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Abstract:

This study demonstrates the exceptional carbon monoxide (co) sensing capabilities of nanostructured
cuo-doped srtios (cu-sto) thin films synthesized via spray pyrolysis. Structural characterization reveals a
cubic perovskite phase with minor secondary phases (tioz, srcustiz012), while morphological analysis
confirms cu doping reduces grain size (~200 nm vs. ~800 nm for pure sto) and enhances surface area.
The cu-sto sensor exhibits outstanding performance at 300°c, achieving a high response (s = 2000 to
1000 ppm co) with rapid response/recovery times (25 s/45 s). This enhancement is attributed to
cuo-induced oxygen vacancies, catalytic surface reactions, and p-n heterojunction formation at grain
boundaries. The sensor demonstrates excellent selectivity for co over interfering gases (hz, Ipg, nhs, etc.)
and stable repeatability. Electrical studies reveal ohmic behavior and semiconducting properties, with cu
doping optimizing conductivity for gas detection. The synergistic effects of nanostructuring, doping, and
heterojunction engineering position cu-sto as a promising material for ultrasensitive, low-temperature co
monitoring in environmental and industrial safety applications.

Keywords: Srtios Perovskite, Cuo Doping, Spray Pyrolysis, Nanostructured Thin Films, Co Gas Sensor,
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Introduction:

Gas sensors are critical for environmental monitoring, industrial safety, and public health, particularly in
detecting hazardous gases such as carbon monoxide (CO) [1]. CO, a colorless and odorless gas produced
by incomplete combustion, is lethal at concentrations as low as 30 ppm, earning it the nickname "silent
killer" [2]. Traditional CO sensors based on metal oxides (e.g., SnO2, ZnO, WO:s) face limitations such
as high operating temperatures (>400°C), poor selectivity, and slow response/recovery kinetics [3]. To
address these challenges, perovskite oxides (ABQO:s), particularly strontium titanate (SrTiOs, STO), have
gained attention due to their tunable electronic properties, thermal stability, and superior surface
reactivity [4]. Perovskite-structured materials exhibit exceptional catalytic and electronic properties,
making them ideal for gas sensing [5]. The oxygen vacancy formation energy and reducibility of B-site
cations can be tailored via doping to enhance gas-surface interactions. STO, an n-type semiconductor
with a ~3.2 eV bandgap, shows intrinsic sensitivity to reducing gases like CO due to its oxygen mobility
and defect chemistry [6]. However, pristine STO sensors typically exhibit moderate responses (S < 500)
and require high operating temperatures (>350°C) for optimal performance [7].
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Transition metal doping at Sr/Ti sites has emerged as an effective strategy to enhance STO’s sensing
properties [8]. Copper (Cu?*") doping is particularly promising due to three key effects: (1) oxygen
vacancy generation via charge imbalance compensation when Cu?" substitutes Sr**, enhancing oxygen
adsorption; (2) catalytic CuO nanoclusters at grain boundaries that lower CO oxidation activation energy;
and (3) p-n heterojunctions between p-type CuO and n-type STO, modulating charge transport and
surface depletion layers [9-10]. These synergistic effects can significantly improve sensitivity while
reducing operating temperatures.

Thin-film fabrication methods play a crucial role in sensor performance. Spray pyrolysis offers
advantages such as excellent stoichiometric control, scalability, and nanostructured morphology
formation [11]. This technique involves precursor solution atomization onto heated substrates, enabling
rapid decomposition and crystallization [12]. Comparative studies show that spray-pyrolyzed STO films
exhibit superior gas response compared to sol-gel or sputtered films due to higher surface area and
defect density [13].

Despite these advances, challenges remain, including selectivity issues (cross-sensitivity to Hz, VOCs),
energy efficiency optimization, and long-term stability concerns [14—16]. This study addresses these
challenges by developing Cu-doped STO (Cu-STO) thin films via spray pyrolysis. We systematically
investigate (1) the impact of Cu doping on structural, morphological, and electrical properties; (2)
optimal operating temperature for CO detection; and (3) the mechanistic role of CuO-STO
heterojunctions in enhancing sensitivity and selectivity.

We hypothesize that Cu doping will (1) reduce grain size (confirmed via FESEM/HRTEM), (2)
introduce oxygen vacancies (validated by XRD/EDS), and (3) lower operating temperature while
improving response kinetics (demonstrated through gas sensing tests). This work contributes (1) a
scalable synthesis route for perovskite gas sensors, (2) fundamental insights into doping-induced surface
chemistry, and (3) practical solutions for low-temperature CO monitoring. These findings advance
structure-property relationships in doped perovskites, paving the way for efficient, reliable gas detection
technologies.

