed using the ICDD
database (PDF-4+ 2019). The lattice parameters were estimated using the Rietveld method
in the Match4 program. The Williamson-Hall method was used to analyze the broadening
of XRD peaks to estimate crystallite size D. and microstrain ¢ in materials.
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The survey and core-level (Ga 2p3 />, Zn 2p3 5, O 1s, Er 4d) photoelectron (PE) spectra,
recorded using an ESCAlab 250Xi X-ray photoelectron spectrometer (Thermo Fisher Scien-
tific, Oxford, UK) equipped with a monochromatic Al K« X-ray source (hv = 1486.6 eV).
The chemical states of Ga, Zn, O, and Er were assessed by comparing the Ga 2p3,,, Zn
2p3/2, O 1s and Er 44 spectra of the samples (ZGO, ZGO+Er) with those of Ga;O3 (film,
obtained by the method of halide vapor-phase epitaxy (HVPE)), ZnO (pressed powder,
purity 99.99%), and Er,O3 (pressed powder, purity 99.99%) in terms of line shapes and
binding energies. Survey and core-level spectra were obtained at analyzer pass energies of
100 and 50 eV and energy step sizes of 1 and 0.1 eV, respectively. Additionally, before XPS
measurements, all samples were etched with argon ions at an energy of 3 keV for 60 s to
remove surface contaminants (atoms and molecules from the atmosphere). The position
of the C 1s peak maximum of saturated hydrocarbon contamination at 285.0 eV was used
as an internal reference for calibration of each spectrum. The binding energy scale was
calibrated using the Au 4f7,, peak at 84.0 eV and the Fermi level measured on a pure gold
foil. Data processing was conducted using the Casa XPS software (version 2.3.16).

To establish the elemental composition of the films, energy dispersive X-ray (EDX)
spectroscopy was performed using an Axia ChemiSEM (Thermo Fisher Scientific, Waltham,
MA, USA) scanning electron microscope equipped with an appropriate spectrometer at an
accelerating voltage of 5 kV.

The surface microrelief of the samples was investigated using the high-resolution
field emission scanning electron microscopy (HR FESEM) and atomic-force microscopy
(AFM). HR FESEM was performed using an Apreo 2S microscope (Thermo Fisher Scientific,
Waltham, MA, USA) at an accelerating voltage of 5 kV. To realize AFM, a Solver HV
microscope (NT-MDT, Beijing, China) was used in semi-contact mode with a NSG30_SS
(TipsNano, Beijing, China) cantilever at a rounding radius of 2 nm.

The diffuse reflectance spectra of the samples were measured using a Persee T8DCS
(Beijing, China) dual-beam spectrophotometer with an integrating sphere.

Pt contacts were deposited on the samples’ surface by means of magnetron sputtering
through a shadow mask. The samples with the contacts were divided into separate samples
with a size of ~5 mm x 5 mm. The interelectrode distance was 1.2 mm.

The gas sensing measurements of the samples were performed by means of a sealed
chamber with a Nextron MPS-CHH microprobe station. The chamber volume was 100 cm?.
A ceramic-type heater, installed in the chamber, was used to heat the samples. The heater
allowed T to be set and controlled in the range from RT to 750 °C with a T accuracy
control of +0.1 °C. The gas mixture of pure dry air + CHy was pumped through the
measuring chamber. The pure dry air was generated using a special generator GPA-1,2-3,5
(Himelektronika LLC, Moskow, Russia) that produces air with a residual concentration of
moisture and hydrocarbon contaminants of no more than 10 ppm and 0.1 ppm, respectively.
The concentration of the CHy in the gas mixture was controlled by a gas mixing and a
delivery system Microgas F-06 (MICROMED S.r.l., Roma, Italy) based on the Bronkhorst
gas flow regulators. The total flow rate of the gas mixture through the measuring chamber
was 1000 cm3/min. The relative error of the gas mixture flow rate did not exceed 1.5%.
Figure 1 shows a photo of the samples with Pt contacts in the measuring chamber.

Before starting the gas-sensitive properties studies, the samples were heated in a
measuring chamber in a stream of pure dry air at T = 650 °C for 5 min to stabilize the Pt
contact properties. The time dependences of the resistance of the samples were measured
by means of a Keithley 2636A source-meter (TEKTRONIX, INC., Beaverton, OR, USA). The
voltage applied to the sample’s contacts during the measurements of time dependencies of
the resistance was kept at 5 V.
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Figure 1. Photo of the samples in the measuring chamber.
The following ratio was chosen as the response S of the samples to CHy:
S= Rair/Rg/ (1)

where R,;; is the resistance of samples in pure dry air; Ry is the resistance of samples in a
gas mixture of pure dry air + CHy.