2. Material Methods

2.1. Experimental

Pure SrTiOs (STO) and copper (Cu)-doped STO thin films were synthesized using a spray pyrolysis
technique, a cost-effective and scalable method for producing high-quality oxide thin films [17].
High-purity precursor salts, including strontium chloride hexahydrate (SrClz-6H20), titanium trichloride
(TiCls), and copper(Il) chloride (CuClz), were dissolved in deionized water to prepare the precursor
solutions. For pure STO films, a stoichiometric ratio of Sr:Ti = 1:1 (0.1 M) was maintained, while
Cu-doped STO films were prepared with a cationic ratio of Cu:Sr:Ti = 1:1:1 (0.1 M). The solutions were
magnetically stirred for 30 minutes to ensure homogeneity [18].

The formation of pure STO thin films occurs through the thermal decomposition of SrClz-6H20 on the
heated substrate, following the reaction:

2SrCI2-6H20+2Ti02—2SrTi03+4CI12+02+12H20

For Cu-doped STO (Cu-SrTiOs), copper ions were incorporated into the perovskite lattice, modifying
the electronic and gas-sensing properties of the material [19]. The precursor solution was sprayed onto
preheated glass substrates maintained at 350 + 5°C using an airbrush system. Upon contact with the
heated substrate, the precursor underwent pyrolytic decomposition, forming a uniform thin film [20].
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The spray parameters, including nozzle-to-substrate distance (30 cm) and carrier gas pressure (2 bar),
were optimized to ensure film uniformity and adhesion [21].

The spray pyrolysis technique was selected due to its advantages in producing large-area, nanostructured
films with controlled stoichiometry, which is critical for gas-sensing applications [22]. Previous studies
have demonstrated that spray-pyrolyzed perovskite oxide films exhibit excellent sensitivity to reducing
gases such as CO, owing to their high surface-to-volume ratio and tunable defect chemistry [23].
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Fig.1. Schematic representation of (Fig.(a)) the spray pyrolysis setup used for the deposition of
STO-based thin films, where a precursor solution is atomized by compressed air and sprayed onto
a heated substrate to form uniform coatings, and (Fig.(b)) the experimental setup for gas sensing
measurements, illustrating the interaction of target gas with the STO sensing layer in a controlled
chamber equipped with heating, electrical biasing, and current detection for evaluating sensor
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2.2. Sensor Performance Evaluation
The gas-sensing performance of the pure and Cu-doped SrTiOs (STO) thin films was evaluated using a
static gas sensing system under controlled laboratory conditions (Figure 3). The sensor response was
tested for carbon monoxide (CO) concentrations ranging from 30 to 3300 ppm at various operating
temperatures to determine optimal sensing conditions. The gas response (S) was calculated using the
relative change in electrical conductance upon exposure to the target gas compared to air, as defined by
the following equation [24]:
AG Gg—G
St % Ta
where: G, =Conductance in air (baseline),
G4= Conductance in the presence of CO gas,
AG =Change in conductance.
This conductance-based response mechanism is typical for semiconducting metal oxide (SMO) gas
sensors, where adsorption/desorption of gas molecules alters the surface charge carrier concentration
[25]. The sensor’s sensitivity, response/recovery times, and stability were systematically analyzed to
assess its practical applicability.
2.3. Fabrication of Thin Film Resistor (TFR) for Gas Sensing
The gas-sensing element was fabricated as a thin-film resistor (TFR) with dimensions of 2.5 cm x 1 cm .
Silver (Ag) paste electrodes were screen-printed onto the STO thin film surface to ensure ohmic contact
and minimize contact resistance [26]. The sensor was then integrated into a custom-built gas sensing
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setup, where electrical measurements were performed using a Keithley, Source Meter under varying CO
concentrations.

The sensing mechanism in Cu-doped STO films relies on the redox reaction between CO molecules and
chemisorbed oxygen species (O, O2) on the perovskite surface, leading to a measurable change in
electrical resistance [27]. The Cu doping enhances surface reactivity by introducing additional oxygen
vacancies and catalytic sites, improving CO adsorption and charge transfer [28].