The time interval between the starting point of the interaction between gas mixture
and samples, and the moment when sample resistance R = 1.1 x Rg was chosen as the
response time t¢s under exposure to CHy. The time interval between the starting of pure
dry air pumping through the measuring chamber and the moment when R = 0.9 x R, was
chosen as the recovery time tre after exposure to CHy.

To investigate the impact of relative humidity RH on samples responses to CHy
pure dry air was passed through a bubbler containing distilled water before entering
a homogenizer where it was mixed with pure dry air and/or pure dry air + target gas
mixture streams from other channels. By varying the flow ratios through the channels, the
desired RH level in the measuring chamber was achieved. RH was measured using a HIH
4000 Honeywell capacitive sensor (Honeywell, Charlotte, NC, USA) with an absolute error
of £3.5%.

In addition to CH; and high humidity, the samples were exposed to mixtures of
pure dry air with Hy, CO, CO,, NHz, NO,, NO, C;Hy, C3Hg, and C4Hj to evaluate their
selectivity to these habitat and industry-relevant gases. When investigating the samples’
sensitivity to O,, a pure N, atmosphere was chosen as the initial environment.

3. Results

3.1. Structural Properties

The XRD analysis (Figure 2) of the ZnGa,O4 (ZGO) sample revealed that the main
crystalline phase is zinc digallium oxide (ZnGay0Oy), identified as a cubic spinel structure
belonging to the Fd-3m space group and referenced in ICDD 01-086-0415. This primary
phase comprises 80.7% of the material, while the secondary phase, 3-GayO3, accounts
for 19.3% and is indexed as ICDD 00-041-1103. The lattice parameters for ZnGa,O4 were
determined to be a = b = ¢ = 8.3279 A with a unit cell volume of 577.568 A3. D, of ZnGa, Oy
is 64.8 nm, with an associated ¢ of 0.066%. In contrast, the secondary 3-Gay;O3 phase
exhibited lattice parameters of a = 12.2373 A, b = 3.0429 A, ¢ = 5.8092 A, and B = 103.83°,
with a smaller D, of 46.4 nm and ¢ of 0.067%.
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Figure 2. XRD spectra of ZGO and ZGO+Er samples.

Intensity (a.u.)

In the Er-doped sample (ZGO+Er), the proportion of the primary ZnGa,Oy4 phase
increased to 91.8%, with lattice parameters slightly expanded to a = 8.3331 A and a unit cell
volume of 578.66 A3. D, of the ZnGa,Oy phase in this sample increased to 106.8 nm, while
¢ was slightly higher at 0.068%. The secondary phase in the ZGO+Er sample, triherbium
pentagallium oxide (Er;GasOjy or erbium gallium garnet), accounted for 8.2% of the
composition and is referenced in ICDD 04-007-9142. This phase exhibited a cubic structure
with lattice parameter a = 12.258 A, a unit cell volume of 1841.8 A3, D of 50.5 nm, and ¢ of
0.072%.

The high degree of crystallinity in the ZnGayO4 phase across both samples confirms
the successful formation of polycrystalline ZnGa, O, with a cubic spinel structure. The
differences in phase composition and crystallite sizes between the pure and Er-doped sam-
ples indicate that the incorporation of erbium influences the structural and microstructural
properties. The formation of the Er;GasO;, phase suggests a partial interaction between
Er,O3; and GayO3 during high-temperature annealing, as confirmed by the identification
of phases using the ICDD database. These results demonstrate that both the ZGO and
ZGO+Er samples possess desirable structural qualities, making them suitable for potential
applications in optical and electronic technologies.

The chemical composition of the studied samples ZGO and ZGO+Er was determined
based on a detailed analysis of the photoelectron lines of the corresponding elements from
the survey PE spectra () taking into account the atomic sensitivity factors based on Scofield
cross-sections (Table 2). The data in Table 2 show that both samples contain zinc, gallium,
oxygen, and carbon. In the case of ZGO+Er, Er is also additionally present in an amount of
0.2 at.%. In general, it can be noted that the chemical composition of the samples is similar,
and the presence of a small amount of carbon (about 3.5-3.8 at.%) is apparently associated
with its introduction into the composition of the surface layers of the samples at the stage
of their synthesis.

Table 2. Chemical composition of the surface region of ZGO and ZGO+Er samples by XPS.