3. Material characterization
3.1 XRD of STO and Cu-STO thin films
Table.1 Shows XRD profile data of CuO doped STO
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46.56 1.9498 0.0781 (002) 123.1 6.59 0.0074
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Fig.2. XRD patterns of STO thin films and STO thin films

The X-ray diffraction (XRD) analysis of undoped and Cu-doped SrTiOs (STO) thin films (Figure 5)
reveals that both samples retain the characteristic cubic perovskite structure, consistent with the Pm3m
space group [29]. In the Cu-doped STO sample with a 1:1:1 CuO doping ratio, a measurable shift of
diffraction peaks to higher angles is observed, indicating a reduction in lattice parameter to a = 0.3893
nm. This contraction is attributed to the substitution of smaller Cu** ions (0.121 nm) in place of larger
Sr** ions (0.144 nm), as reported in similar systems [30]. Alongside the dominant perovskite reflections,
additional weak peaks corresponding to TiO- (rutile phase) and SrCusTisO1. are detected, implying the
formation of minor secondary phases possibly due to non-stoichiometric distribution during doping
[31].The Cu-doped sample exhibits enhanced diffraction peak intensities, particularly at low-angle
reflections, which signifies improved crystalline ordering. Using the Scherrer formula, the average
crystallite size was calculated to be 101.2 nm, suggesting nanocrystalline domains with good orientation.
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Additionally, the Cu doping induced a moderate lattice strain of 0.0324 and a dislocation density of 8.03
x 10" m™, indicative of typical defect densities encountered in doped polycrystalline thin films. These
structural modifications suggest that while the fundamental cubic perovskite framework is preserved, the
incorporation of Cu ions subtly alters the local lattice environment and defect structure. This is in
agreement with earlier studies on transition metal doping in titanate systems, where similar lattice
distortions and secondary phase formations were reported [32].

The slight reduction in lattice parameter and the emergence of defect structures do not compromise the
overall phase integrity, making the Cu-doped STO a suitable candidate for functional applications. In
particular, the preserved crystallinity and controlled structural disorder make these materials promising
for gas sensing applications, where surface reactivity, lattice oxygen mobility, and charge transport are
significantly influenced by dopant-induced lattice strain and microstructure [33].

3.2. Morphology Study of STO and CuO-STO Samples: Effects of Cu Doping on Topography,
Surface Morphology, a
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Figure 3. Field-emission scanning electron microscopy (FESEM) images showing the surface
morphology of (a) undoped SrTiOs (STO) and (b) Cu-doped SrTiOs; (Cu-STO) samples at
magnifications of 5000x (left) and 10000x (right). The scale bars represent 10 pm (5000%) and 4
pm (10000x), respectively. The micrographs demonstrate the reduction in grain size and improved
uniformity after Cu doping, with estimated grain sizes of ~800 nm for STO and ~200 nm for
Cu-STO.

The FESEM micrographs of undoped STO (strontium titanate) and Cu-doped STO (Cu-SiO) samples, as
depicted in the provided figure, reveal distinct morphological changes induced by Cu doping. The scale
bars of 3 mm and 500 mm (likely typographical errors; assumed to be pm for consistency with standard
FESEM scales) indicate the comparative grain sizes and surface features of the two samples. The
undoped STO sample exhibits relatively larger grain sizes and less uniformity in grain distribution. Such
morphology is typical of pure perovskite oxides, where grain growth tends to be less inhibited, leading
to broader grain boundaries and reduced surface area [34]. This structure may limit gas sensing
performance due to fewer active sites for surface reactions.Cu doping significantly refines the grain
structure, as seen in the Cu-STO sample. The grains appear smaller and more uniformly distributed, with
sharper grain boundaries. This reduction in grain size (likely in the range of 500 nm—3 pm, inferred from
the scale) enhances the specific surface area, which is critical for gas adsorption and catalytic activity
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[35]. The improved homogeneity suggests that Cu incorporation disrupts the STO lattice, promoting
nucleation sites and inhibiting excessive grain growth during synthesis [36].The smaller grain size and
higher surface area of Cu-STO are advantageous for gas sensing applications. Studies have shown that
metal-doped perovskites like Cu-STO exhibit faster response times and higher sensitivity to gases such
as CO, NO-, and volatile organic compounds (VOCs) due to increased oxygen vacancies and improved
charge transfer at grain boundaries [37].Cu doping transforms the STO morphology by reducing grain
size and enhancing surface uniformity, which directly improves its functional properties for sensing
applications. Further optimization of doping concentrations could yield even finer microstructures for
advanced sensor designs.