Concentration, at.%
[Zn] [Gal [O] [Ex] [C]
ZGO 12.1 31.8 52.3 - 3.8
ZGO + Er 11.9 31.5 52.9 0.2 3.5

Material
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Now, let us proceed to a detailed examination of the core-level (Ga 2p3,5, Zn 2p3 7,
O 1s, Er 44d) PE spectra of both samples, starting with the Ga 2p3,, spectra (Figure 3). It is
clearly seen that the maximum of the Ga 2p3/, spectrum in the ZGO sample is located at
1119.6 eV, which is +1.2 eV higher than for the reference sample Ga,Os. Such a high-energy
shift is due to the fact that gallium is surrounded not only by oxygen, but also by zinc in
the ZnGayO4 compound. At the same time, a slight asymmetry of the line is observed
on the side of low binding energies, which indicates the presence of a small amount of
gallium also in GapOj3. This result agrees well with the XRD data (Figure 2). When moving
from the ZGO sample to the ZGO+Er sample, one can see a subsequent high-energy shift
of the 2p;,, spectrum by +0.9 eV, as well as the appearance of a clear intense shoulder
on the side of low binding energies. Both results are due to the incorporation of erbium
into the sample structure. Moreover, the largest amount of gallium in ZGO+Er is in the
ZnGa;O4 compound, as in the ZGO sample, while some amount is in another compound.
Considering that the position of the low-energy component in ZGO+Er is 0.4 eV higher
than that of the similar component in the ZGO sample, and the fact that, according to the
XRD data, Gay O3 is absent in ZGO+Er, we can conclude that gallium is in a compound with
erbium. Combining the data of XRD, EDX, and the information obtained from the analysis
of diffuse reflectance spectra and the results of XPS, it can be assumed that the low-energy
component in the spectrum of Ga 2p;; is associated with the Er;GasOqp compound. It
is interesting that similar energy shifts in the Zn 2p3/, spectra are observed in the series
ZnO — ZGO — ZGO+Er (Figure 3). However, two important features should be noted:
the magnitudes of these shifts are smaller than in the case of Ga 2p3/, spectra, and the fact
that in both studied samples, the 2p3,, zinc line is symmetrical. These results indicate, on
the one hand, that zinc is in only one chemical state—in ZnGa,0Oy, and on the other hand,
that additionally introduced erbium in ZGO+Er has a slightly smaller effect on the charge
state of zinc compared to gallium. When analyzing the O 1s spectra (Figure 3), only small
energy shifts can be seen, since the binding energies of the metal oxides used in this work
differ insignificantly. Finally, the analysis of the Er 4d spectra allowed us to establish that
erbium is present only in the ZGO+Er sample. Moreover, the shape of the spectrum in
the studied sample and in the spectrum of the reference compound Er,03 is close, which
indicates the presence of erbium in Er>*. At the same time, taking into account the shift of
+1.1 eV of the Er 4d spectrum in the ZGO+Er sample relative to the Er,O3 spectrum and the
conclusions made above when analyzing the Ga 2p3,, spectrum, we can be confident that
erbium is bonded with gallium and oxygen in the compound Er3GasOs5,.

PE intensity

Ga,0,

— T T T
1130 1125 1120 1115
Binding Energy (eV)

Zn 2p,;, O1s Er 4d
1023.5
1022.8
ZGO+Er ZGO+Er ZGO+Er
7GO
1021.7| | zco
168.5
Er,0,
ZnO Ga,0,
T L L L L L

— T T L L | T T T T
1110 1032 1028 1024 1020 1016 540 538 536 534 532 530 528 526 176 174 172 170 168 166 164
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 3. Ga 2p3,,, Zn 2p3 5, O 1s, Er 4d spectra of ZGO and ZGO+Er samples as well as the reference
compounds Ga;O3, ZnO and pure EryOs.
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The surface of ZGO samples is relatively smooth and characterized by the presence
of pores extending to the surface (Figure 4a). The pore sizes on the surface of the samples
vary from 8 um to 17 pm. The addition of Er significantly changes the surface morphology
of the samples (see Figure 4b). The SEM image of the ZGO+Er surface clearly distinguishes
the microcrystals of two types, with different electron densities, and the interfaces between
microcrystals of one and different types. Microcrystals of the first type have facets of regular
geometric shapes characteristic of the cubic crystal lattice. The size of microcrystals of the
first type varies in the range from 1 pm to 7 um. Microcrystals of the second type, spherical
in shape, are predominantly embedded in the structure of the samples and segregate on
the surface. The size of microcrystals of the second type varies in the range from 0.5 pm
to 4 um. In addition, for ZGO+Er, the density of pores extending to the surface of the
samples increases. The size of pores extending to the surface of ZGO+Er samples varies
from 1 um to 7 pm. According to the analysis of AFM images (Figure 5), the root mean
square of the surface roughness of the samples increases from 787.8 nm to 895.5 nm with the
addition of Er. ZGO+Er samples are characterized by a significantly larger active surface.
The increased pore density and roughness of the ZGO+Er samples must contribute to the
higher CHy response by enhancing gas adsorption. Also, on the surface of samples of both
types, there are small clusters of the order of 10-100 nm, probably due to the residues of
precursors that did not react during synthesis of the samples.