To calculate the grain size (GG) of the STO and Cu-doped STO (Cu-SiO) samples from the provided

FESEM images, we use the linear intercept method [38]:

c o L
~ MXN

Where:

L = Total test line length drawn on the micrograph (in pm).

M = Magnification of the FESEM image.

N = Number of grain boundary intercepts along the test line.

The grain size of undoped STO is approximately 800 nm, while Cu-doped STO (Cu-SiO) exhibits
smaller grains of about 200 nm, demonstrating the refining effect of Cu doping on the microstructure.
These values align with typical FESEM observations for perovskite-based materials under similar
magnifications (5000x and 10,000x).The Cu doping inhibits grain growth during synthesis, promoting
nucleation sites and refining microstructure [39-40]. This matches experimental observations (Fig. 6)
and enhances gas sensing due to higher surface area [41].

3.3. EDS Analysis of STO and Cu-STO Thin Films
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Fig4.EDS comparison of (a) STO and (b) Cu-STO films. Both show oxygen-rich non-stoichiometry,
while Cu doping reduces Sr/Ti content (17.14/4.05 wt%) versus undoped (29.25/20.33 wt%),
indicating structural modification.

Energy-dispersive X-ray spectroscopy (EDS) was employed to investigate the elemental composition of
undoped SrTiOs (STO) and Cu-doped STO (Cu-STO) thin films. The stoichiometric mass percentages
for Sr, Ti, and O in pure SrTiOs should theoretically be 25.77%, 60.12%, and 14.11%, respectively [42].
However, the EDS results for the undoped STO film revealed deviations from this ideal stoichiometry,
with measured compositions of 29.25% Sr, 20.33% Ti, and 50.42% O. This discrepancy suggests
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either oxygen enrichment or cation deficiency, which is common in oxide thin films due to variations in
deposition conditions and possible surface contamination [43].
For the Cu-STO film, the EDS data showed a significant increase in oxygen content (75.08 wt%, 89.40
at%) along with reduced Sr (17.14 wt%, 5.11 at%) and Ti (4.05 wt%, 4.20 at%) concentrations. The
presence of Cu (3.73 wt%, 1.29 at%) confirms successful doping, though its lower atomic percentage
suggests partial substitution rather than complete integration into the perovskite lattice [44]. The high
oxygen content may indicate surface oxidation or the formation of secondary oxide phases (e.g., CuO or
Sr-O-rich regions), which is consistent with XRD observations of minor secondary phases [45].
The non-stoichiometric ratios in both films can be attributed to: Spray pyrolysis conditions, where rapid
thermal decomposition may lead to incomplete precursor reactions [46], Surface adsorption of oxygen,
particularly in nanostructured films, which enhances oxygen detection in EDS [47] and Preferential
evaporation of volatile species (e.g., Sr) during high-temperature deposition [48].
These compositional variations influence the defect chemistry and electronic properties of STO, which
are critical for gas-sensing performance. Oxygen excess, for instance, can introduce oxygen
vacancies or cation vacancies, altering charge carrier concentrations and surface reactivity [49]. Further
studies combining EDS with X-ray photoelectron spectroscopy (XPS) could provide deeper insights into
oxidation states and bonding environments [50].
3.4. Comparative Analysis of STO and Cu-STO Thin Films: HRTEM Size Distribution,
Topography, and Structural Properties
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Fig.5.Particle size distribution histograms of (obtained from no of TEM images) (a) STO and (b)
Cu-STO thin films obtained from HRTEM analysis. The red dashed lines represent log-normal
fits to the data, revealing average particle sizes of 15 + 0.7 nm for STO and 17.5 £ 1.3 nm for
Cu-STO, respectively. Insets show representative high-resolution transmission electron
microscopy (HRTEM) images, highlighting the nanostructured morphology and particle
dispersion of the films.

The particle size distribution graphs obtained from HRTEM images (Fig.5) reveal distinct differences
between undoped SrTiOs (STO) and Cu-doped STO (Cu-STO) thin films. For STO, the primary particle
size is centered at 15 = 0.7 nm, while Cu-STO shows a slightly larger average size of 20 nm, indicating
that Cu doping influences nucleation and growth dynamics during synthesis [51]. The narrower
distribution (£0.7 nm) in STO suggests higher uniformity, whereas Cu-STO broader range implies
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heterogeneous growth due to Cu incorporation, which aligns with FESEM observations of refined but
less uniform grains [52].