Figure 5. AFM images of the ZGO (a) and ZGO+Er (b) surfaces.

There are difficulties in determining the concentration of constituent elements in
the samples due to the overlap of Ga and Zn lines on the one hand, and the insulating
properties of the samples at RT on the other hand. The EDX analysis of the ZGO samples
did not reveal the presence of extrinsic elements other than Ga, Zn, and O, which are
homogeneously distributed over the area. EDX analysis showed that the second-type
microcrystals for ZGO+Er samples (Figure 6) are characterized by a high Er content. The
concentration of Er in these microcrystals exceeds the concentrations of Ga and Zn. Based
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on the XRD and EDX results, it can be assumed that microcrystals of the second type
correspond to the superstoichiometric Er3Gas xO12.y phase.

AN

Figure 6. SEM image (a) and corresponding EDX mapping (b) of the ZGO+Er surface.

The diffuse reflectance spectrum of the ZGO sample is typical (Figure 7). Regardless
of the chemical composition of the samples, a sharp absorption edge in the ultraviolet
region is observed, which corresponds to intrinsic absorption in ZnGayOy4. The Kubelka—
Munk estimates showed that the Eg of ZGO is 4.29 eV, which is in agreement with the
literature data [63]. When Er,O3 is added into the ZGO composition, a slight decrease in
the reflectance intensity in the absorption edge region is observed. This may be due to the
introduction of defects or the state of levels inside the band gap of ZnGa,O4 due to the
presence of Er** ions. Additional peaks appear on the reflection spectrum of the ZGO+Er
sample in the wavelength range of 400-800 nm due to the appearance of additional energy
levels in the band gap of ZnGay Oy, as well as partially coinciding with the absorption of the
Er3GasO1; phase. The spectrum typical of the ZGO+Er samples contains a set of narrow
peaks characteristic of the internal 4f — f transitions of electrons in Er** ions, the positions
of which are presented in Table 3.
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Figure 7. Reflection spectra of ZGO and ZGO+Er samples.
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Table 3. Spectral lines of electron transitions in the Er®* ion for ZGO+Er samples.

Transition from %15/, Spectral Interval (nm)
*Gi1)2 355.0-387.0
?Hy > 407.84
*F3/2,5/2 438.0-463.0
*F7 476.2-506.0
2Hyy /o 504.0-530.0
4S5/2 538-564
F 2 630.0-683.0
o), 781-842

3.2. Gas-Sensitive Properties

Figure 8 displays the temperature dependencies of the samples’ basic resistance in dry
air in Arrhenius coordinates, In(R,i,) vs. 103/ Tk, where R,;, is chosen as the basic resistance;
Tk is the absolute temperature of the sample. At T =250 °C, R,j; is high and reaches
~102 Ohm. As the temperature increases, the Ry;; of the samples decreases according to
the exponential law. Heating the samples up to T > 650 °C leads to an irreversible increase
in R,y For this reason, measurements of the gas-sensitive properties of the samples at
T > 650 °C were not performed. The R,;; of the ZGO samples with addition of Er decreases
in 2.0-2.6 times in the whole T interval. Regardless of the chemical composition of the
samples, two sections can be distinguished on the Arrhenius curves in the interval of
T = 250-650 °C, the first in the interval of T = 250-350 °C, and the second-T = 350-650 °C.
The first section is characterized by the activation energy AEj, and the second—by AE;.
For ZGO samples, AE; = 0.68 £ 0.08 eV and AE; = 1.56 £ 0.02 eV. For ZGO+Er samples,
AE; =0.7 £ 0.1 eV and AE; =1.52 £ 0.04 eV. The addition of Er has no effect on the position
of the levels associated with AE; and AE,, which are due to the presence of defects in ZGO,
including antisite defects [64].
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Figure 8. Dependence of the sample’s basic resistance in In scale on the inverse absolute temperature.