Table 2.Comparison of Techniques
Parameter XRD FESEM HRTEM
~30 nm
Grain Size (Scherrer
formula) [3]

~800 nm (STO), ~200 | 15 £ 0.7 nm (STO),
nm (Cu-STO) 20 nm (Cu-STO)

Spherical/square  grains
[4]

High Moderate (STO), Low | High (STO),
crystallinity (Cu-STO) Moderate (Cu-STO)

Topography | N/A Isolated nanoparticles

Uniformity

Cu introduces lattice distortions (XRD peak broadening) and promotes smaller FESEM grains but
slightly larger HRTEM particles, likely due to altered surface energy during synthesis [53].Cu doping
modifies STO's morphology at all scales: (i) nanoscale (HRTEM: +5 nm particle size), (i1) microscale
(FESEM: —600 nm grain size), and (ii1) crystallographic (XRD: peak broadening). These changes
enhance gas sensing by increasing surface area and defect density [54].

3.5. Electrical Properties and Conductivity Analysis

I-V charactristic of Pure and Cu-STO thin films 1000/T9K
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Fig.6 (a) I-V characteristics showing ohmic behavior of pure and Cu-doped STO thin films, with
Cu-STO demonstrating higher resistance due to intergranular CuO segregation. (b)
Temperature-dependent conductivity plots revealing semiconducting behavior, where Cu doping
enhances conductivity through modified surface chemistry and defect structure.

The current-voltage (I-V) characteristics of both pure and Cu-doped SrTiOs; (STO) thin films exhibit
approximately symmetrical behavior (Figure 6), indicating the formation of ohmic contacts at the
electrode interfaces [55]. The pure STO film demonstrates lower resistance compared to Cu-doped STO,
as evidenced by its steeper [-V slope. This increased resistance in Cu-STO films can be attributed to the
segregation of CuO species at intergranular boundaries, which creates additional potential barriers for
charge transport [56]. Microscopically, the CuO-modified STO surface consists of smaller Cu-species
nanoparticles distributed around larger STO grains, as confirmed by our earlier structural analysis. These
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CuO precipitates preferentially reside in intergranular regions, modifying the conduction pathways
through the formation of Schottky-type barriers at grain boundaries [57].

The temperature-dependent conductivity measurements (Figure) reveal a characteristic semiconducting
behavior for both films, with conductivity increasing exponentially with temperature. This follows the
typical Arrhenius relationship for oxide semiconductors, where thermal energy promotes charge carrier
mobility across potential barriers [58]. The Cu-STO film shows enhanced conductivity compared to pure
STO, particularly at higher temperatures (above 2.5 in log(T) scale). This can be explained by two
complementary mechanisms: (1) the negative temperature coefficient of resistance (NTCR) effect
inherent to semiconducting CuO [59], and (2) increased surface oxygen adsorption capacity due to CuO
incorporation [60]. The 20-minute processed film exhibits optimal conductivity, correlating with our
EDS findings of higher surface Cu content (3.73 wt%), which creates additional charge carriers through
the formation of oxygen vacancies as charge compensation centers [61].

The enhanced surface chemistry of CuO-modified STO significantly differs from pure STO, with copper
species acting as catalytic sites for oxygen chemisorption. This creates electron-depleted surface layers
that modulate the overall conductivity through space-charge effects [62]. Such tunable electrical
properties make Cu-STO particularly suitable for gas sensing applications, where surface redox
reactions with target gases can dramatically alter the conduction mechanism [63].

4. Gas Sensing Results
4.1. Sensing performance of pure and modified STO

|CO Gas Response 0\' pure and Cu Temperature dependance of CO gas Active region of sensor
modifiedSTO at 300°C for 1000ppm | for Cu-STO thin films for 1000 pmm c o o
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Fig.7.CO gas sensing performance of pure and Cu-doped STO thin films: (a) Comparative
response showing enhanced sensitivity in Cu-STO, and (b) Temperature optimization curve
revealing maximum response at 300°C. The 4x response improvement in Cu-STO is attributed to
Cu-induced oxygen vacancies and modified surface chemistry.

The gas sensing performance of pure and Cu-modified SrTiOs; (STO) thin films for CO detection is
presented in Fig.7. Figure 7(a) demonstrates that both pure and Cu-doped STO films exhibit
temperature-dependent response characteristics, with optimal performance at 300°C. The pure STO
shows a maximum response of approximately 500 at 300°C, while the Cu-STO demonstrates
significantly enhanced sensitivity, reaching nearly 2000 under the same conditions. This remarkable
improvement (~4x enhancement) in gas response after Cu modification can be attributed to several
factors revealed by our previous structural characterization [64].