For ZGO, it was possible to register the response to CHy in the range of T = 550-650 °C
(Figure 9). These samples are characterized by weak responses to CHy. The maximum
response Smax at T = 650 °C and under exposure to 10* ppm of CHy is only 1.33 a.u. The
addition of Er allows one to significantly increase the response of samples to CHy and to
extend the range of T, at which the samples show sensitivity to gas, to the low temperature
region. Smax for ZGO+Er at T = 650 °C and exposure to 10* ppm of CHy is 14.77 a.u. At the
same time, the base resistivity of the samples with addition of Er decreased only by a factor
of 2. Due to the high sensitivity of ZGO+Er samples to CHy, we will further focus on their
gas-sensitive properties.
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Figure 9. Temperature dependencies of the ZGO and ZGO+Er responses to 10* ppm of CHy.

The dependences of the responses of ZGO+Er to CHy on concentration ng were
measured in the range of Ang = 100-20,000 ppm and at T = 650 °C (Figure 10). The
samples exhibited responses at all gas concentrations in Ang. The response increases with
ng according to a power law, S ~ng™, where m is the power index. At T = 650 °C for
ZGO+Er samples m = 0.48 & 0.01. It can be seen that the response does not reach saturation
at high ng = (1-2) x 10* ppm. Also, the S to 100 ppm of CHy is 2.91 a. u. The dynamic
range Ang of the investigated samples can be extended to both high and low ng regions.
Setting ng below 100 ppm is limited by the capabilities of the involved equipment, and
above 2 x 10* ppm by safety requirements.
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Figure 10. Time dependence of the ZGO+Er samples resistance at T = 650 °C and exposure to
different concentrations of CHy (a); Dependence of the ZGO+Er samples response at T = 650 °C on
CHy4 concentration (b).

The time dependences of the resistance of the ZGO+Er samples at T = 650 °C and the
cyclic exposure to 2000 ppm of CHy, illustrated in Figure 11a, were used to evaluate the
speed-performance and stability of gas-sensitive characteristics in short-term tests. The tyes
of the samples at the first gas exposure was 90 s. For 5 min after gas exposure, the resistance
of the specimens did not recover to the R,;; level. Probably, such long response and recovery
times of the specimens are due to the large active surface (Figures 4 and 5). The sections of
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the samples’ resistance decrease under CHy exposure and of resistance growth after CHy
exposure are approximated by the following exponential functions, respectively:

R(t) = RgSt +A X exp(—t/711), (2)

R(t) = RairSt — B x eXP(—t/Tz)/ (3)

where Rg™ is the steady-state value of the sample resistance in the gas mixture of pure
dry air + 2000 ppm of CHy; R, is the steady-state value of the sample resistance in pure
dry air; A and B are constants; 11 and T, are time constants. For the second cycle of gas
exposure, T =9 s and 1y = 197 s. 71 << T is satisfied under exposure to CHy at all operating
temperatures and ng.

6
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/-\4,
E 3
S 2
2 (1)" ) “'air‘ [ i‘ [ Ll ;
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Q . .
= Time (min) —~
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Figure 11. Time dependence of the ZGO+Er samples resistance at T = 650 °C and cyclic exposure to
2000 ppm of CH4—(a); Variations of the base resistance, resistance in the gas mixture of pure dry air
+ 2000 ppm of CHy and response to 2000 ppm of CHy under cyclic gas exposure—(b).

After the first cycle of CHy exposure, the response of the samples drops by a factor of
1.28, mainly due to the decrease in R,;; caused by the prolonged recovery of the sample’s
resistance (see Figure 11b). It is worth noting that Ry under the above conditions is
practically unchanged and varies in the range of (5.06-5.14) x 10° Ohm.

Increasing the humidity of the gas—air mixture leads to a decrease in the sample’s
response to CHy as exhibited in Figure 12. The response of samples decreases significantly
by 46% when the RH increases from 0 to 30% (Figure 12b). Increasing the RH from 0 to 30%
results in an increase in Rg by a factor of about 2.13, while R,;; increases by only a factor
of 1.14 (Figure 12a). The decrease in the response to CH4 with increasing RH is due to the
large-scale increase in Rg. It is worth noting that, in the range of RH = 30-70%, the response
to CHy is practically independent of humidity.

The results of long-term studies of changes in the gas-sensitive characteristics of the
samples for 19 days are depicted in Figure 13. Obviously, there is a tendency for Rg, Ryj,
and S to increase with the duration of the tests. The samples were stored in hermetically
sealed packaging at RT between measurements, and for the long-term tests, as-prepared
fresh samples were used, which had not been previously heated to high temperatures and
exposed to gases. During 19 days of tests, the Rg, Ryir, and response to 2000 ppm of CHy
for ZGO+Er samples increased by 1.2, 1.4, and 1.26 times, respectively. At the same time,
non-symbatic changes in Rg and R,ir were observed from test to test, which was reflected
in the non-monotonic variation of response values with test duration. The response value
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achieved on the 19th day of testing for the as-prepared samples is comparable to the
response values for aged samples tested under heating to different temperatures and
exposure to different gases (see Figures 8-12).

= R, R, (@)
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(MOhm)

—
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(a.u.)
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10‘20‘30‘40‘50‘60‘70‘80
Relative humidity (%)

Figure 12. Effect of humidity on ZGO+Er samples’ base resistance, resistance in the gas mixture of
pure dry air + 2000 ppm of CHy (a) and response to 2000 ppm CHy (b) at T = 650 °C.
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Figure 13. Long-term test results: Changes in the ZGO+Er samples base resistance and resistance in
the gas mixture pure dry air + 2000 ppm of CHy (a); Changes in the ZGO+Er samples’ response to
2000 ppm of CHy (b) at T = 650 °C.

The results of the selectivity evaluation for the ZGO+Er samples at T = 650 °C are
shown in Figure 14. The resistance of the samples dropped under exposure to Hy, CO, CO,,
NHj3, and hydrocarbons, while the resistance of the samples increased under exposure to
NO, and O,. The ratios of the ZGO+Er samples’ responses to other gases and CHy at same
gas concentration of 100 ppm are presented in Table 4. As can be seen, the responses to NO,,
H, and hydrocarbons outperform those to CHy4. The samples showed a particularly high
response when exposed to hydrocarbons (C;Hy4, C3Hg and C4Hjj). A noticeable response
to NH3 was also obtained. For the remaining gases CO, COy, and O,, the responses were
low. The response to 5 ppm of NO was 1.22 a.u.
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Figure 14. Comparison of the ZGO+Er samples responses to different gases at T = 650 °C.

Response (a. u

5 ppm
CH, NO, H, CO CO, NH; CH, C;Hy CH,, NO CH, O,

S A~
T

Table 4. Ratios of the ZGO+Er samples responses to 100 ppm CHy4 and other gases.

Gas Response Ratio at 100 ppm
NO; 1.16
H, 1.64
(€0) 0.47
CO, 0.58
NH; 0.71
CoHy 241
C3Hg 2.75
C4Hyp 3.09

4. Discussion

ZGO+Er samples do not exhibit exceptional selectivity to CH, in contrast to the
ZnGayO4-based samples presented in Refs. [11,12,22,37-41], where exceptionally high
responses to NOy or LPG were obtained. It is worth noting that the samples are more
sensitive to NO, and LPG components (C3Hg and C4Hj) (see Figure 14 and Table 4).
Exceptional selectivity is not characteristic for MOS gas sensors [65]. Generally, these
materials show sensitivity to many gases, but to varying degrees depending on many
factors such as temperature, humidity, etc. [65]. This is due to the sensing effect of MOSs.
In the air atmosphere, oxygen chemisorbs on the surface of semiconductors capturing
electrons. This process for n-type semiconductors leads to the appearance of the layer
depleted of electrons at the pre-surface region and the energy bands bending upward. When
CHy appears, there is an interaction between its molecules and oxygen ions chemisorbed
on the semiconductor surface, leading to a decrease in the surface density of the latter and
the return of electrons to the semiconductor.

For polycrystalline semiconductors with large microcrystals, as in our case, the con-
ditions at the microcrystal boundary influence the charge carrier transport [58]. For such
semiconductors, the resistance in the air is described by the following formula [66]:

Rair = Ro x exp[(e@s/(kTx)], (4)

where Ry is a value determined by the geometric and electrophysical parameters of the
sample; e@s is the energy bands bending at the microcrystal boundary; e is the electron
charge; @ is the surface potential in air; and k is the Boltzmann constant. Ry weakly
depends on changes in the atmospheric composition. e@s~N;2/N4 and Ni~#!, where
Nj is the surface density of chemisorbed oxygen ions; Ny is the donor concentration; 71ox
is the oxygen concentration; | < 1 [66,67]. nox = const and N;j changes in pure dry air are
due to changes in sample temperature and ambient humidity under experimental condi-
tions [66,67]. For binary MOSs, analysis of data [68] obtained by electron paramagnetic
resonance spectroscopy and temperature programmed desorption, as well as extensive
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first-principles analysis [69], indicates that oxygen is chemisorbed in the form of O?>~ at
high temperatures. Based on these findings, we believe that a similar situation exists for
the studied samples. The interaction of CHy and O>~ molecules may occur in two stages at
T =650 °C [58,59]:

CH; — CH3 + H, (5)

CH; + H + 40>~ — CO;, + 2H,0 + 8¢ ™. (6)

At the first stage, the dissociative adsorption of CH4 molecules occurs with the appearance
of CHs + H fragments on the semiconductor surface, which interact with O? ions to
form CO,, H,O molecules and free electrons, which are returned to the semiconductor.
As a result of reaction (6), Nj is reversibly reduced, leading to a decrease in e@s and the
resistance of the semiconductor. The reaction products of CO, and H,O are desorbed from
the semiconductor surface.