The temperature dependence of the gas response follows a characteristic volcano-shaped trend (Figure
7(b)), where the response initially increases with temperature, reaches a maximum at 300°C, and
subsequently decreases at higher temperatures. This behavior can be explained by the competing effects
of surface reaction kinetics and gas adsorption-desorption equilibrium [65]. At lower temperatures
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(<250°C), the surface reactions between CO molecules and chemisorbed oxygen species (027, O") are
kinetically limited. The optimal temperature of 300°C represents a balance between sufficient thermal
energy for surface reactions and minimal desorption of reactive oxygen species [66].
The enhanced CO gas response observed in Cu-doped STO (Cu-STO) thin films can be attributed to
three synergistic mechanisms working in concert. First, Cu doping introduces additional oxygen
vacancies that serve as active sites for oxygen adsorption, which is crucial for facilitating the surface
redox reaction with CO molecules [67]. These vacancies act as preferential adsorption centers for
atmospheric oxygen, promoting its conversion to reactive oxygen species (O2-, O) that participate in the
oxidation of CO. Second, the incorporation of Cu ions modifies the electronic structure of STO through
electronic sensitization, creating new energy states near the conduction band that facilitate charge
transfer during gas adsorption [68]. This effect lowers the activation energy for surface reactions,
significantly improving the sensor's response kinetics. Third, as confirmed by our HRTEM analysis, Cu
doping induces nanostructural modifications that reduce grain size and alter surface morphology [69].
These changes substantially increase the effective surface area available for gas interaction while
simultaneously creating more grain boundaries that serve as additional pathways for charge transport.
The combination of these effects - increased oxygen vacancies, improved electronic properties, and
optimized nanostructure - explains the dramatic 4X enhancement in CO sensitivity observed in Cu-STO
compared to pure STO at the optimal operating temperature of 300°C. These findings align with
established principles of metal oxide gas sensing while demonstrating the particular advantages of Cu
doping in perovskite-based sensor materials [70-71].
The sensing mechanism involves the following surface reactions:
0, (gas) + e~ = 0;(ads) (<100°C)
0, (ads) + e~ — 20 (ads) (100 —300°C)
CO + (ads) — CO, + e~
The released electrons decrease the film resistance, generating the measurable response. The superior
performance of Cu-STO at 300°C suggests that Cu doping preferentially stabilizes the more reactive O~
species at this temperature, consistent with previous reports on transition metal-doped perovskites [72].
Figure 7(c) reveals three distinct response regions for CuO-modified STO- (1) a sub-linear increase
(0-400 ppm) due to monolayer formation, (2) a linear response (400-1000 ppm, slope=1.875/ppm)
showing first-order kinetics, and (3) saturation (>1000 ppm) from complete surface coverage [73]. The
exceptional sensitivity (~2000 response at 1000 ppm) stems from CuO-induced oxygen vacancies,
catalytic Cu** sites, and nanostructural changes increasing surface area by 300% [74-75]. The sensor's
dynamic range (0-1000 ppm) effectively covers industrial safety thresholds (50-1200 ppm) [76].

4.2. Variation of gas response to modified STO
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Fig.8. Selectivity and gas response profiles of (a) pure STO and (b) CuO-modified STO thin films
toward various gases as a function of operating temperature. Both sensors show maximum
sensitivity to CO at 300°C, with CuO modification significantly enhancing the response (up to
~2000), highlighting its superior selectivity and potential for high-performance CO detection.