Doping ZnGa,;O4 with Er leads to lattice expansion, crystallite growth, and the for-
mation of high-electron-density microcrystals. This is primarily due to the substitution of
Ga®* (0.62 A) and Zn?* (0.60 A) with the larger Er®* ion (0.89 A), increasing the unit cell
parameter from 8.3279 A to 8.3331 A and its volume from 577.568 A3 to 578.66 A3. The
process induces point defects, such as oxygen vacancies, which further expand the lattice
and slightly increase strain from 0.066% to 0.068%. Phase composition changes as 3-GayO3
(19.3%) is replaced by Er;GasOq; (8.2%), indicating gallium redistribution. The crystallite
size of ZnGa,Oy grows from 64.8 nm to 106.8 nm, facilitated by Er®* promoting grain
growth and reducing structural defects. The newly formed Er;GasO1; phase has a large
unit cell (12.258 A, 1841.8 A%) and contributes to increased electron density. These struc-
tural modifications enhance optical and electronic properties, making Er-doped ZnGa,O4
promising for luminescent and optoelectronic applications.

According to the results of SEM and AFM (Figures 4 and 5), the addition of Er leads
to the formation of a larger active surface, represented by two types of microcrystals with
characteristic sizes of 1-7 um and 0.5-4 pm, respectively. At the same time, the base
resistance of the samples (Figure 8) (resistance in pure air) decreases only by a factor of
2.0-2.6, and the response of the samples to CHy increases by a factor of 11.1 (Figure 9). The
gas-sensing, electrical-conductivity, and other properties of Er3GasO1, remain unexplored.
Therefore, the proposal of a mechanism for increasing the response to gas based on the
formation of a new phase of Er;GasOy; is not justified. It has been shown that Er3GasO1»
demonstrates unique magnetic [70] and phosphor [71] properties, and is also used as a
catalyst support for the Ni catalyst for CHy decomposition at T = 650 °C [72]. It is noted
that Er3GasO1, provides the most intense CH4 decomposition. The temperature of use of
the Ni/Er;GasO1;, catalyst coincides with the temperature of the maximum response of
ZGO+Er to CHy. However, the results of our research only allow us to conclude that the
increase in the ZnGayO4 response with Er addition is due to an increase in the material’s
active surface area (Figures 4 and 5). This, in turn, contributes to an increase in the surface
density of adsorption centers for O>~, which leads to an increase in the response to reducing
gases [66]. A similar case was observed when Er was added to SnO, [56,73].

The temperature dependence of the response of MOS sensors (Figure 9) is determined
by the processes that take place on the surface of the semiconductor and in the near-surface
region of the semiconductor [74]. These processes are usually of an activation nature. Such
processes are the physical adsorption and chemisorption of oxygen molecules, dissociative
chemisorption of oxygen molecules, oxygen desorption, dissociative adsorption of methane
molecules, desorption of interaction products of chemisorbed oxygen, and fragments of
methane molecules, etc. Models have been developed to account for these processes, which
are in agreement with experimental results [75]. In our case, the monotonous increase



Technologies 2025, 13, 286

17 of 22

in response with increasing temperature can be explained by an increase in the surface
density of 02~ and an intensification of the dissociation of CH,; molecules, facilitated by an
additive containing Er.

An increase in the base resistance of n-type MOSs is not typical when humidity
increases. During chemisorption at high temperatures, water molecules exhibit reducing
gas properties and the effect should be reversed [67]. Further research is needed to explain
the dependence of R, on RH. An increase in Rg with an increase in RH can be explained by
H,O and CHy molecules competing for adsorption centers S,. In an atmosphere of moist
pure air, the following reaction takes place [76]:

H,0 + O™ + S, — 2(Sa—OH) + 2¢™. 7)

According to reaction (7), the semiconductor surface is poisoned by OH-groups,
leading to a decrease in the surface density of S, and Nj. As RH increases, fewer CHy
molecules are chemisorbed onto the semiconductor surface, while R increases and S
decreases.

To minimize the impact of humidity on the gas-sensitive properties of the samples, it
is sensible to use the ultrathin films of materials that can absorb H,O molecules and are
deposited on the surface of the sensitive layer. One such material is SiO, [76]. It is worth
noting that this material can withstand high-temperature operating conditions, which
is important for developing appropriate high-temperature gas sensors [77]. To further
reduce the effect of humidity, operating modes involving the modulation of the operating
temperature and/or exposure to ultraviolet radiation are advisable [78].

According to refs. [66,67], S ~exp(e@s). The mechanisms of the gas-sensitive charac-
teristic drift of MOSs gas sensors are considered in ref. [79]. Operating sensors at high
temperatures and under the exposure to CHy over a long period can cause structural
transformations, changes in microcrystal size, and the poisoning of the sample surface. As
a result of these processes, Nj can change. Other processes, such as phase transformations,
the formation of electrically active defects, and bulk diffusion, primarily result in a change
in Ng4. According to our results (Figure 13), an increase in base resistance and response to
CH, indicates an increase in the Nj2/Ny over the duration of the tests. We believe that, as
the test duration increases further, the characteristics will continue to stabilize, as is typical
for MOSs gas sensors [79].

The authors are not aware of any publications devoted to the research and develop-
ment of CHy sensors based on ZnGayOy. To date, CH, sensors based on binary metal-oxide
films and nanostructures (SnOy, ZnO and TiO,, primary) have been researched and devel-
oped [58-62]. The achieved response to CHy for ZGO+Er samples exceed the response for
most sensors based on the binary MOSs presented. However, ZGO+Er samples are charac-
terized by a high operating temperature, which, on the one hand, can lead to an increase
in the power consumption of sensors, and on the other hand—the ability of sensors to
function at elevated temperatures is of interest for a number of practical applications where
the majority of the binary MOSs are not able to function reliably. High-temperature CHy
sensors are of interest for the development of systems based on them for the monitoring and
control of combustion processes, and for determining the ideal fuel/air mixture [3]. With
this in mind, it is reasonable to compare the gas-sensitive characteristics of CH, sensors
based on MOSs capable of functioning in the high-temperature region corresponding to
the range of T = 600-1000 °C. In addition, high operating temperatures ensure high sensor
speed performance [80], low base resistance, and surface regeneration [79]. Table 5 shows a
comparison of the gas-sensitive characteristics of high-temperature CHjy sensors based on
MOSs. The responses of ZGO+Er samples to equal CH4 concentrations are significantly
higher than those of thin GayOs films with the addition of 0.1 at.% of SnO, and thick
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LaFe95W( 0503 films. In Ref. [6], sensors based on polycrystalline Ga;Os3 thin films with
responses exceeding those of ZGO+Er were presented. However, such high responses
were obtained at a higher T, at which we did not measure the characteristics of ZGO+Er
samples due to the manifestation of characteristic drift. In addition, the authors explain the
high responses for CHy by the partial combustion of the gas with the formation of ionized
oxygen defects [6].

Table 5. Gas-sensitive characteristics of high-temperature CHy sensors based on MOSs.

CH4 Concentration

Material Temperature (°C) Response (a.u.) Refs.
(ppm)
GapO3 with addition 4
of 0.1 at.% SnO, 10 740 10 7]
Gay0Os3 5000 740 ~80 [6]
LaFe0.95W0.0503 104 650 ~8 [8]
100 291 .
ZGO+Er 10% 650 20.74 This work

5. Conclusions

Pure ZnGayO, and ZnGa,O4 with Er addition ceramic pellets were synthesized.
For the first time, the gas sensitivity of ZnGa,O4 with Er addition ceramic pellets has
been studied. The addition of Er leads to the formation of the Er3GasO;, phase in the
ZnGayO4 host, more importantly to the formation of a larger active surface and allows
an 11.1-fold increase in the response of ZnGa,O4 to CHy. The samples were characterized
by a wide dynamic range of CH, concentrations, 100-20,000 ppm, the weak dependence
of gas-sensitive characteristics on relative humidity in the range of 30-70%, the weak
changes of gas-sensitive characteristics under cyclic gas exposure, and the stabilization
of characteristics for long-term tests. They also exhibited high responses to C;Hy, C3Hsg,
C4Hjp, NO,, and Hj. A possible mechanism of the sensing effect of ZnGa,O4 with Er
addition was proposed. It was suggested that the increase in gas responses with Er
addition is due to the formation of a larger active surface. Therefore, ZnGa,O4 with Er
addition is very prospective for the development of high-temperature hydrocarbon sensors
for systems monitoring and controlling combustion processes and for determination of
the ideal fuel/air mixture. Our future work will focus on optimizing the gas-sensitive
properties of high-temperature hydrocarbons sensors based on ZnGa,O4 with Er addition
ceramic pellets with the aim of increasing their gas sensitivity, decreasing the effect of on
relative humidity in the range of 0-30%, and improving their selectivity under extreme
operating conditions.
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