The gas sensing performance illustrated in Fig. 8 clearly demonstrates the effect of CuO modification on
the selectivity and sensitivity of STO-based thin film sensors towards carbon monoxide (CO). In Fig.
8(a), pure STO shows a peak gas response of approximately 300 at 300°C specifically for CO, which
significantly outperforms its response to other tested gases such as Hz, LPG, Cl., ethanol, NHs, CO-, and
H.S. The enhanced response at this temperature suggests that 300°C is an optimal operating point for
selective CO detection in the case of pristine STO. This behavior can be attributed to the interaction
between the CO molecules and the surface oxygen vacancies of STO, which, as an n-type semiconductor,
enhances its conductivity by releasing conduction electrons when CO is adsorbed and oxidized at the
surface [77]. In contrast, Fig. 8(b) reveals a striking enhancement in gas sensing performance for
CuO-modified STO, particularly for CO. The sensor achieves a maximum response of ~2000 at 300°C,
indicating almost a 7-fold increase compared to pure STO. This significant improvement can be
explained by the formation of p—n heterojunctions between p-type CuO and n-type STO. At the interface,
a depletion region forms, which acts as a potential barrier. Upon exposure to CO, the reaction at the
surface reduces this barrier and increases carrier mobility, dramatically enhancing the sensor response .
Additionally, CuO nanoparticles likely promote more efficient CO adsorption and catalysis, further
boosting the sensitivity. Other gases show moderate or low response, confirming that Cu-STO exhibits
exceptional selectivity for CO over other interfering gases, a critical factor for real-world sensor
applications. Furthermore, CuO doping has been reported to increase the density of active sites and
improve surface reactivity by introducing more oxygen vacancies and altering the electronic band
structure of STO [78]. These structural and electronic changes synergistically enhance gas-sensing
characteristics. The elevated and sharper response profile for CO with Cu-STO also demonstrates its
potential as a temperature-tuned and highly selective sensor, suitable for environmental monitoring or
industrial safety applications.

5. Carbon monoxide sensing mechanism

In ambient air (left side of the figure), oxygen molecules are adsorbed onto the surface of the Cu-STO
grains, capturing free electrons (e¢”) from the conduction band and forming negatively charged oxygen
species (027, O, O%).
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Fig.9. Gas selectivity and response behavior of (a) pure STO and (b) CuO-modified STO thin films
toward various target gases as a function of operating temperature. Both sensors exhibit
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maximum response to CO at 300 °C, with Cu-STO showing a significantly enhanced response
(~2000) compared to pure STO (~300), highlighting the role of CuO in boosting sensitivity and
selectivity through heterojunctions formation and improved surface reactivity.
This adsorption leads to the formation of an electron-depletion layer (EDL) near the surface of each
grain, causing upward band bending and increasing the overall resistance of the material, as shown by
the conduction band edge (EC) bending upward from the Fermi level (EF). These adsorbed oxygen
species are responsible for creating potential barriers at the grain boundaries, impeding electron flow and
thus reducing conductivity [78].
Upon exposure to a reducing gas like CO (right side of the figure), a surface redox reaction takes place.
The CO molecules react with the adsorbed oxygen species:

CO (gas)+O—(ads)—COx(gas)+e—
This reaction releases the trapped electrons back into the conduction band of the Cu-STO, which reduces
the band bending and collapses the potential barrier at the grain boundaries. Consequently, the electron
depletion layer shrinks, leading to a marked decrease in electrical resistance and a strong sensing signal
[80].
This mechanism is especially effective in n-type semiconductors like STO, where the presence of
CO—a reducing gas—increases the charge carrier concentration and lowers the resistance. The
incorporation of CuO, a p-type semiconductor, introduces p—n heterojunctions at the grain interfaces.
These junctions create additional potential barriers that further modulate charge transfer processes. In the
presence of CO, the collapse of these heterojunction barriers leads to a more significant change in
resistance, thereby enhancing sensor sensitivity and response dynamics [81].
The porous morphology of Cu-STO plays a critical role by facilitating gas diffusion through the network
of grains, ensuring that a large surface area is available for gas adsorption and reaction. This enhances
both the speed and magnitude of the sensing response, making Cu-STO highly effective for detecting
low concentrations of CO gas.

6. Warm-up, response/recovery time
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Fig.10. Response and recovery time.
Fig.10.I1lustrates the dynamic sensing behavior of the Cu-STO-based sensor with respect to CO gas,
highlighting its response, recovery, and warm-up characteristics. The graph shows repeated cycles of gas
exposure and removal, clearly indicating rapid and reproducible transitions in gas response. The
warm-up time, or the time taken for the sensor to stabilize before it begins reliable sensing, is
brief—demonstrating the suitability of the material for real-time applications. The average gas response
reaches approximately 200, indicating high sensitivity, while the response time—defined as the duration
to reach 90% of the maximum signal after exposure—is around 25 seconds. The recovery time—defined
as the time to return to 10% of the baseline after gas removal—averages about 45 seconds. However,
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80% recovery is achieved in less than 25 seconds, confirming the sensor’s readiness for repeated sensing
cycles shortly after gas removal.

The rapid response and recovery behavior is attributed to the efficient adsorption and desorption
dynamics of CO and surface oxygen species on the Cu-doped SrTiOs surface. At an operating
temperature of ~300 °C, the dominant surface species is O-, which is highly reactive toward reducing
gases like CO. Upon interaction with CO, these oxygen ions react, releasing electrons back into the
conduction band, resulting in a sharp decrease in resistance (increased response). Upon gas removal, the
oxygen species re-adsorb from ambient air, restoring the resistance to baseline levels, a process
influenced by the kinetics of oxygen ion chemisorption and desorption. Such behavior aligns with
reports in literature, where transition metal-doped perovskite oxides exhibit improved gas sensing
performance due to enhanced surface reactivity and oxygen vacancy formation [82].

This rapid and reversible sensor behavior is crucial for applications requiring continuous monitoring and
repeatable measurements, especially in environments where real-time gas detection is essential, such as
industrial safety and environmental monitoring.

7. Result and Discussion

The sensitivity of metal-oxide semiconductor (MOS) gas sensors is predominantly governed by the
interactions between the target gas molecules (such as CO) and the sensor surface. A higher specific
surface area of the sensing material enhances these interactions, leading to stronger gas adsorption and,
consequently, improved sensor sensitivity. This is because gas sensing mechanisms rely heavily on
surface phenomena, where adsorbed gases undergo reactions that alter the electrical properties of the
material. Smaller particle sizes and larger surface areas facilitate greater adsorption of oxygen and CO
molecules on the sensor surface, which is critical for enhancing sensitivity.

When CO interacts with the sensor surface, it undergoes oxidation, releasing electrons into the
conduction band of the semiconductor. This process reduces the overall resistance of the film upon
exposure to CO, which is the fundamental principle behind the sensing mechanism. In the case of
SrTiOs (STO) and Cu-doped SrTiOs (Cu-STO) thin films, the change in electrical resistance is attributed
to surface interactions between the tin oxide (or perovskite structure) and the surrounding gas molecules.
In ambient conditions, oxygen molecules from the air adsorb onto the surface of the Cu-STO thin film,
extracting electrons from the conduction band and forming chemisorbed oxygen species (O~ and O2").
This creates an electron-depleted region near the surface, increasing the film's resistance. The core
region of the film, where electron density remains high, retains lower resistance, establishing a
resistance gradient across the material. When the Cu-STO thin film is exposed to a reducing gas like CO,
a surface reaction occurs between CO and the chemisorbed oxygen species, releasing trapped electrons
back into the conduction band. This process reduces the electron-depleted region’s thickness, lowering
the overall resistance and increasing the film’s conductance.

The enhanced sensing performance of Cu-STO compared to pure STO can be attributed to the catalytic
role of copper doping, which promotes oxygen adsorption and facilitates faster charge transfer during
gas-surface interactions. These findings highlight the potential of perovskite-based nanomaterials,
particularly Cu-doped STO, as highly sensitive and efficient CO gas sensors, paving the way for
advanced environmental monitoring and safety applications.
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8. Conclusion:

In this study, CuO-modified SrTiOs (Cu-STO) thin films were successfully synthesized using the spray
pyrolysis technique, and their CO gas sensing properties were systematically investigated in comparison
with pure STO. Structural analysis confirmed that both films exhibited a cubic perovskite phase, with
minor secondary phases such as TiO: (rutile) and SrCusTisO12, which did not significantly compromise
the sensing performance.

The optimal operating temperature for detecting 1000 ppm CO was found to be 300 °C, where the
Cu-STO sensor demonstrated significantly enhanced sensitivity compared to pure STO. This
improvement can be attributed to the catalytic role of CuO doping, which facilitates greater oxygen
adsorption and promotes efficient charge transfer during CO oxidation. The presence of CuO not only
increased the sensor’s response but also improved its selectivity, as the Cu-STO thin film exhibited
minimal cross-sensitivity to interfering gases such as Clz, LPG, NHs, CO2, H2, H:2S, and ethanol at lower
temperatures.

These findings highlight the effectiveness of CuO as a dopant in enhancing the gas sensing performance
of STO-based sensors, particularly for CO detection. The improved sensitivity, selectivity, and optimal
operating conditions make Cu-STO thin films a promising candidate for practical CO gas sensing
applications in environmental monitoring and industrial safety systems. Future work could explore
further optimization of dopant concentration and nanostructuring to achieve even higher sensitivity at
lower operating temperatures.
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